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ABSTRACT: Host kinases play essential roles in the host cell cycle, innate immune signaling,
the stress response to viral infection, and inflammation. Previous work has demonstrated that
coronaviruses specifically target kinase cascades to subvert host cell responses to infection and
rely upon host kinase activity to phosphorylate viral proteins to enhance replication. Given the
number of kinase inhibitors that are already FDA approved to treat cancers, fibrosis, and other
human disease, they represent an attractive class of compounds to repurpose for host-targeted
therapies against emerging coronavirus infections. To further understand the host kinome
response to betacoronavirus infection, we employed multiplex inhibitory bead mass
spectrometry (MIB-MS) following MERS-CoV and SARS-CoV-2 infection of human lung
epithelial cell lines. Our MIB-MS analyses revealed activation of mTOR and MAPK signaling
following MERS-CoV and SARS-CoV-2 infection, respectively. SARS-CoV-2 host kinome
responses were further characterized using paired phosphoproteomics, which identified
activation of MAPK, PI3K, and mTOR signaling. Through chemogenomic screening, we found
that clinically relevant PI3K/mTOR inhibitors were able to inhibit coronavirus replication at
nanomolar concentrations similar to direct-acting antivirals. This study lays the groundwork for identifying broad-acting, host-
targeted therapies to reduce betacoronavirus replication that can be rapidly repurposed during future outbreaks and epidemics. The
proteomics, phosphoproteomics, and MIB-MS datasets generated in this study are available in the Proteomics Identification
Database (PRIDE) repository under project identifiers PXD040897 and PXD040901.
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■ INTRODUCTION
Coronaviruses (CoVs) commonly cause cold-like symptoms
and lower respiratory tract infections in humans and are
agricultural pathogens of concern for multiple livestock
species.3−5 Over the past 20 years, three highly pathogenic
CoVs have emerged from animal reservoirs to cause human
disease; severe acute respiratory syndrome coronavirus (SARS-
CoV), Middle East respiratory syndrome coronavirus (MERS-
CoV), and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2).6−8 SARS-CoV was controlled through public
health intervention strategies that limited human transmission,
but MERS-CoV remains endemic in camels in northern Africa
and the Arabian Peninsula, causing a low number of human
cases annually.9,10 SARS-CoV-2 has shown the true pandemic
potential of CoVs, causing about 760 million cases of COVID-
19 worldwide, ∼6.9 million of which resulted in death.11 While
deployment of multiple vaccine platforms has managed to curb
the severe disease incidence of COVID-19, antigenic variation
has led to persistence of SARS-CoV-2 spread and continued
mortality.12,13 COVID-19 survivors may also experience long

COVID in the presence and absence of virus infection,
resulting in neurologic, pulmonary, cardiac, and renal
complications, dictating a need to identify and target conserved
host signaling pathways that function in acute and chronic
disease.14,15 Moreover, a wealth of zoonotic CoVs display a
broad host range and the capacity to use human receptors for
entry in primary cells, and development of further therapeutic
options will be necessary to reduce viral replication and disease
burden against contemporary, emerging, and future CoV
disease.16−19

Since the beginning of the COVID-19 pandemic, numerous
studies focused on potential drug repurposing, either for
existing small molecules that may bind CoV proteins or for the
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specific targeting of host pathways for reduction of viral
replication.20−24 A number of these papers describe attempts
to identify host kinase responses to SARS-CoV-2 infection and
to then target these kinases with preexisting inhibitors to
reduce viral replication.25−28 While kinase inhibitors have been
developed as cancer therapeutics due to the central role of
kinases in regulating cellular proliferation and death, immune
responses, and intracellular signaling,29 their effects on viral
replication are less well understood. CoVs specifically target
antiviral kinase cascades to circumvent innate immunity and
alter host cells to create optimal environments for replication
of progeny.30 Moreover, several CoV proteins are phosphory-
lated by host kinases following infection, suggesting that some
host kinase activity can result in pro or antiviral activity as
well.31−33 The number of kinase inhibitors that are clinically
approved or have clinical trial data represents a large pool for
rapid drug repurposing, making them a desirable set to
study.34,35

Furthermore, we had a specific interest in determining if
there are similar kinase activity signatures across the two
circulating highly pathogenic CoVs, MERS-CoV, and SARS-
CoV-2. To investigate this, we performed multiplex inhibitor
bead mass spectrometry (MIB-MS) analysis on both MERS-
CoV- and SARS-CoV-2-infected cells. We performed parallel
phosphoproteomics from SARS-CoV-2-infected cells to obtain
a more complete picture of the kinase landscape during SARS-
CoV-2 infection through compared analysis of MIB-MS and
phosphoproteomics. Last, we completed an untargeted chemo-
genomic inhibitor screen to identify kinases and pathways that
may serve as druggable targets. A library of clinically relevant
kinase inhibitors was then prepared from analysis of proteomic
and chemogenomic datasets and screened in both CoV
systems. Our data indicate that disruption of kinase activity
can decrease CoV viral replication and that there is potential
drug repurposing of kinase inhibitors as antivirals. Most
importantly, we identified distinct and shared pathways
affected by MERS-CoV and SARS-CoV-2 infection, with the
PI3K/mTOR pathway as a candidate target for broad-acting
betacoronavirus growth inhibition.

■ EXPERIMENTAL PROCEDURES

Collection of MERS-CoV-Infected Cells

Calu-3 cells, a human airway epithelial cell line, were plated 3
days prior to infection at 3 × 107 cells per flask.36 Immediately
prior to infection, icMERS-CoV stocks were diluted in PBS for
a final multiplicity of infection (MOI) of 3 in 3 mL of
inoculum.37 Cell growth media were removed from all flasks,
and cells were washed once with PBS (Gibco). Inoculum or
PBS was added to the monolayers, and flasks were rocked
every 15 min for 1 h. Inoculum was removed, and flasks were
washed once with PBS prior to addition of viral growth
medium, MEM (Gibco) supplemented with heat-inactivated
fetal bovine serum (HyClone). At 4, 12, and 24 h post
infection, viral growth media were removed, an aliquot was
reserved for titer, and cells were washed once with PBS prior to
scraping the monolayer in fresh PBS from the surface of the
flask. Cells were concentrated by low-speed centrifugation,
supernatant was removed, and pellets were flash frozen with
dry ice and then placed at −80 °C until further processing.
Infected samples were collected in triplicate at each timepoint
with one mock sample collected at each timepoint.

Collection of SARS-CoV-2-Infected Cells

As SARS-CoV-2 replicates less efficiently than MERS-CoV in
Calu3 cells, A549 cells, isolated from the lung tissue of a 58-
year-old Caucasian male, expressing hACE2 (A549-hACE2)
were plated 3 days prior to infection for confluency.38 One day
prior to infection, cell growth media were removed,
monolayers were washed, and cells were given low serum
media. Immediately prior to infection, icSARS-CoV-2 stocks
were diluted in PBS for a final MOI of 3 in 3 mL of
inoculum.39 Cell growth media were removed from all flasks,
and cells were washed once with PBS (Gibco). Inoculum or
PBS was added to the monolayers, and flasks were rocked
every 15 min for 1 h. Inoculum was removed and flasks were
washed once with PBS prior to addition of viral growth
medium, and MEM (Gibco) was supplemented with heat-
inactivated fetal bovine serum (HyClone). At 4, 12, and 24 h
post infection, viral growth media were removed, an aliquot
was reserved for titer, and cells were washed once with PBS
prior to scraping the monolayer in fresh PBS from the surface
of the flask. Cells were spun down, supernatant was removed,
and pellets were flash frozen with dry ice then placed at −80
°C until further processing. Infected samples were collected in
triplicate at each timepoint with one mock sample collected at
each timepoint.
Cell Lysis and MIB Column Kinase Capture

Infected and mock cell pellets were thawed on ice, resuspended
in lysis buffer containing protease inhibitor cocktail (Roche)
and Phosphatase Inhibitor Cocktails 2 and 3 (Sigma-Aldrich)
as previously described, and placed into 2 mL tubes containing
0.1 mm zirconium beads (Sigma-Aldrich).1 Lysates were then
agitated for 1 min using a Beadbeater-16 (BioSpec Products)
and centrifuged, and supernatant was removed from beads to
be clarified through 0.22 μM syringe filters. Protein in lysates
was quantified via BCA assay (Pierce), and equal amounts of
protein from each sample were brought.
Lysates were added to equilibrated MIB capture columns

containing a 400 μL slurry of equal parts, ECH Sepharose
conjugated PP58, Purvalanol B, UNC-2147A, and VI-16832
beads.1 2.6 mg of protein was loaded for MERS-CoV samples,
and 3 mg of protein was loaded for SARS-CoV-2 samples. The
columns were washed first with high salt buffer containing 1 M
NaCl, 50 mM HEPES, 0.5% Triton X-100, 1 mM EDTA, and
1 mM EGTA, and then with low salt buffer containing the
same formulation with 150 mM NaCl instead, and finally with
low salt buffer supplemented with 0.1% SDS. Captured kinases
were eluted in SDS elution buffer supplemented with 1% β-
mercaptoethanol by boiling for 10 min. Eluates were reduced
(5 mM DTT, 30 min, 60 °C) (Sigma) and alkylated (10 mM
iodoacetic acid, 30 min, RT) (Sigma), before being
concentrated 10× (Millipore). Protein was extracted from
the concentrate by methanol-chloroform precipitation and
then digested overnight with trypsin (Promega). Digested
peptides were further cleaned with ethyl acetate extraction and
desalted using C18 spin columns (Pierce), as previously
described.1

MIBS samples were analyzed by nLC−MS/MS using an
Easy nLC 1200 coupled to a Q Exactive HF mass spectrometer
(Thermo). Samples were injected onto an EASY-Spray
PepMap C18 column (75 μm id × 25 cm, 2 μm particle
size) (Thermo Scientific) and separated over a 120 min
method. The gradient for separation consisted of 5−38%
mobile phase B at a 250 nL/min flow rate, where mobile phase



A was 0.1% formic acid in water and mobile phase B consisted
of 0.1% formic acid in 80% acetonitrile. The Q Exactive HF
was operated in data-dependent mode where the 15 most
intense precursors were selected for subsequent fragmentation.
The resolution for the precursor scan (m/z 350−2000) was set
to 120,000 with a target value of 3 × 106 ions. The MS/MS
scan resolution was set to 15,000 with a target value of 1 × 105
ions, 100 ms max IT. The normalized collision energy was set
to 27% for high-energy collision dissociation. Dynamic
exclusion was set to 30 s, and precursors with unknown
charge or a charge state of 1 and ≥8 were excluded.40

Sample Preparation and nLC-MS/MS for
Proteomics/Phosphoproteomics Analysis

Aliquots of SARS-CoV-2 lysates (n = 3) that were prepared
prior to MIB columns were placed at −80 °C immediately after
lysis. These aliquots were later thawed, and 500 μg of protein
from each sample was precipitated via methanol-chloroform
precipitation. Protein pellets were washed twice with methanol
prior to reconstitution in 8 M urea in 50 mM Tris−HCl
(Sigma-Aldrich). Protein samples were reduced with 5 mM
DTT for 30 min, alkylated with iodoacetamide in the dark at
room temperature for 45 min, and then digested with LysC for
2 h at 37 °C, followed by an overnight trypsin digestion at 37
°C (1:50 protease:protein ratio). Resulting peptides were
desalted using C18 desalting columns (Pierce), and then
peptide quantitation was conducted using BCA peptide
fluorometric assay (Pierce). Each sample (200 μg) was
aliquoted, and a pooled sample was created by combining 70
μg of each sample. This pooled sample was subsequently
divided into four different pooled aliquots. Samples were
subsequently labeled with 400 μg of TMTpro 16plex reagents
(Thermo) for 1 h at 25 °C. Prior to quenching, labeling
efficiency (>98%) was verified by nLC−MS/MS analysis.
Upon verification, samples were quenched, mixed 1:1, cleaned
via C18 desalting columns (Pierce), and dried down via
vacuum centrifugation and then stored at −80 °C until further
processing.
The TMT-labeled sample was subjected to off-line HPLC

fractionation (Agilent 1260 System) using high-pH reversed-
phase chromatography to generate 24 fractions, of which 5% of
each fraction was aliquoted and dried down via vacuum
centrifugation for proteome analysis.41 The remaining 95% of
each fraction was pooled down to four fractions, which were
enriched for phosphopeptides using High Select FeNTA
(Thermo). Eluates were dried down via vacuum centrifugation
for phosphoproteome analysis. Each proteome and phospho-
proteome fraction (28 in total) were analyzed by LC-MS/MS
using an Easy nLC 1200 coupled to an Orbitrap Fusion Lumos
mass spectrometer (Thermo). Samples were injected onto an
EASY-Spray PepMap C18 column (75 μm id × 25 cm, 2 μm
particle size) (Thermo Scientific) and separated over a 120
min method. The gradient for separation consisted of 5−42%
mobile phase B at a 250 nL/min flow rate, where mobile phase
A was 0.1% formic acid in water and mobile phase B consisted
of 0.1% formic acid in 80% acetonitrile.
For the proteome fractions, the Lumos was operated in SPS-

MS3 mode with a 3 s cycle time.42 The resolution for the
precursor scan (m/z 400−1500) was set to 120,000 with an
automatic gain control target set to standard and a maximum
injection time of 50 ms. MS2 scans consisted of collision-
induced dissociation normalized collision energy (NCE) of 32;
an AGC target set to standard; a maximum injection time of 50

ms; and an isolation window of 0.7 Da. Following MS2
acquisition, MS3 spectra were collected in synchronous
precursor selection mode (10 scans per outcome), with an
HCD set to 55; a resolution set to 50,000; a scan range set to
100−500; and an AGC target set to 200% with a 100 ms
maximum inject time.
For the phosphoproteome fractions, the Lumos was

operated in MS2 mode with a 3 s cycle time.26,43 The
resolution for the precursor scan (m/z 400−1500) was set to
60,000 with an AGC target set to standard and a maximum
injection time of 50 ms. For MS2 scans, the HCD was set to
35; the AGC target set to 200%; the maximum injection time
was 120 ms; the isolation window was 0.7 Da; and the
resolution was set to 50,000.
Data Analysis of the MIB-MS Data

For the kinome data, all raw files were processed using
MaxQuant (version 1.6.15.0) and searched against the
reviewed human database (containing 20,350 entries, down-
loaded February 2020), appended with the Sars-CoV-2
database (containing 15 entries, downloaded September
2020) and a contaminants database. Enzyme specificity was
set to trypsin, and up to two missed cleavage sites were
allowed. For modifications, cysteine carbamidomethylation was
set as a fixed modification while methionine oxidation and
protein N-terminus acetylation were set as variable mod-
ifications. A 1% peptide/protein FDR was used to filter all data.
Match between runs was enabled (0.7 min match time
window, 20 min alignment window), and a minimum of one
peptide was required for label-free quantitation (LFQ) using
the LFQ intensities.
Perseus (version 1.6.14.0) was used for further processing.44

Kinases were parsed, and only kinases with >1 unique+razor
peptide were used for LFQ analysis. Kinases with 50% missing
values were removed, and missing values were imputed. Log2
fold change ratios were calculated using the averaged Log2
LFQ intensities, and Student’s t-test was performed for each
pair-wise comparison. Kinases with p-value <0.05 and Log2
fold change (FC) ratio ± 0.5 were considered significant.
Data Analysis of the Proteome/Phosphoproteomics Data

For the proteome and phosphoproteome data, all raw files
were processed using Proteome Discoverer version 2.5.
“TMTpro 16plex” was used as the quantitation method.
Peak lists were searched against a reviewed UniProt human
database (downloaded Feb 2020 containing 20,350 sequen-
ces), appended with a common contaminants database, using
Sequest HT within Proteome Discoverer. Data were searched
with up to two missed trypsin cleavage sites, and fixed
modifications were set to TMTpro peptide N-terminus and
Lys and carbamidomethyl Cys. Dynamic modifications were
set to N-terminal protein acetyl and oxidation Met.
For phosphoproteome data, additional dynamic modifica-

tion was set to phosphorylation Ser, Thr, and Tyr. TMT
quantitation was set to MS2, precursor mass tolerance was set
to 10 ppm, and fragment mass tolerance was set to 0.02 Da.
The peptide false discovery rate was set to 1%. The ptmRS
node was used to localize phosphorylation sites within
peptides. Reporter abundance based on intensity and co-
isolation threshold was set to 50.
For proteome data, quantitation was set to MS3, precursor

mass tolerance was set to 10 ppm, and fragment mass tolerance
was set to 0.5 Da. The peptide false discovery rate was set to
1%. Reporter abundance based on intensity, SPS mass match



threshold set to 50, and razor and unique peptides were used
for quantitation. The phosphoproteome dataset was imported
into RStudio (v. 4.1.1), and redundant phosphosites on
peptides with differing charge states were collapsed to one
value representing the mean of LFQ abundances per sample
using the doBy package.45 The curated phosphoproteomics
dataset, as well as the proteomics dataset, was then imported
into Perseus (version 1.6.14.0), where normalized TMT
intensities of the phosphopeptides and proteins were log2
transformed and missing values were imputed from a normal
distribution (width 0.3 and downshift of 1.8); then, log2 fold
change ratios and Student’s t-test p-values were calculated for
each pairwise comparison.44

For hierarchical clustering (based on Euclidean distance and
average linkage), log2 TMT intensities were z-score
normalized and the relative abundance changes of these
phosphopeptides between the infected and the mock samples
were visualized. Phosphopeptides were clustered based on
their relative abundance over time (i.e., formed an abundance
gradient across the 4−12−24 hpi time points). The
phosphopeptides and corresponding abundance values were
exported from Perseus into two datasets respective of their
clusters: cluster I. “DOWN” means phosphopeptides that
decreased in abundance compared to the mock and over time;
II. “UP” means phosphopeptides that increased in abundance
compared to the mock and over time. These two datasets
(“UP” and “DOWN” clusters) were then uploaded into
Ingenuity Pathway Analysis (Qiagen, 2022) with the following
cutoffs: p-value <0.05 and Log2 FC >0.5 or <−0.5, in the 24
hpi/mock comparison.46 The Canonical Signaling pathways
affected by the phosphorylated proteins were manually curated
to retain only the significantly overrepresented (p-value <0.05)
and significantly activated (z-score >2) or inhibited (z-score
<−2) pathways of relevance. A graphic of selected pathways
was generated in RStudio (v. 4.2.0) with the tidyverse package
and enhanced in Adobe Illustrator (2022).47 A graphic
representing the phosphorylated proteins from cluster II (24
hpi/mock comparison) involved in the mTOR signaling
pathway was generated by directly exporting the figure from
IPA.
Individual Inhibitory Bead Pulldowns of Nucleocapsid

Purified mannose-binding protein (MBP)-fused SARS-CoV-2
nucleocapsid was produced as previously described.48 20 μg of
purified protein, individual inhibitor beads, blank beads, and
MIB mix were individually equilibrated in high salt buffer
identical to that used for MIB-MS. Equilibrated proteins and
beads were mixed and incubated while rotating for 2 h at 4 °C.
Following incubation, beads were pelleted via centrifugation,
supernatant removed, and washed with high salt buffer for 2
min at 25 °C while rotating. This step was then repeated with
low salt buffer and low salt buffer containing 0.1% SDS to
mimic washes used for MIB-MS. Following removal of low salt
buffer containing 0.1% SDS, the bound protein was eluted
from beads via heating at 95 °C in 1× Laemmli (Bio-Rad) in
low salt buffer containing 0.1% SDS and 2.5% β-mercaptoe-
thanol (Sigma).
SDS-PAGE and Western Blot

Eluates from pulldowns were loaded into 4−20% gradient
mini-gels (Bio-Rad) for SDS-PAGE. Proteins were transferred
from the mini-gel onto a PVDF membrane (Pierce) using a
semi-dry transfer apparatus (Bio-Rad) and blocked using 5%
non-fat dry milk in 1× Tris-buffered saline (Sigma)

supplemented with 0.1% Tween-20 (TBS-T) (Sigma). A
primary anti-MBP antibody (Sigma M1321) was diluted to 0.1
μg/mL in block, and membranes were incubated overnight at 4
°C. Membranes were washed three times using TBS-T prior to
incubation with secondary sheep anti-mouse HRP (Amersham
ECL) in block for 1 h at 25 °C. Membranes were washed three
times prior to addition of SuperSignal Pico PLUS (Fisher) and
imaging via iBright FL1500 (Fisher).
Luciferase-Based Growth Inhibition Screen

Calu3 or A549-hACE2 cells were plated 1 day prior to
infection for confluency in 96-well clear-bottom black plates
(Corning). A kinase inhibitor library was prepared from the
kinase chemogenomic set (KCGS) of 187 compounds
targeting 215 host kinases and inhibitors of kinases implicated
in MERS-CoV replication from MIB-MS (ID3).49 On the day
of infection, drug stocks suspended in DMSO at 10 mM were
diluted to 1 mM in DMSO and then diluted 1:100 in infection
media of DMEM (Gibco) supplemented with heat-inactivated
fetal bovine serum (HyClone). Cell growth media were
aspirated from plates and replaced with diluted drug in media.
Cell growth media were removed from 96-well plates, and 50
μL of drug dilution was added to pretreat the cells. MERS-CoV
nLuc or SARS-CoV-2 nLuc stock was diluted for a final MOI
of 0.02 in 50 μL of viral growth media.50,51
Viral inoculum or mock inoculum containing just viral

growth media was added to cells 1 h post drug treatment 1:1
for a final concentration of drug treatment of 5 μM. Plates
were incubated for 2 days at 37 °C. Virus-infected plates were
subjected to Nano-Glo reagent (Promega) while mock-
infected plates were subjected to CellTiter-Glo 2.0 reagent
(Promega) according to the manufacturer’s instructions.
Luminescence readings for MERS-CoV KCGS and ID3
screens were taken on a SpectraMax (Molecular Devices)
while SARS-CoV-2 KCGS screen readings were taken on a
GloMax plate reader (Promega); data was exported for analysis
in Excel. Wells without cells were included to account for
background nano-luciferase signal, cells with DMSO-only
treatment were included to normalize the luminescence signal,
and remdesivir was included as a control on each plate.
Drug Selection for Clinical Kinase Screen

To maximize the opportunity for drug repurposing during the
COVID-19 pandemic, we assembled a clinical kinase screen
(CKS) based upon compounds that had advanced to clinical
trials or had been approved as drugs by the FDA.35,52 The
combined chemoproteomic and chemogenomic datasets
implicated 135 host kinases for their potential involvement
in replication of a β-coronavirus (Supplemental Data 6).
Multiple databases were searched to identify the clinically
advanced kinase inhibitors that were reported to inhibit one or
more of the kinases as either a primary or collateral target.
Whenever possible, more than one kinase inhibitor was
selected for each host kinase to increase confidence that viral
inhibition was associated with a specific kinase target. In total,
93 kinase inhibitors were assembled for the CKS, of which 87
had already been dosed in humans.
Luciferase-Based Dose−Response Curves
Calu3 or A549-hACE2 cells were plated 1 day prior to
infection for confluency in 96-well clear-bottom black plates
(Corning). On the day of infection, drug stocks suspended in
DMSO at 10 mM were diluted to 2 mM in DMSO (Sigma-
Aldrich). 2 mM aliquots of drug were serially diluted in DMSO

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00182/suppl_file/pr3c00182_si_007.xlsx


fourfold for an eight-point dilution curve. Serial dilutions were
further diluted 1:100 in infection media of DMEM (Gibco)
supplemented with FetalClone II (HyClone), non-essential
amino acids (Gibco), and Pen-Strep (Gibco). Cell growth
media were removed from 96-well plates, and 50 μL of drug
dilution was added to pretreat the cells. MERS-CoV or SARS-
CoV-2 nLuc stock was diluted for a final MOI of 0.02 in 50 μL
of viral growth media. Viral inoculum or mock inoculum was
added to cells 1 h post drug treatment 1:1 for a final
concentration at the top of the dose−response curves of 10
μM. Plates were incubated for 2 days at 37 °C. Virus-infected
plates were subjected to Nano-Glo reagent (Promega) while
mock-infected plates were subjected to Multi-Tox-Glo reagent
(Promega) according to the manufacturer’s instructions.

Luminescence readings were taken on a GloMax plate reader
(Promega), and data was exported for analysis in Excel. Wells
without cells were included to account for background nano-
luciferase signal, and cells with DMSO-only treatment were
included to normalize the luminescence signal on each plate. A
single dose of remdesivir at 5 μM was included as a positive
control for growth inhibition, and staurosporine at 5 μM was
included as a positive control for cytotoxicity on each plate. A
remdesivir dose−response curve was included in each
biological replicate as a control.
Luciferase Assay Data Analysis

Dose−response curves were completed in technical replicate
and biological triplicate. The average background signal was

Figure 1. Kinases differentially bind to MIBs following CoV infection. Human airway epithelial cells were infected with MERS-CoV and SARS-
CoV-2 at an MOI of 3. Cells were collected at 4, 12, and 24 hpi, lysed, and ran over MIB columns to capture kinases. MIB columns were washed,
kinases were eluted and prepared for mass spectrometry, and changes in kinase abundance were compared to mock-infected MIB samples. (A)
MERS-CoV titer of infected Calu3 cells at MIB-MS collection timepoints. (B) SARS-CoV-2 titer of infected A549-hACE2 cells at MIB-MS
collection timepoints. (C) Number of differentially binding kinases in both CoV infections throughout infection compared to mock (p-value
<0.05). Red indicates a Log2 fold increase >0.5, and blue indicates a Log2 fold decrease <−0.5 (C). Visualization of kinases with (D) decreased or
(E) increased binding at 24 h post CoV infection. Gray indicates no significant change compared to mock, green indicates similar change following
both MERS-CoV and SARS-CoV-2 infection, purple indicates change only in MERS-CoV infection, and orange indicates change only in SARS-
CoV-2 infection (D, E). Mean and standard error of the mean calculated in Prism 9 (A, B). Graphs created in Prism 9 (A−C). Kinase trees created
in Coral and enhanced in Adobe Illustrator (D, E).2
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calculated per plate using wells without cells that were
inoculated with virus or mock inoculum and subtracted from
all treated wells on the plate. The average positive signal
representing 0% growth inhibition for virus-infected plates was
calculated from background-corrected wells treated with
DMSO per plate. The average positive signal representing
100% cytotoxicity was calculated from background-corrected
wells treated with staurosporine (Sigma-Aldrich). The back-
ground-corrected signal from wells treated with drug was
normalized to average positive signal calculated per plate and
used to determine the percent inhibition of viral growth or
percent cytotoxicity. Data was imported into Prism 9 to
calculate and graph the average, the standard error of the
mean, and the non-linear curves fit for IC50 and CC50 values.

■ RESULTS

Kinome Profiling Using MIB-MS Reveals Differential Host
Kinome Response to CoV Infection
Using cell culture models with similar replication kinetics and
final titers (Figure 1a,b), MERS-CoV and mock-infected Calu3
cells or SARS-CoV-2 and mock-infected A549-ACE2 cells
were collected over a 24 h infection time course. Biological
triplicates of each cell line were mock-infected, or infected with
MERS-CoV or SARS-CoV-2 for 4, 12, and 24 h, and then

MIB-MS analysis was performed to identify host kinome
changes post-infection. Over 200 kinases were identified over
both of the infection time courses, as well as several viral
proteins. Principal component analysis demonstrated that the
biological replicates were uniquely grouped and distinct from
mock samples, with 4 h post infection (hpi) most similar to
mock controls (Figure S1). Changes in host kinome response
were further reflected by a gradually increasing number of
kinases with statistically significant differences (p-value <0.05;
log2 FC ±0.5) in binding to MIB columns as compared to
mock over the infection time courses of both viruses (Figure
1c). Although a small number of kinases displayed a significant
increase in MIB binding early in the time courses (4 hpi), most
kinases displayed a significant decrease in MIB binding by the
end of the CoV time courses (24 hpi). A delay in kinome
response to MERS-CoV infection was seen compared to
SARS-CoV-2. SARS-CoV-2 infection showed a stepwise
increase in the number of kinases with decreased binding at
12 h, whereas MERS-CoV infection showed little difference in
kinase binding compared to mock until 24 hpi (Figure 1c).
Kinase binding to MIB was dependent upon both abundance
and activity, suggesting that SARS-CoV-2 affects upon the host
kinome, which is more dynamic earlier in infection compared
to MERS-CoV.

Figure 2. Phosphoproteomic and proteomic analysis of SARS-CoV-2 infection reveals balanced increase in changing phosphorylation sites in the
presence of decreasing protein abundance. (A) Aliquots of A549-hACE2 lysate collected for MIB-MS analysis of SARS-CoV-2 infection were
processed for proteomic and phosphoproteomic profiling. (B) Proteins and (C) phosphosites with statistically significant changes (p-value <0.05;
log2 FC ±0.5) in abundance compared to mock following SARS-CoV-2 infection. Red indicates increase in abundance, and blue indicates decrease
in abundance (B, C). (D) Volcano plots of phosphosite changes at 24 hpi. Gray indicates no statistical and/or biological significance compared to
mock by p-value >0.05 and/or Log2 fold change not meeting the threshold of ±0.5. Blue indicates statistically significant difference to mock and
decrease in phosphosite abundance by Log2 FC <−0.5, and red indicates statistically significant difference to mock and increase in phosphosite
abundance by Log2 FC > 0.5. Workflow figure was created in BioRender (A). Data graphed in Prism 9 (B, C) and RStudio (v 4.2.0) using the
ggplot2 package (D), and enhanced in Adobe Illustrator (2022).
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MERS-CoV and SARS-CoV-2 Infections Reveal Distinct and
Overlapping Kinome Profiles

Comparison of MERS-CoV and SARS-CoV-2 MIB-MS data at
4 and 12 hpi showed minimal overlap in kinase binding
(Supplemental Data 1 and 2). At 4 hpi, the only shared kinase
with increased binding to MIBs was PIP5K1A, a key kinase for
upstream production of substrate for PI3K/Akt signaling
(Figure S2).53 At 12 hpi, the only shared kinase with altered
binding to MIB was deoxycytidine kinase (DCK); however, its
binding either decreased or increased in the MERS-CoV and
SARS-CoV-2 datasets, respectively (Figure S2). DCK activity
may be indicative of replicative stress on the host cell induced
by CoV infection, as it plays an important role in the DNA
damage response.54 We were most interested in kinases with
increased MIB binding for potential downstream targeting with
inhibitors. Notably, CSNK1E and mTOR were kinases with
the highest MIB-MS abundance in the MERS-CoV dataset at 4
and 12 hpi, respectively, while in the SARS-CoV-2 MIB-MS
dataset, PIP5K1A at 4 hpi and BRSK2 at 12 hpi were the
kinases with the highest abundance (Figure S2, Supplemental
Data 1 and 2).
By 24 hpi, we observed a large decrease in MIB binding and

a significant overlap between the two datasets (Figure 1d).
Most notably, there were shared decreases in both the casein
kinase and tyrosine kinase-like families, which play essential
roles in signal transduction and cell signaling. Both viruses
induced decreases in ephrin and SRC-family kinases,
suggesting a broad decrease in both receptor and non-receptor
tyrosine kinases following CoV infection. There were fewer
kinases with increased MIB binding at 24 hpi in both CoV
datasets and only one kinase with shared activity at this time
point, DYRK1a, which was the most abundant kinase identified
at 24 hpi in the MERS-CoV dataset (Figure 1e). DYRK1a is
involved in the response to double-stranded DNA breaks, so it
may reflect increased apoptosis or cellular stress at the later
timepoint.55 Kinases with increased MIB binding at 24 hpi in
the SARS-CoV-2 dataset were mostly involved in MAPK
signaling, indicative of activation of stress response to viral
infection, while those with increased binding in the MERS-
CoV dataset do not appear to converge on any one pathway.
Inferred Kinase Activity from Phosphoproteomics Analysis
of SARS-CoV-2 Infection Reveals Activation of
Pro-Inflammatory Response and Specific Kinase Pathways

To determine signaling pathways altered over the SARS-CoV-2
time course, global quantitative phosphoproteomic and
proteomic analysis of SARS-CoV-2-infected A549-hACE2
was performed on paired cell lysates (n = 3) from the MIB-
MS analysis (Figure 2a). Over 7200 proteins and 14,300
phosphosites were quantified over the 24 h infection time
course (Supplemental Data 3 and 4). Principal component
analysis of the phosphoproteomic data from SARS-CoV-2-
infected cells indicated similar grouping as our MIB-MS data,
with 4 hpi samples most proximal to mock and the largest
separation seen with the 24 hpi samples (Figure S3). Total
protein abundance decreased throughout the time course of
infection, which follows the known activity of CoV nsp1 to
shut down host translation (Figure 2b).56,57 Although the
majority of significantly altered proteins (p-value <0.05; Log2
FC ±0.5) displayed a decrease in abundance over the infection
time course, thousands of phosphorylation sites significantly
increased by 24 hpi (Figure 2c,d, Figure S3), similar to
previous studies.26,58

To further characterize the changes in the phosphorylation
landscape following SARS-CoV-2 infection, we performed
hierarchical clustering of the phosphoproteomics dataset,
which revealed two distinct clusters (Figure 3a). Cluster I
consisted of phosphosites that had decreased phosphorylation

Figure 3. Pathway analysis of phosphoproteomics following SARS-
CoV-2 infection reveals specific activation of kinase pathways and
mTOR. (A) Hierarchical clustering analysis (Euclidean distance;
average linkage) of z-score-normalized Log2 abundance values of
phosphopeptides. Phosphopeptides clustered by abundance changes
overtime, separating into two distinct clusters: (I) “DOWN” cluster =
phosphopeptides that decreased in abundance compared to the Mock
and overtime and (II) “UP” = phosphopeptides that increased in
abundance compared to the mock and overtime. Orange indicates
increased abundance, while purple indicates decreased abundance.
(B) Significantly overrepresented IPA canonical pathways (p-value
<0.05) that were either activated (z-score > 2) or inhibited (z-score <
−2) in phospho clusters I (“DOWN)” and II (“UP)” from (A). Red
indicates activation while blue indicates inhibition measurement by z-
score; the size of the bubbles indicates the number of genes included
in the pathway that had one or multiple phosphorylation(s) in the
dataset (filtered for Log2FC ± 0.5; p-value <0.05). (C) mTOR
signaling pathway, which was significantly overrepresented and
activated in the 24 hpi samples compared to the mock. Shapes
indicate the molecular class of the proteins. Orange indicates
predicted protein activation, and blue indicates predicted protein
inhibition. Red indicates increased abundance of phosphosites, and
green indicates decreased abundance of phosphosites. Graphics
generated in Perseus (v. 1.6.14.0) (A) and RStudio (v. 4.2.0) using
the Tidyverse package (1.3.1) (B) and IPA (09-2022 release) and
enhanced in Adobe Illustrator (2022).
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levels throughout the time course, while cluster II consisted of
phosphosites that had increased phosphorylation levels (Figure
3a). Given that phosphorylation of specific residues can result
in either increase or decrease in enzymatic activity, we
performed a pathway analysis to identify how changes in
phosphosite abundance may affect protein and signaling
pathway activity. Upon analysis of the two clusters, we
identified a number of activated pathways at 24 hpi that have
been described in COVID-19 patients with severe disease, such
as IL-6, IL-8, thrombin, PDGF, VEGF, and pulmonary fibrosis
signaling (Figure 3b).59 We additionally found that multiple
kinase pathways were activated: MAPK, mTOR, PI3K/AKT,
ERBB, and Ephrin receptor signaling. MAPK activation was
further supported by increases in key phosphorylation sites of
activation loop residues of both MAPK1 (pT185/pY187) and
MAPK3 (pT202/pY204) at 12 and 24 hpi, with no statistically
significant difference from mock at 4 hpi (Supplemental Data
3). mTOR signaling was of special interest given the increased
binding of mTOR at 12 hpi in the MERS-CoV MIB-MS
dataset, indicating a potential shared activated pathway
between the two betacoronaviruses. Pathway analysis predicted
activation of mTOR complex 1 (mTORC1) and mTORC2 at
late timepoints in SARS-CoV-2 infection (Figure 3c),
supported by changes in phosphosite abundance on EIF3A,
EIF4B, EIF4E, RAP1B, RPS6, and RPTOR (Supplemental
Data 5). This prediction was supported by increases in kinases
associated with mTOR activation (PI3K/AKT) or decreases in
those that oppose it (protein kinase A) (Figure 3b).
Comparison of SARS-CoV-2 MIBS-MS and
Phosphoproteomics Datasets
Our MIB-MS kinome data indicated an overall decrease in
kinase abundance after 24 hpi; however, by contrast, over 2000
phosphosites were up-regulated at 24 hpi and pathway analysis
revealed an activation of many kinase pathways compared to
mock infection (Figures 1−3). MAPK families showed an
overall similar trend between the MIB-MS and phosphopro-
teomics datasets, with activity low in both at 4 hpi, but
increased at later timepoints. Both MAPK1 and MAPK3
displayed increased MIB binding at 24 hpi, and pathway
analysis based on the phosphoproteomics data predicted ERK/
MAPK activation, further supported by increased activation
loop phosphosite abundance. The largest difference between
the MIB-MS and phosphoproteomics datasets was Ephrin

receptor signaling, wherein a decrease in EPHA and EPHB
binding to MIBs was observed, but pathway analysis predicted
activation of Ephrin receptor signaling based on the
phosphoproteomics dataset. ERBB signaling was also predicted
to be activated in the pathway analysis; however, no significant
kinome changes in the MIB-MS dataset were observed.
To further investigate potential factors that may have

contributed to discordance between SARS-CoV-2 kinome and
phosphoproteomic datasets, we searched for viral proteins
identified in the MIB-MS datasets and found that the
nucleocapsid protein (N) was the only viral protein
consistently bound to MIB columns following both CoV
infections across timepoints (Figure 4a, Supplemental Data 1
and 2). The CoV nucleocapsid protein can be phosphorylated
on multiple residues, and recent work demonstrated that the
SARS-CoV-2 nucleocapsid is capable of binding ATP.60−62

Therefore, the nucleocapsid protein may have bound to the
MIB-immobilized type I kinase inhibitors because these kinase
inhibitors are ATP competitors. We identified multiple
phosphosites on the SARS-CoV-2 nucleocapsid during the
phosphoproteomics analysis; however, none of the phospho-
sites cluster around the proposed ATP-interacting residues
(Figure S4). To validate the high amounts of nucleocapsid
detected in our MIB-MS datasets, we incubated purified SARS-
CoV-2 nucleocapsid with blank beads, the MIB resin, and
individual kinase inhibitor beads. After washing and eluting
specific proteins bound to these beads, we found that the
nucleocapsid bound to the MIB mix but showed preferential
binding to the UNC-2147A and weak binding to the VI-16832
and PP58 inhibitors, both type I kinase inhibitors (Figure 4b,c,
Figure S5). This is the first instance of viral proteins binding to
MIB, indicating a potential explanation for differences seen
between MIB-MS and phosphoproteomic analyses.
Kinase Inhibitors Modulate CoV Replication

To study the potential effects of kinase inhibitors on CoV
replication, we first performed an unbiased screen of both
MERS-CoV and SARS-CoV-2 nanoluciferase (nLuc) express-
ing mutants against a panel of 187 compounds (5 μM) from
the KCGS.49 We additionally screened potential inhibitors of
MERS-CoV replication at a 5 μM dose using a targeted ID3 set
against host kinases that were identified as having changes in
activity from the MERS-CoV MIB-MS dataset. Upon

Figure 4. Nucleocapsid specifically binds to individual inhibitor beads. Purified SARS-CoV-2 nucleocapsid protein was incubated with individual
inhibitor beads, blank beads, and MIB mix for 2 h prior to washing in a similar manner used for MIB-MS. Protein was eluted from beads, and
binding was visualized via SDS-PAGE and Western blotting. (A) Quantification of nucleocapsid abundance identified during MIB-MS of MERS-
CoV in purple and SARS-CoV-2 in orange. (B) Western blot of captured SARS-CoV-2 nucleocapsid protein following incubation with individual
and mix of inhibitor beads that were used in MIB-MS. Input and blank beads included as positive and negative control. (C) Chemical structure of
inhibitors used for MIB kinase capture and nucleocapsid pulldowns.1 Average and standard error of the mean calculated and graphed in Prism 9
(A).
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completion of the screens for both CoVs, there was clear
evidence of both viral growth inhibition and enhancement by
several kinase inhibitors (Figure S6). Selection of kinase
inhibitors with nLuc percent inhibition either >50% in MERS-
CoV or >70% in SARS-CoV-2 highlighted transcription and
EGFR and mTOR signaling, and the cell cycle as targetable
pathways to reduce viral replication (Supplemental Data 6). In
both CoVs, inhibition of kinases involved in innate immunity
and some kinases affecting the cell cycle were found to increase
replication (Figure 5). Untargeted KCGS screening was
conducted to identify additional kinases whose activity was
not predicted to change through kinome or phosphoproteomic
analyses but may still contribute toward viral replication. These
initial screens provided preliminary data to identify as many
kinase targets as possible for further clinically advanced
inhibitor screening.
While the KCGS and ID3 screens were insightful, the

compounds in these libraries have limited clinical implications.
Results from the kinome, phosphoproteomics, and chemo-
genomic datasets were used to assemble a CKS biased toward
molecules that had advanced to clinical trials or had been
approved as drugs by the FDA. This library of 93 compounds
was screened at a 5 μM dose against MERS-CoV and SARS-
CoV-2, resulting in 64 compounds that had greater than 70%

or less than −50% inhibition of viral nLuc signal. The CKS
identified ErbB kinases, CSNK2, and PI3K/mTOR as
common inhibition targets for antiviral activity, while JAK
and Syk inhibitors enhanced viral nLuc signal (Figure 6,
Supplemental Data 7). MAPK inhibitors had mixed effects on
CoV replication; however, most MAPK inhibitors decreased
SARS-CoV-2 replication, mirroring activation seen in the MIB-
MS and phosphoproteomic pathway analysis, indicating that
the pathway may not be proviral and activation may be a
secondary result of cell response to viral replication in MERS-
CoV.
PI3K/mTOR Inhibitors Exhibit Potential for Broad-Acting
CoV Antivirals

To validate inhibition and determine IC50 values, we
performed dose−response curves on the kinase inhibitors of
interest from the CKS. We included remdesivir, a nucleoside
analog, as a positive control to compare antiviral activity of a
direct-acting antiviral as compared to a kinase inhibitor.23,63,64

Upon examination of dose−response curves, we found that the
PI3K and mTOR inhibitors sapanisertib, samotolisib, and
gedatolisib exhibited potent antiviral activity (nM range) in
both CoVs, similar to the activity of remdesivir with minimal
cytotoxicity (Table 1, Figure 7). Apitolisib and bimiralisib also

Figure 5. Kinase inhibitors alter CoV replication. Lung epithelial cells were treated with kinase inhibitors at a concentration of 5 μM 1 h prior to
infection with MERS-CoV or SARS-CoV-2 nLuc-expressing viruses, respectively. Nanoluciferase readings were taken 48 hpi and normalized to
DMSO treatment to calculate percent inhibition. Kinase inhibitors that exhibited an effect upon MERS-CoV nLuc replication in Calu3 cells (left).
Kinase inhibitors that exhibited an effect upon SARS-CoV-2 nLuc replication in hACE2-A549 cells (right). Inhibitors that increased viral
replication are in red while those that decreased viral replication are in blue. Representative target pathways highlighted on the right with kinase
targets in italics. Average and standard error of the mean were calculated and graphed in Prism 9 (left and right).
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demonstrated antiviral activity in both CoVs but not in the
lower nM range as observed with the top three candidates.
Omipalisib demonstrated cytotoxic activity in both cellular
systems, ruling out its viability for repurposing. Dactolisib was
only effective against SARS-CoV-2 nLuc signal, while
GSK1059615 only reduced MERS-CoV nLuc signal in the
nM ranges (Table 1).
MERS-CoV and SARS-CoV-2 Have Distinct Targetable
Pathways for Drug Repurposing

While we were most interested in identifying broad-acting
antivirals against MERS-CoV and SARS-CoV-2, there was also
an interest in identifying virus-specific kinase inhibitors that
reduced CoV replication. The EGFR and ErbB inhibitors that
were included in our CKS panel exhibited antiviral activity
against MERS-CoV in the low nM ranges; however, some
demonstrated cytotoxic effects at similar concentrations.
Canertinib, dacomitinib, and tucatinib all had IC50 values
ranging from 25 to 166 nM with little or no toxicity, indicating
possible repurposing for lineage 2C CoVs (Table 1, Figure S7).

Of note, Calu3 cells have overactive ErbB2 signaling that
contributes to their proliferation, so validation of antiviral
effects of EGFR/ErbB inhibitors should be completed in
another cell line or primary cells.65 As previously demon-
strated, PIKfyve kinase inhibitors exhibit antiviral activity in
the low nM range for SARS-CoV-2 with minimal toxicity
(Table 1).25 However, the PIKfyve inhibitors tested here
showed little efficacy against MERS-CoV replication (Figure
S8).
We additionally found that CSNK2 inhibitors inhibited

MERS-CoV at nM concentrations and SARS-CoV-2 at μM
concentrations, as described previously (Figure S9).28 Abl/Src
family kinase inhibitors exhibited an antiviral effect upon
SARS-CoV-2 at nM concentrations; however, these inhibitors
are broad acting, so it is uncertain which of the target kinases
may be essential for replication (Figure S9, Table 1). One of
the CDK inhibitors, RGB-286638, demonstrated ∼7-fold less
antiviral activity against MERS-CoV compared to SARS-CoV-
2; however, CDK inhibitors for SARS-CoV-2 were cytotoxic in

Figure 6. Clinically relevant kinase inhibitors are capable of inhibiting viral replication. A library of kinase inhibitors that are FDA approved or in
clinical trials was selected based upon KCGS and MIB-MS datasets. Inhibitors were diluted to 5 μM, and cells were treated 1 h prior to infection
with MERS-CoV or SARS-CoV-2 nLuc. Luciferase readings were performed at 48 hpi, and percent inhibition was calculated by comparing to
uninfected cells. Inhibition or enhancement of MERS-CoV and SARS-CoV-2 replication following treatment with kinase inhibitors. MERS-CoV is
represented in purple, and SARS-CoV-2 is represented in orange. Inhibitors are grouped by kinase target on the left. Average and standard error of
the mean calculated and graphed in Prism 9.
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A549-hACE2 cells. Cytotoxicity plagued PLK inhibitors as well
for the SARS-CoV-2 assays, with minimal effect on MERS-
CoV replication. Akt inhibitors were also of interest given that
the inhibitor that SARS-CoV-2 N bound exhibits broad AGC
family kinase capture (Figure 4); however, uprosertib only
exhibited antiviral action against MERS-CoV at the mid-nM
range (Figure S9, Supplemental Data 8 and 9).1 MAPK
inhibitors did not exhibit antiviral activity against either CoV in
the nM range, like that of MERS-CoV KCGS results,
indicating that increased MAPK activity seen in SARS-CoV-2

may be a result of the cellular response to CoV replication and
infection rather than proviral (Supplemental Data 8 and 9).

■ DISCUSSION
Emerging CoVs, like SARS-CoV-2, and MERS-CoV, cause
acute and chronic severe end stage lung disease outcomes after
infection, necessitating the need for novel host-based therapies
to reverse these outcomes. Host kinases represent important
therapeutic targets for acute and potentially chronic viral
infection of the lung, and several kinase inhibitors are used in
COVID-19 patient care or are under evaluation.66−68 A
distinguishing feature of this study is the first employment of
MIB-MS technology to capture kinases to measure host
kinome response upon MERS-CoV and SARS-CoV-2
infection. Phosphoproteomic analysis over a SARS-CoV-2
time course was also employed to infer kinase activity for
phosphorylation data. This analysis relies upon known kinase−
substrate interactions and is, therefore, biased toward kinases
that have well-characterized substrates. An advantage of the
MIB-MS approach allows for direct measurement of changes in
kinase abundance and/or activity following CoV infection.
Surprisingly, our MIB-MS data recorded high amounts of
nucleocapsid bound to MIB columns, potentially preventing
some host kinases from being fully captured, due to
competitive interactions of MIB with the viral nucleocapsid
protein. Consequently, we most likely have underestimated
kinase levels in our MIB-MS due to potential competition of
MIB binding with viral N protein, which may have led to the
lack of significant differences or exaggerated decreases in
abundance especially at the 24 h timepoint compared to the
mock controls. Although speculative, this hypothesis poten-
tially explains the differences between inferred kinase activity
levels from the phosphoproteomic data analysis and some of
the kinases with decreased binding to MIB that were not less
abundant in the proteomic dataset. Of those kinases that did
have increased binding to MIB, there is clear evidence of
activation of the mTOR and MAPK pathways following
MERS-CoV and SARS-CoV-2 infection, respectively. Evidence
of these changes in kinase activity following SARS-CoV-2 was
further bolstered by phosphoproteomics analysis of infected
A549-hACE2 cells, where there was increased phosphorylation
of MAPK activation sites by 24 hpi.
While the goal of the MIB-MS analysis was to identify

kinases, we found that CoV N proteins demonstrated
reproducible binding to MIB in both datasets (Supplemental
Data 1 and 2), with Log2 LFQ abundance increasing
throughout the time course of infection (Figure 2). These
findings were validated with pulldown experiments using
purified recombinant N protein and individual inhibitor beads,
finding specific binding to the UNC-2147A inhibitor. The
nucleocapsid protein plays critical roles in virion nucleocapsid
assembly and the production of progeny virions but also
interacts with the viral replicase machinery to promote viral
subgenomic and full-length RNA transcription.69−72 Binding of
CoV N to the MIB columns is potentially of high interest given
recent studies that have highlighted ATP binding capabilities
of N. The N-terminal domain (NTD) of N is involved in RNA
binding, while the C-terminal domain (CTD) is thought to
participate in resolving a secondary structure that has been
shown to bind to ATP.61,62 Furthermore, it is hypothesized
that exposure of SARS-CoV-2 N to cytoplasmic concentrations
of ATP may induce uncoating of the genomic RNA upon
initial infection of the cell.61 Given the hypothesized role of N

Table 1. Calculated Inhibitory and Cytotoxicity
Concentrations of Top Performing Kinase Inhibitorsa

identification inhibition (nM) cytotoxicity

drug target
IC50
MERS

IC50
SARS2

CC50
Calu3

CC50
A549

ponatinib Abl 2635 ∼10 μM
dasatinib Abl/Src 1310 191 >10 μM >10 μM
saracatinib Abl/Src 2183 292 6.8 μM >10 μM
uprosertib Akt 577 >10 μM
ibrutinib BTK 63 6.4 μM
dinaciclib CDK 20 4.1 μM
RGB-286638 CDK 643 90 >10 μM 12 nm
silmitasertib CSNK2 530 >10 μM
UNC-AZ-I CSNK2 0.673 8 >10 μM 3 nM
UNC-AZ-O CSNK2 188 >10 μM
gefitinib EGFR 396 ∼10 μM
osimertinib EGFR 110 851 ∼10 μM >10 μM
sapitinib EGFR/ErbB 82 ∼10 μM
canertinib EGFR/ErbB 114 >10 μM
dacomitinib EGFR/ErbB 25 >10 μM
pelitinib EGFR/ErbB 33 >10 μM
afatinib EGFR/ErbB 12 ∼10 μM
mubritinib HER2 7 >10 μM
neratinib HER2 12 ∼10 μM
tucatinib HER2 166 >10 μM
omipalisib PI3K 0.9 15 2.9 μM 434 nm
apitolisib PI3K/

mTOR
235 203 >10 μM >10 μM

bimiralisib PI3K/
mTOR

182 628 >10 μm >10 μM

dactolisib PI3K/
mTOR

12 5.5 μM

gedatolisib PI3K/
mTOR

30 10 >10 μm >10 μM

GSK1059615 PI3K/
mTOR

67 >10 μm

samotolisib PI3K/
mTOR

30 22 >10 μm 6.1 μM

sapanisertib mTORC1/2 9 7 >10 μM >10 μM
AA-CS-3-025 PIKfyve 3.9 >10 μM
apilimod PIKfyve 2.2 >10 μM
BI-2536 PLK 21.7 7.2 nM
GSK461364A PLK 69.2 12.2 nM
CP-547632 VEGFR/

FGFR
153 >10 μM

remdesivir CoV RdRp 31 103 >10 μM >10 μM
aIC50 values calculated following dosing of MERS-CoV- or SARS-
CoV-2-infected cells with kinase inhibitors. CC50 values calculated
following dosing of Calu3 and A549-hACE2 cells with kinase
inhibitors. Cytotoxicity values that were outside the standard curve
are noted as >10 μM, while those approaching CC50 at 10 μM are
noted as ∼10 μM. Blank cells indicate values not calculated due to
poor viral growth inhibition.
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as a potential chaperone protein in discontinuous transcription
and its known role as a structural protein, it is an ideal
candidate to target with small molecules or vaccines to disrupt
multiple aspects of CoV replication.73 The specific binding of
viral proteins to MIBs has not been described previously and
poses an interesting line of experiments in which MIB-MS may
be used in a screen to identify potential small-molecule
inhibitors of viral proteins. These findings provide a strategy to
investigate the binding of nucleocapsid proteins from
betacoronaviruses to preexisting kinase inhibitors and small-
molecule libraries for further screening of direct-acting antiviral
candidates. Expression of nucleocapsid isoforms with individ-
ual domains deleted will strengthen these studies to determine
where small molecules are binding and allow for targeted
molecule design to optimize potential nucleocapsid activity
disruption.
Previous phosphoproteomic datasets have been generated

from SARS-CoV-2-infected cell lines, induced alveolar type 2
(iAT2) cells, and animal models.25−27,58,74−76 A phosphopro-
teomic analysis of nasopharyngeal swabs taken from uninfected
and infected individuals with COVID-19 symptoms has also
been performed.77 Upon analysis of phosphoproteomic data,
we identified similar activation of MAPK, PI3K/mTOR, and

EGFR pathways to those described in Caco-2, Vero, and A549-
hACE2 cells infected with SARS-CoV-2,25,26,58 supporting
pathway alterations across different immortalized tissue types
and species. However, discrepancies in kinase activities were
observed between A549-hACE2 and iAT2 phosphoproteomic
datasets. Of note, the weak activation of mTOR described in
iAT2 cells is similar to our inferred kinase activity data
supporting both inhibition and activation of mTOR path-
ways.27 A proteo-transcriptomics study of SARS-CoV-2-
infected Huh7 cells also highlighted dysregulation in AKT/
mTOR/HIF-1 signaling, further providing evidence outside of
phosphoproteomic focused studies.78 In animal models, there
is further evidence supporting dysregulation of MAPK and
CDK signaling following SARS-CoV-2 infection; however, the
changes in kinase activity are temporal, indicating that specific
stages in pathogenesis may be affecting kinase activities.74,75

One study completed in MERS-CoV-infected Huh7 cells
highlighted MAPK and PI3K/mTOR signaling as potential
targetable pathways to reduce viral replication; however, we
only identified increased mTOR binding at 12 hpi in our MIB-
MS analysis.79 More detailed kinase and phosphoproteomic
comparisons should be examined between various primary cell
tissue types and immortalized cells, especially as immortalized

Figure 7. PI3K and mTOR inhibitors inhibit both MERS-CoV and SARS-CoV-2 replication at nM concentrations. Dose−response curves were
performed by treating Calu3 and A549-hACE2 cells with serial dilutions of PI3K/mTOR kinase inhibitors 1 h prior to infection nLuc bearing
MERS-CoV (A−C) or SARS-CoV-2 (D−F), respectively. Cells were incubated for 48 h prior to reading for nLuc and cytotoxicity measurements.
Black closed circles and lines represent inhibition of viral nLuc expression, and red closed triangles and lines represent cytotoxicity measured by
dead cell protease. Error bars represent the standard error of the mean. Average, standard error of the mean, and non-linear curve fits calculated and
graphed in Prism 9.
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cells display reprogrammed kinase signaling pathways and
phosphoproteomic signatures.80,81 Overall, our phosphopro-
teomic data, along with the previous studies, shows
dysregulation of growth factor receptor signaling and survival
pathways following SARS-CoV-2 infection across multiple cell
types. This is unsurprising since the MAPK and mTOR
pathways play essential roles in determining cell survival after
viral infection.
Drug repurposing to reduce SARS-CoV-2 replication has

been widely explored since the beginning of the pandemic, and
kinase inhibitors such as imatinib, berzosertib, sorafenib, and
vandetanib have been reported to inhibit CoV replica-
tion.24−27,82,83 However, since kinases play essential roles in
regulating cell cycle and growth, inhibitors must have a good
selectivity index for antiviral effect on viral growth to minimize
chances of off-target side effects. Due to this, we applied
stringent cutoffs for proposing kinase inhibitors for repurpos-
ing, including compounds whose IC50 values were in nM
ranges that phenocopied remdesivir and CC50 values that
exceed the highest dose of kinase inhibitor screened, 10 μM.
We tested multiple kinase inhibitors including some high-
lighted in previous studies, like dinaciclib, silmitasertib, and
sorafenib. In many cases, however, these earlier studies either
demonstrated CC50 values similar to IC50 values or were not
effective in nM ranges similar to remdesivir.25 Upon chemo-
genomic profiling of kinase inhibitors effects on CoV
replication, we found that PI3K/mTOR inhibitors significantly
reduced both MERS-CoV and SARS-CoV-2 replication at nM
concentrations (Figure 7, Table 1). This has also been noted in
Caco-2, Vero,84 and A549 systems, but the activity of mTOR
inhibitor VE-822 in iAT2 cells was not as effective,27 perhaps
reflecting host response differences or altered target specificity
of VE-822, since not all PIK3/mTOR inhibitors we screened
shared broad betacoronavirus antiviral activity (Figure 7, Table
1, Supplemental Data 8 and 9). While not broad acting,
inhibitors of EGFR/ErbB kinases demonstrated efficacy in
reducing MERS-CoV replication and PIKfyve inhibitors
reduced SARS-CoV-2 replication, both in similar ranges to
PI3K/mTOR inhibitors (Figure S7 and S8, Table 1). PIKfyve
inhibitors have been previously described as potent SARS-
CoV-2 replication inhibitors in vitro but actually exacerbated
SARS-CoV-2 mortality in mice.85 EGFR inhibitors have not
been rigorously studied in the context of MERS-CoV. It should
also be noted that differences in kinase inhibitor effects upon
viral replication may be attributed to host kinase activity
differences between the cell lines used for MERS-CoV and
SARS-CoV-2 infections. We were unfortunately unable to
reproduce SARS-CoV-2 infection in Calu3 cells similar to that
of MERS-CoV to develop a robust replication system for
kinase inhibitor screening; however, the titers achieved by
SARS-CoV-2 infection of A549-hACE2 were similar to those
of MERS-CoV in Calu3 cells. Future studies focused on PI3K/
mTOR and EGFR inhibitors should focus on the mechanism
of action and on characterizing their antiviral effects in more
relevant in vivo and ex vivo infection models, like primary
epithelial cells from the conducting airway and gas exchange
regions of the lung.86

Our data mirrors similar growth inhibition at μM
concentrations of JNK/MAPK inhibitors on either SARS-
CoV-2 or MERS-CoV infection but indicates that PI3K/
mTOR inhibition is more effective at lower compound
concentrations.25,26 Studies with the group 1 porcine epidemic
diarrhea coronavirus (PEDV) showed that inhibition of the

PI3K/AKT/GSK3 or PI3K/AKT/mTOR pathway increased
viral replication, indicating that the antiviral activities of PI3K/
mTOR inhibitors may be betacoronavirus specific.87,88 PI3K/
AKT/mTOR signaling plays a central role in cell survival, so
there may be an enhancement of apoptosis in infected cells,
potentially reducing the virus’s ability to maximize the
production of new progeny. We found activation of mTOR
complexes in our pathway analysis, which are involved in
regulation of the cytoskeleton, autophagy, translation, and
activation of pro-survival pathways, indicating that mTOR
activation may be contributing to inhibition of apoptosis of
SARS-CoV-2-infected cells.89 Experiments in SARS-CoV have
demonstrated that both the JNK and PI3K pathways were
necessary in promoting cell survival in vitro to establish
persistent infection of host cells without induction of apoptotic
effect.90 The importance of the PI3K pathway was further
highlighted by a study in MERS-CoV in which inhibition of
both the MAPK and PI3K pathways demonstrated an antiviral
effect.79 Additionally, PI3K signaling has been shown to
regulate endocytosis, so there may be a reduction in viral
uptake following treatment with PI3K/mTOR inhibitors.91

The PI3K/AKT pathway may also be a viable target for
reducing SARS-CoV-2-related coagulopathy, as inhibition of
PI3K has been shown to suppress platelet activation, revealing
a potential multifaceted role for PI3K/mTOR inhibitors as
CoV therapeutics for pathogenesis as well.92

The largest caveat to this and other similar works is the use
of continuous cell lines as screening models, and potential
limited translation to in vivo models. Cell lines have
homogenous populations that exhibit aberrant kinase activity
and may not recapitulate certain infection dynamics that would
be seen in diverse cell populations seen in primary lung tissues.
Recent work evaluating the kinase response to SARS-CoV-2-
infected mice, rhesus macaques, and humans has highlighted
similar dysregulated pathways as those in our study.74,76,77

However, it is unclear if signaling by shared pathways is
coordinately regulated following infection since there are
differing results depending on the model platform. For
example, in the mouse and rhesus macaque lung model,
there is upregulation of the PI3K/AKT/mTOR, p38, and
MAPK signaling pathways; however, the AKT pathway is
downregulated in nasopharyngeal swabs collected from SARS-
CoV-2 patients.74,76,77 One aspect of the dysregulation in these
models is that it may be temporal and compartment specific;
thus, it is difficult to compare to our cellular data due to the
large cytopathic effect seen by 24 hpi in vitro. An ideal model
for profiling of the host kinome response to CoV infection
would allow ease of experimental use to test potential kinase
inhibitors and multiple timepoints while recapitulating genetic
and cell population diversity. For this reason, we believe future
kinome and phosphoproteome studies should be conducted in
human airway epithelial ex vivo cultures, which have been used
to study CoV replication in the lung; however, there has been
no study on the kinase response to infection.28 Profiling of host
kinase responses in a primary human airway epithelial model is
also of interest given that they will exhibit less irregular kinase
activity compared to immortal cell lines.
Our study focuses specifically on evaluating kinase inhibitor

treatment effect upon viral replication; however, as seen with
the emergency use authorization of JAK inhibitors, targeting of
kinases may serve to alter the more complex pathogenesis
programs associated with acute and chronic infection.93,94

Many of the kinase cascades are known to interplay within
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cytokine and innate immune signaling, and kinases play key
roles in ARDS and pulmonary fibrosis, suggesting that targeted
kinase inhibitors offer hope for treating late-stage disease
outcomes after COVID-19 as well.95−97 Evidence of reduction
of SARS-CoV-2 pathogenesis by kinase inhibitors has been
supported for fostamatinib, an inhibitor of SYK, for reducing
platelet activation following SARS-CoV-2, and nintedanib, a
VEGFR/FGFR/PDGFR inhibitor, which is commonly used to
treat idiopathic pulmonary fibrosis.14,98−100 In MERS-CoV
infection, targeting of the unfolded protein response via
inhibition of PERK was found to reduce viral replication in
primary cells and acute pathogenesis in a murine model.101

Future kinome studies in primary cells and murine models will
provide the opportunity to evaluate the ability of kinase
inhibitors to dampen cytokine storm and immunopathology.
We are actively exploring these routes to truly understand the
dependence of CoVs on host kinase activity and potential host-
targeted, broad-acting therapies that can be leveraged in
response to currently circulating and emergent CoVs.
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Muralidharan, M.; Kim, M.; Jang, G.; Tutuncuoglu, B.; Hiatt, J.;
Guo, J. Z.; Xu, J.; Bouhaddou, S.; Mathy, C. J. P.; Gaulton, A.;
Manners, E. J.; Félix, E.; Shi, Y.; Goff, M.; Lim, J. K.; McBride, T.;
O’Neal, M. C.; Cai, Y.; Chang, J. C. J.; Broadhurst, D. J.; Klippsten, S.;
De Wit, E.; Leach, A. R.; Kortemme, T.; Shoichet, B.; Ott, M.; Saez-
Rodriguez, J.; tenOever, B. R.; Mullins, R. D.; Fischer, E. R.; Kochs,
G.; Grosse, R.; García-Sastre, A.; Vignuzzi, M.; Johnson, J. R.; Shokat,
K. M.; Swaney, D. L.; Beltrao, P.; Krogan, N. J. The Global
Phosphorylation Landscape of SARS-CoV-2 Infection. Cell 2020, 182,
685−712.e19.
(26) Klann, K.; Bojkova, D.; Tascher, G.; Ciesek, S.; Münch, C.;
Cinatl, J. Growth Factor Receptor Signaling Inhibition Prevents
SARS-CoV-2 Replication. Mol. Cell 2020, 80, 164−174.e4.
(27) Hekman, R. M.; Hume, A. J.; Goel, R. K.; Abo, K. M.; Huang,
J.; Blum, B. C.; Werder, R. B.; Suder, E. L.; Paul, I.; Phanse, S.;
Youssef, A.; Alysandratos, K. D.; Padhorny, D.; Ojha, S.; Mora-
Martin, A.; Kretov, D.; Ash, P. E. A.; Verma, M.; Zhao, J.; Patten, J. J.;
Villacorta-Martin, C.; Bolzan, D.; Perea-Resa, C.; Bullitt, E.; Hinds,
A.; Tilston-Lunel, A.; Varelas, X.; Farhangmehr, S.; Braunschweig, U.;
Kwan, J. H.; McComb, M.; Basu, A.; Saeed, M.; Perissi, V.; Burks, E.
J.; Layne, M. D.; Connor, J. H.; Davey, R.; Cheng, J.-X.; Wolozin, B.
L.; Blencowe, B. J.; Wuchty, S.; Lyons, S. M.; Kozakov, D.; Cifuentes,
D.; Blower, M.; Kotton, D. N.; Wilson, A. A.; Mühlberger, E.; Emili,
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