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ABSTRACT

The highly pathogenic severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coro-
navirus (MERS-CoV) cause significant morbidity and morality. There is currently no approved therapeutic for highly pathogenic
coronaviruses, even as MERS-CoV is spreading throughout the Middle East. We previously screened a library of FDA-approved
drugs for inhibitors of coronavirus replication in which we identified Abelson (Abl) kinase inhibitors, including the anticancer
drug imatinib, as inhibitors of both SARS-CoV and MERS-CoV in vitro. Here we show that the anti-CoV activity of imatinib
occurs at the early stages of infection, after internalization and endosomal trafficking, by inhibiting fusion of the virions at the
endosomal membrane. We specifically identified the imatinib target, Abelson tyrosine-protein kinase 2 (Abl2), as required for
efficient SARS-CoV and MERS-CoV replication in vitro. These data demonstrate that specific approved drugs can be character-
ized in vitro for their anticoronavirus activity and used to identify host proteins required for coronavirus replication. This type
of study is an important step in the repurposing of approved drugs for treatment of emerging coronaviruses.

IMPORTANCE

Both SARS-CoV and MERS-CoV are zoonotic infections, with bats as the primary source. The 2003 SARS-CoV outbreak began in
Guangdong Province in China and spread to humans via civet cats and raccoon dogs in the wet markets before spreading to 37
countries. The virus caused 8,096 confirmed cases of SARS and 774 deaths (a case fatality rate of �10%). The MERS-CoV out-
break began in Saudi Arabia and has spread to 27 countries. MERS-CoV is believed to have emerged from bats and passed into
humans via camels. The ongoing outbreak of MERS-CoV has resulted in 1,791 cases of MERS and 640 deaths (a case fatality rate
of 36%). The emergence of SARS-CoV and MERS-CoV provides evidence that coronaviruses are currently spreading from zoo-
notic sources and can be highly pathogenic, causing serious morbidity and mortality in humans. Treatment of SARS-CoV and
MERS-CoV infection is limited to providing supportive therapy consistent with any serious lung disease, as no specific drugs
have been approved as therapeutics. Highly pathogenic coronaviruses are rare and appear to emerge and disappear within just a
few years. Currently, MERS-CoV is still spreading, as new infections continue to be reported. The outbreaks of SARS-CoV and
MERS-CoV and the continuing diagnosis of new MERS cases highlight the need for finding therapeutics for these diseases and
potential future coronavirus outbreaks. Screening FDA-approved drugs streamlines the pipeline for this process, as these drugs
have already been tested for safety in humans.

The severe acute respiratory syndrome (SARS) and Middle East
respiratory syndrome (MERS) coronaviruses (CoVs) are two

highly pathogenic viruses that infect humans. These viruses un-
dergo a distinct replication cycle, involving virion entry, RNA ge-
nome replication and transcription of viral mRNAs, protein
translation, virion assembly in the endoplasmic reticulum (ER)-
Golgi intermediate complex, and egress by exocytosis of assem-
bled virions (reviewed in reference 1). Coronavirus entry can be
further subdivided into virion binding, receptor-mediated endo-
cytosis, intracellular trafficking, and protease-dependent cleavage
of spike (S) protein, leading to fusion of the virion membrane to
the endosomal membrane. The SARS-CoV virion is endocytosed
following S binding to angiotensin-converting enzyme 2 (ACE2)
and trafficking to the late endosome, where the virion membrane
fuses with the endosomal membrane in a cathepsin L-dependent
manner (2). The MERS-CoV virion is endocytosed following S
binding to dipeptidyl peptidase 4 (DPP4) and trafficking to the
early endosome, where the virion membrane fuses with the endo-
somal membrane in a furin-dependent manner (3).

The outbreaks of SARS-CoV and MERS-CoV highlight the
need to find treatments for these and potential future coronavirus
outbreaks. The drug development process from novel compound
to approved drug generally takes over 10 years, making it imprac-
tical to develop novel anticoronavirus drugs once an outbreak
begins. For SARS-CoV, drugs that inhibit the viral protease (4–7),
replicase (8–10), or helicase (10, 11) in vitro have been identified;
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however, none have been approved for use in humans or have
shown efficacy against SARS-CoV in animal models (12). An al-
ternative approach to novel drug design is to screen FDA-ap-
proved drugs to determine their anticoronavirus activity, as these
have already undergone safety testing and can be used in humans
quickly with known safety profiles.

A previous study of FDA-approved drugs identified imatinib,
an Abelson (Abl) kinase inhibitor, as a potent inhibitor of both
SARS-CoV and MERS-CoV (13). Abl kinases are reversible non-
receptor tyrosine kinases that regulate several cellular pathways,
including cell migration, adhesion, and actin reorganization. In
mammals, there are two Abl kinases, Abl1 (Abl in mice) and Abl2
(Arg in mice). Abl kinase inhibitors have previously been shown
to inhibit replication of Ebola virus (14, 15), coxsackievirus (16),
and vaccinia virus (17), but at different points of the virus life
cycle. Here, we used live virus and pseudotyped virions to deter-
mine precisely which steps in the SARS-CoV and MERS-CoV life
cycles are inhibited by imatinib. We demonstrate that imatinib
inhibits both SARS-CoV and MERS-CoV replication by a novel
mechanism of blocking coronavirus virion fusion with the endo-
somal membrane. We also show that of the canonical imatinib
targets, Abl2, but not Abl1, is required for SARS-CoV and MERS-
CoV replication. These data suggest that Abl2 plays a role in coro-
navirus replication and that the inhibition of entry by imatinib is
through inhibition of Abl2 kinase activity. Our results also dem-
onstrate that a drug from a SARS-CoV and MERS-CoV drug
screen could be used as a probe to identify host proteins respon-
sible for coronavirus replication.

MATERIALS AND METHODS
Cells, viruses, and plasmids. HEK293T cells (human embryonic kidney
cell line, ATCC CRL-3216) and Huh-7 cells (human hepatocarcinoma cell
line, kindly provided by Reed Johnson [NIH]) were grown in high-glu-
cose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supple-
mented with 10% (vol/vol) fetal bovine serum (FBS) (Gibco), 1% L-glu-
tamine (Gibco), and 1% penicillin-streptomycin (Gemini Bio-Products)
at 37°C in a 5% CO2 atmosphere. Vero E6 cells (monkey kidney epithelial
cells, ATCC CRL-1586), MRC5 cells (human lung fibroblast cell line,
ATCC CCL-171), and BSC1 cells (monkey kidney epithelial cells, ATCC
CCL-26) were grown in minimal essential medium (MEM) (Corning)
supplemented with 10% (vol/vol) FBS (Sigma-Aldrich), 1% L-glutamine
(Gibco), and 1% penicillin-streptomycin (Gemini Bio-Products) at 37°C
in a 5% CO2 atmosphere.

SARS-CoV (strain MA15) is a mouse-adapted SARS-CoV strain con-
taining 6 amino acid mutations compared to wild-type SARS-CoV
(Urbani) as previously characterized (18, 19). The Jordan MERS-CoV
strain (GenBank accession no. KC776174.1, MERS-CoV Hu/Jordan-N3/
2012) was kindly provided by Kanta Subbarao (National Institutes of
Health, Bethesda, MD), Gabriel Defang (Naval Medical Research
Unit-3 [NAMRU-3], Cairo, Egypt) Michael Cooper (Armed Forces
Health Surveillance Center), and Emad Mohereb (NAMRU-3). SARS-
CoV and MERS-CoV virus stocks were grown and quantified as described
previously (20). All work with live SARS-CoV or MERS-CoV was per-
formed under biosafety level 3 conditions at the University of Maryland
School of Medicine.

Pseudotyping plasmids. Human immunodeficiency virus (HIV)
pseudotyping plasmids �8.2 (HIV genome containing Env mutation) and
pMM310 (vpr-BlaM) were kindly provided by C. Broder (Uniformed
Services University of the Health Sciences). The SARS S19 plasmid was
kindly provided by Shutoku Matsuyama and Fumihiro Taguchi (NIID,
Tokyo, Japan). A codon-optimized sequence for MERS S (EMC strain),
with a V5 epitope tag at its C terminus, was synthesized by Genescript, and

the coding sequence was then subcloned into the pCAGGS expression
vector using appended EcoRI and BglII restriction sites.

Imatinib time-of-addition experiments on infectious SARS-CoV
and MERS-CoV production. Vero E6, MRC5, or Calu-3 cells were seeded
into 24-well plates and cultured overnight. To assess the effect of imatinib
on SARS-CoV and MERS-CoV entry, cells were prechilled at 4°C for 30
min, infected with 850 50% tissue culture infective doses (TCID50) of
either SARS-CoV or MERS-CoV, and adsorbed to the cell surface for 1 h
at 4°C. Cells were then washed once in phosphate-buffered saline (PBS)
(Quality Biological Inc.), imatinib (Cell Signaling), or dimethyl sulfoxide
(DMSO) vehicle control (Sigma-Aldrich) was added, and the cells were
cultured for 4 h at 37°C in 5% CO2. Cells were then washed once in PBS,
and normal growth medium was added and left for the remainder of the
infection, i.e., 24 h for SARS-CoV (MA15) or 48 h for MERS-CoV (Jor-
dan), when supernatants were collected to assess infectious virus titer by
TCID50 assay as previously described (20).

To assess the effect of imatinib on postentry steps of the SARS-CoV
or MERS-CoV replication cycle, cells were infected with 850 TCID50 of
either SARS-CoV (MA15) or MERS-CoV (Jordan) for 5 h. Cells were
then washed once in PBS, and imatinib or the DMSO control was
added to the infected cells. At 24 h postinfection for SARS-CoV
(MA15) or 48 h postinfection for MERS-CoV (Jordan), supernatants
were collected to assess infectious virus titers by TCID50 assay, as pre-
viously described (20).

Effect of imatinib on SARS-CoV and MERS-CoV RNA production.
Vero E6 cells were seeded into 24-well plates and cultured overnight. Cells
were prechilled at 4°C for 30 min, and then 850 TCID50 of either SARS-
CoV or MERS-CoV was allowed to adsorb to the cell surface for 1 h at 4°C.
Cells were washed once in PBS and then either treated with imatinib and
moved to 37°C in 5% CO2 immediately or cultured for 4 h at 37°C in 5%
CO2 and then treated with imatinib.

After 12 h of infection, RNA was extracted from cells using TRIzol
reagent (Ambion) and phenol-chloroform extraction according to the
manufacturer’s instructions. Levels of MERS-CoV UpE, M mRNA, and a
transferrin receptor (TRFC) endogenous control were assessed as previ-
ously described (20). Following a cDNA synthesis using RevertAid reverse
transcriptase (RT) (Thermo Scientific) according to the manufacturer’s
instructions, levels of SARS-CoV pp1a, N mRNA, and a GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) endogenous control were assessed
as previously described (21).

PS/SARS-S and PS/MERS-S production. HIV pseudovirions were
prepared essentially as described by Mingo et al. (22). HEK293T cells were
seeded into 10-cm plates (Corning) and cultured overnight at 37°C in 5%
CO2. The next day, 9 ml of fresh medium (DMEM supplemented with
10% supplemented calf serum (SCS), 1% penicillin-streptomycin, 1%
L-glutamine, 1% sodium pyruvate, and 0.01% active G418) was added.
Cells were transfected using the calcium phosphate method. Briefly, equal
volumes of 2� transfection buffer (50 mM HEPES, 180 mM NaCl, and 2
mM Na2HPO4 in H2O) and DNA mixture (10 �g of each plasmid DNA
[pMM310, �8.2, and SARS-S or MERS-S]) and 50 �l of NTE buffer (1.5
M NaCl, 100 mM Tris [pH 7.4], 10 mM EDTA [pH 8.0], and H2O to 500
�l) were added together and incubated for 15 min. One milliliter of trans-
fection buffer-DNA mixture was added dropwise to each plate, and cells
were incubated for 48 h at 37°C in 5% CO2. Supernatants were cleared
twice by centrifugation at 1,070 � g for 10 min at 4°C. Pseudovirions
(named PS/SARS-S for SARS-CoV S pseudovirions and PS/MERS-S for
MERS-CoV S pseudovirions) were layered onto a sucrose cushion (20
mM HEPES, 20 mM morpholineethanesulfonic acid [MES], 130 mM
NaCl, 20% sucrose, pH 7.4), centrifuged 2 h at 112,398 � g at 4°C, resus-
pended in 250 �l of sucrose buffer, and stored overnight on ice at 4°C then
at �80°C for long-term storage.

Intracellular trafficking assay. Huh-7 cells (3 � 104 per well) or
BSC-1 cells (1.25 � 105 per well) (for MERS-CoV and SARS-CoV pseu-
dotyped viruses, respectively) or Vero cells (1 � 105 per well) (for live
SARS-CoV and MERS-CoV) were plated on coverslips in 24-well plates
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and cultured overnight at 37°C in 5% CO2. Eighteen to 24 hours later, cells
were pretreated for 1 h with pretreatment buffer (PTB), which consisted
of 10 �M imatinib (Cell Signaling) diluted in Opti-MEM (Life Technol-
ogies). Cells were placed on ice for 15 min, and 100 �l of fresh cold PTB
containing PS/SARS-S or PS/MERS-S pseudovirions or live SARS-CoV or
MERS-CoV was added. Cells were spinoculated at 250 � g for 30 min at
4°C. PTB containing virions was replaced with fresh PTB, and cells were
incubated at 37°C for up to 2 h. PTB was removed, and cells were fixed
with 4% paraformaldehyde (PFA) for 15 min and then washed in PBS.
Cells were incubated in blocking and permeabilization buffer (10% FBS,
0.05% saponin, 10 mM glycine, and 10 mM HEPES in PBS, pH 7.4) for 30
min. Antibodies were used to detect SARS S (ATCC), MERS S (kindly
provided by Ralph Baric [University of North Carolina]), Lamp-1 (De-
velopmental Studies Hybridoma Bank H4A3), and EEA-1 (Cell Signaling,
3288). Secondary antibodies used were anti-mouse–fluorescein isothio-
cyanate (FITC) (Sigma, F0257) and anti-rabbit–FITC (Vector Laborato-
ries, FI-1000) and anti-mouse–Alexa 633 (Invitrogen, A21052) and anti-
rabbit–Alexa 633 (Invitrogen, A21071). All antibodies were used at a
1:1,000 dilution. For live virus experiments, cells also were fixed after
secondary antibody staining for 24 h in 4% PFA at 4°C prior to imaging.
Imaging was performed using the Meta510 confocal microscope in the
University of Maryland, Baltimore, confocal microscope core facility. Im-
age files were analyzed with Image J Colocalization Finder. The particle
size threshold was set for endosomes and virions using the “Analyze Par-
ticles” tool, and the same settings were used throughout analyses for
counting the number of particles. Values for colocalization between both
virus and vesicle markers were then produced. Percent virion/endosome
colocalization using the Image J Colocalization Finder was graphed as
percent compared to nonlocalized virions.

Fusion/entry assay. The pseudovirion entry assay was performed es-
sentially as described by Mingo et al. (22). Briefly, 3 � 104 Huh-7 or 2 �
104 BSC cells per well were plated in 24-well or 96-well plates, respectively,
and 24 h later, cells were pretreated and infected as described above for the
trafficking assay. After infection, cells were incubated for 3 h at 37°C in 5%
CO2. PTB was removed, and cells were washed with loading buffer (LB)
(47 ml clear DMEM, 5 mM probenecid, 2 mM L-glutamine, 25 mM
HEPES, 200 nM bafilomycin, 5 �M E64d) and incubated for 1 h in the
dark in CCF2 solution (LB, CCF2-AM, solution B [CCF2-AM kit K1032]
[Thermo Fisher]). Cells were washed once with LB and incubated for 6 h
to overnight with 10% FBS in LB. Percent CCF2 cleavage was assessed by
flow cytometry on an LSRII instrument (Becton Dickinson) in the flow
cytometry core facility at the University of Maryland, Baltimore. Data
were analyzed using FlowJo.

Abl1 and Abl2 siRNA knockdown and Western blots. Vero E6 cells
were transfected with specific Smartpool small interfering RNAs (siRNAs)
against Abl1 or Abl2 or a scrambled siRNA control (Dharmacon) using
Lipofectamine RNAiMAX transfection reagent (Sigma-Aldrich) accord-
ing to the manufacturer’s instructions. In both cases, transfected cells
were left for 48 h and then infected with 85 TCID50 of either SARS-CoV
(MA15) or MERS-CoV (Jordan), and supernatants and TRIzol extracts
were collected at 18 h postinfection for SARS-CoV or at 18 h and 48 h
postinfection for MERS-CoV. Levels of Abl1 and Abl2 were assessed by
Western blotting using anti-cAbl (Thermo Scientific) or anti-Abl2 (a kind
gift from Peter Davies) antibodies, respectively.

Statistics. Statistical analyses were performed using one-way anal-
ysis of variance (ANOVA) and Tukey’s multiple-comparison tests or
the two-tailed Student t test using the GraphPad Prism online software
package version 5. A P value of �0.05 was considered statistically
significant.

RESULTS
Imatinib inhibits production of infectious SARS-CoV and
MERS-CoV. We have previously shown that imatinib signifi-
cantly inhibits SARS-CoV and MERS-CoV replication in vitro
(13). In this study, we sought to identify where specifically in the

coronavirus life cycle imatinib was inhibiting replication by treat-
ing cells with imatinib for either the first 4 h of infection or 5 h
after infection. We performed the experiments in Vero E6 cells
(for SARS-CoV and MERS-CoV), Calu-3 cells (for SARS-CoV),
and MRC5 cells (for MERS-CoV).

When imatinib was added for the first 4 h of infection in Vero
E6 cells, SARS-CoV (Fig. 1A, triangles) and MERS-CoV (Fig. 1B,
triangles), we found that virus production, as quantified by
TCID50, was significantly inhibited in a dose-dependent manner.
However, when imatinib was added at 5 h postinfection, levels of
SARS-CoV (Fig. 1A, squares) and MERS-CoV (Fig. 1B, squares)
virion production, as quantified by TCID50, were significantly
higher than when the drug was added before infection. For exam-
ple, when 10 �M imatinib was added for the first 4 h of infection,
MERS-CoV production was inhibited 50-fold (Fig. 1A, triangles)
(5.2% � 0.95% of untreated control level; P � 0.05), however,
when imatinib was added at 5 h postinfection, MERS-CoV pro-
duction was not inhibited (Fig. 1A, squares) (105% � 4.07% of
control level; P 	 0.05).

To make sure that the inhibition of virus replication was not
due to cell type specificity of a host pathway, we tested whether
there was a time- and dose-dependent effect of imatinib on
SARS-CoV and MERS-CoV production in Calu-3 and MRC5
cells. We found that the inhibition is not unique to Vero E6
cells, as SARS-CoV and MERS-CoV production was also inhib-
ited when imatinib was added during the first 4 h of infection,
but not when added at 5 h postinfection, in Calu-3 (Fig. 1C) or
MRC5 (Fig. 1D) cells, respectively. These data suggest that ima-
tinib inhibits a step in the SARS-CoV and MERS-CoV replica-
tion cycles that occurs within the first 4 h and no later than 5 h
postinfection.

Imatinib inhibits SARS-CoV and MERS-CoV replication
prior to RNA production. Coronavirus RNA replication begins
after virion entry, and uncoating and can be detected as early as 6
h postinfection. Therefore, we investigated the effect of imatinib
on SARS-CoV and MERS-CoV RNA production. We used prim-
ers targeted to SARS-CoV or MERS-CoV genomic RNA (pp1a
and UpE, respectively) to assess total RNA levels and also primers
to specific mRNAs of the SARS-CoV or MERS-CoV mRNA (UpE)
to assess transcription.

Vero E6 cells were treated with imatinib before infection with
either SARS-CoV or MERS-CoV (Fig. 2). RNA was harvested at 12
h postinfection and assessed for genomic RNA and mRNA expres-
sion. We found that imatinib significantly inhibited the produc-
tion of both SARS-CoV and MERS-CoV genomic RNA (pp1a)
(Fig. 2A and C, squares, respectively) and mRNA (Fig. 2B and D,
squares, respectively) when added at the time of virion entry.
However, when entry was allowed to proceed as normal and ima-
tinib was added at 4 h postinfection, there was no significant effect
on SARS-CoV and MERS-CoV genomic RNA (Fig. 2A and C,
triangles, respectively) or mRNA (Fig. 2B and D, triangles, respec-
tively). For example, at 25 �M imatinib, SARS-CoV genome RNA
was inhibited 1,000-fold (0.1% � 0.4% of untreated control value;
P � 0.05) when imatinib was added for the first 4 h of infection
(Fig. 2A, squares); however, when the drug was added at 5 h
postinfection (Fig. 2A, triangles), SARS-CoV genome RNA pro-
duction was not significantly inhibited (110% � 7.2% of control
value; P 	 0.05).

These data demonstrate that if imatinib is given after corona-
virus genomic RNA entry into the cytoplasm, there is no signifi-
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cant inhibition of SARS-CoV and MERS-CoV RNA replication or
mRNA production, suggesting that imatinib inhibits a step in the
replication cycle before RNA production.

Imatinib does not affect intracellular trafficking of pseu-
dotyped viruses, MERS-CoV, or SARS-CoV. In order to achieve
productive infection, SARS-CoV and MERS-CoV must be inter-
nalized by the host cell and traffic to the appropriate endosomal
compartments for fusion and entry (13). We determined whether
imatinib prevents trafficking of virus to early or late endosomes,
thereby blocking entry of MERS-CoV and SARS-CoV, respec-
tively (15, 16, 19). Because MERS-CoV fuses with and releases
viral RNA into the cytoplasm from early endosomes and SARS-CoV
fuses with and releases viral RNA into the cytoplasm from late endo-
somes, we assessed colocalization between endosomal trafficking
markers and either pseudotyped virions (named PS/SARS-S for
SARS-CoV S pseudovirions and PS/MERS-S for MERS-CoV S pseu-
dovirions) or live SARS-CoV or MERS-CoV.

BSC and Huh-7 cells were pretreated for 1 h with imatinib, and
then either control or drug-treated cells were infected with PS/
SARS-S or PS/MERS-S, respectively. At 2 h postinfection for PS/
SARS-S and 1 h postinfection for PS/MERS-S, cells were fixed and we
performed dual-color immunofluorescence experiments to quantify
colocalization for the pseudovirions and a marker for the early or late
endosomes. We quantified PS/SARS-S colocalization with Lamp-1, a
late endosome/lysosome marker, and colocalization of PS/MERS-S
with an early endosome marker, EEA-1, by confocal microscopy us-
ing ImageJ. Our data demonstrated 37% colocalization of PS/

MERS-S virions with the early endosomal marker, EEA-1, in the ab-
sence of imatinib and 47% in the presence of imatinib at 1 h
postinfection (Fig. 3A). These data suggest that imatinib does not
significantly affect localization of the PS/MERS-S pseudovirions to
early endosomes (P 	 0.05). We observed �10% colocalization of
MERS S with Lamp-1 at several time points postinfection (data not
shown), confirming that MERS-CoV pseudovirions do not traffic to
late endosomes. Confocal analysis showed that �60% of HIV-SARS-
CoV S colocalized with EEA1 at 1 h postinfection in both the presence
and absence of imatinib (data not shown), demonstrating that ima-
tinib does not significantly affect early endosomal trafficking of PS/
SARS-S. Similarly, the results with PS/SARS-S and the late endosomal
marker Lamp-1 showed 55% colocalization in the absence and 65%
colocalization in the presence of imatinib at 2 h postinfection (Fig.
3B), suggesting that imatinib does not significantly affect localization
of the SARS-S pseudovirions to the late endosomes (P 	 0.05).

Trafficking assays were performed using PS/SARS-S and PS/
MERS-S to show that the pseudotyped virions were visualized in
the predicted early (PS/MERS-S) and late (PS/SARS-S) endo-
somes (3). To ensure that this result was not due to an experimen-
tal anomaly of pseudovirus trafficking, the experiments were also
performed using live virus in Vero E6 cells. Colocalization analysis
showed that �55% of SARS-CoV localized with EEA1 at 1 h
postinfection and �80% localized with Lamp1 at 2.0 h postinfec-
tion, and this was not significantly inhibited by imatinib treatment
(Fig. 4A). Similarly, �70% of MERS-CoV localized with EEA1 at
1.0 h postinfection, and this was not significantly inhibited by
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FIG 1 Imatinib inhibits SARS-CoV and MERS-CoV replication. Cells were treated with imatinib for the first 4 h (squares) or at 5 h postinfection (triangles) in
all cases. Imatinib significantly inhibits SARS-CoV in Vero E6 (A) and Calu-3 (B) cells and MERS-CoV in Vero E6 (C) and MRC5 (D) cells when added for the
first 4 h of infection but has a significantly diminished effect when added at 5 h postinfection. Data are presented as the mean � standard deviation from 3
independent experiments. *, P � 0.05; **, P � 0.01.

Imatinib Inhibition of SARS and MERS Coronaviruses

October 2016 Volume 90 Number 19 jvi.asm.org 8927Journal of Virology

http://jvi.asm.org


imatinib treatment (Fig. 4B). Together, these data demonstrate
that imatinib does not inhibit trafficking of MERS-CoV to early
endosomes or of SARS-CoV to early or late endosomes.

Imatinib inhibits fusion and release of SARS-S and MERS-S
pseudovirions into the cytoplasm. SARS-CoV and MERS-CoV
must traffic to appropriate endosomes and then fuse with the
endosomal membrane for genome delivery to the host cell cyto-
plasm. Our data suggest that imatinib inhibits replication of
SARS-CoV and MERS-CoV but does not disrupt intracellular
trafficking of either. Therefore, we next tested whether imatinib
could inhibit the subsequent step in the viral life cycle, fusion of
the virion to the endosomal membrane.

SARS-CoV S and MERS-CoV S pseudovirions containing a

-lactamase–Vpr chimeric protein (BlaM-vpr) incorporated into
the virion were used to investigate the effect of imatinib on fusion
of SARS-CoV and MERS-CoV. In this system, upon pseudovirus
fusion with the endosomal membrane, BlaM is released into the
cytoplasm of the infected cell. Virus fusion/entry is detected by
enzymatic cleavage of CCF2, a fluorescent substrate of BlaM, de-
livered into the host cell cytoplasm. The 
-lactam ring in CCF2 is
cleaved by BlaM, which changes the emission spectrum of CCF2
from 520 nm (green) to �450 nm (blue), allowing the fusion of
the virus and endosomal membrane to be quantified using flow
cytometry. Cells were treated with imatinib for 1 h before infec-
tion with BlaM-containing PS/SARS-S and PS/MERS-S. Cells
were then analyzed by flow cytometry to quantify the cleavage of

CCF2. Uninfected cells incubated with CCF2 show no cleavage of
this substrate in the absence of BlaM (Fig. 5A, top panels). In
mock-treated cells, PS/SARS-S and PS/MERS-S released BlaM
into the cytoplasm after endosomal fusion, and CCF2 was readily
cleaved (Fig. 5A, middle panels). Example plots of the imatinib
treatment effect on PS/SARS-S and PS/MERS-S fusion are shown
in the bottom panels of Fig. 5A. Upon treatment with imatinib,
there was a significant reduction in CCF2 cleavage caused by
PS/SARS-S (Fig. 5B) (90% reduction; P � 0.001) or PS/
MERS-S (Fig. 5B) (80% reduction; P � 0.001). These data
demonstrate that imatinib inhibits the fusion of PS/SARS-S
and PS/MERS-S with the endosomal membrane, suggesting
that imatinib blocks SARS-CoV and MERS-CoV replication by
inhibiting virion fusion with the endosomal membrane, pre-
venting nucleocapsid entry into the host cell cytoplasm and
subsequent replication.

Abl2 expression enables productive SARS-CoV and MERS-CoV
replication. Imatinib was designed as an Abl1 and Abl2 inhibi-
tor to block the overactivation of Abl1/2 protein function in
leukemia (23). We therefore investigated the relative role(s) of
Abl1 and Abl2 in the replication of SARS-CoV and MERS-CoV
using siRNA to knock down the Abl1 and Abl2 protein levels.

We achieved a significant knockdown of Abl1 (Fig. 6A) and
Abl2 (Fig. 6B) in Vero E6 cells. When Abl1 mRNA was knocked
down with siRNA pools and Vero E6 cells were infected with
SARS-CoV or MERS-CoV, we observed no inhibition of SARS-
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CoV replication (Fig. 6C) or MERS-CoV replication (Fig. 6D).
However, when Abl2 mRNA was knocked down, we observed a
significant inhibition of SARS-CoV replication (Fig. 6C) (P �
0.01) and MERS-CoV replication (Fig. 6D) (P � 0.01). These data
suggest that Abl2, but not Abl1, expression is required for efficient
SARS-CoV and MERS-CoV replication.

DISCUSSION
Our previous work identified Abl kinase inhibitors as potent an-
tagonists of coronavirus replication in vitro (13) but did not iden-
tify a mechanism of action. In the present study, we show how the

Abl kinase antagonist imatinib inhibits SARS-CoV and MERS-
CoV entry. We found that imatinib inhibited the early stages of the
virus life cycle for both SARS-CoV and MERS-CoV, because when
imatinib is added to cells and left for the first 4 h of infection, it
inhibits release of SARS-CoV and MERS-CoV genomic RNA and
production of mRNA, whereas there is significantly reduced effect
when imatinib is added at 5 h postinfection. We show that ima-
tinib does not perturb SARS-CoV or MERS-CoV virion traffick-
ing to endosomes, suggesting that imatinib exerts its action after traf-
ficking but prior to viral RNA expression. We show that imatinib
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specifically inhibits viral fusion with the endosomal membrane,
thereby inhibiting entry and subsequent viral genome replication.
Moreover, we examined the canonical targets of imatinib, Abl1 and
Abl2, and found that an siRNA-mediated knockdown of Abl2, but

not Abl1, resulted in a decrease in virus replication. This suggests that
imatinib inhibits virus entry through the inhibition of Abl2.

Abl kinases are ubiquitously expressed signaling kinases in-
volved in multiple cellular signaling pathways and are important
housekeeping proteins in all cell types. Other groups have re-
ported roles for Abl kinases in replication of Ebola virus (14, 15),
coxsackievirus (16), and vaccinia virus (17). Kouznetzova et al.
used Ebola virus BlaM virus-like particles (VLPs) similar to those
used in this present study to evaluate Ebola virus entry and iden-
tified numerous FDA-approved drugs that inhibited Ebola virus
replication (15). Another study demonstrated that imatinib treat-
ment, as well as siRNA knockdown of Abl1, prevented phosphor-
ylation of Ebola virus VP40, which is necessary for Ebola virus
virion egress from the host cell (14). Group B coxsackievirus
(CVB) requires Abl1-induced actin reorganization for entry (16),
as treatment of cells with imatinib prior to CVB infection causes
virus accumulation at the cellular apical surface, preventing virus
from reaching tight junctions, where entry normally occurs. Fi-
nally, Src family kinase activation of Abl1 and Abl2 stimulates
vaccinia virus actin-based motility, suggesting a relationship be-
tween Abl kinase activity and vaccinia virus replication (17).
These studies demonstrate that Abl kinases are involved in differ-
ent stages of the life cycle for three different viruses. To our knowl-
edge, this is the first report that Abl2, and not Abl1, is required for
replication of a virus, in this case both SARS-CoV and MERS-
CoV, and that imatinib inhibits the fusion between the coronavi-
rus and endosomal membranes.

Abl1 and Abl2 proteins share homology in many domains but
also contain distinct domains. Abl2 contains 3 proline-X-X-pro-
line (P-X-X-P) regions, which bind SH3 domain-containing pro-
teins or the Abl2 SH3 domain itself (24). Through these P-X-X-P
regions, the Abl2 SH2 and SH3 domains fold back onto the kinase
domain, keeping Abl2 in an inactive conformation (25, 26). The
Abl2 conformation can switch from inactive to active upon sub-
strate binding to either the SH2 or the SH3 domain (24). Addi-
tionally, Abl2 must be phosphorylated on 2 tyrosine residues prior
to activation of its kinase domain (25, 26). The open, active con-
formation allows for ATP binding at the active site and subsequent
kinase activity. We hypothesize that coronavirus infection leads to
increased Abl2 substrate binding or that binding of specific sub-
strates is necessary for virus entry and that this binding could
result in Abl2 adopting its open, active conformation and allow
for phosphorylation of downstream targets. When cells are treated
with imatinib, even though Abl2 is in its open conformation, ATP
is unable to bind in the active site, and as a consequence, the kinase
activity of Abl2 is inhibited, preventing phosphorylation of pro-
teins targeted by Abl2. This proposed mechanism is supported by
structural analysis of dasatinib binding to Abl1, showing the ki-
nase in the open, active conformation but unable to phosphory-
late downstream targets (27). The identity of substrates and
downstream targets of Abl2, in the context of coronavirus infec-
tion, is under investigation. However, Abl2 has been shown to
phosphorylate proteins involved in actin cytoskeletal rearrange-
ment, and it is possible that without Abl2 activity, through either
imatinib treatment or siRNA knockdown, changes in the cytoskel-
eton prevent the fusion of membranes in the endosome. This is
plausible considering known interactions between trafficking organ-
elles and the cytoskeleton (28, 29). Our data suggest that coronavi-
ruses rely on an Abl2-specific signaling event and that this may play a
role in trafficking or activation of specific cytoskeletal or endosomal
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proteins, which in turn lead to cleavage of coronavirus S proteins in
the lumen of endosomes, resulting in virion/endosome membrane
fusion. The precise mechanism of the Abl2 effect on SARS-CoV and
MERS-CoV virion fusion is under investigation.

SARS-CoV and MERS-CoV go through a staged entry process
involving endocytosis of virions after receptor binding, intracel-
lular trafficking of virions to late or early endosomes, respectively,
and fusion of the virion membrane with the endosomal mem-
brane to deposit the nucleocapsid into the cytoplasm. Alterna-
tively, others have shown cleavage of coronavirus S by the type II
transmembrane serine protease (TTSP) TMPRSS2, a surface-ex-
pressed serine protease that was shown to activate diverse corona-
viruses in cell culture by cleavage of the S protein on the surface of
the virion, leading to enhanced entry of the virus into a cell (30–
35). Treating cells with a serine protease inhibitor, camostat,
which inhibits TMPRSS2 activity, partially blocks coronavirus en-
try in vitro, as did a cathepsin inhibitor, but both together com-
pletely block virus entry and replication (36). Therefore, imatinib
and Abl2 could inhibit TMPRSS2 function, localization, or activ-
ity. Although imatinib and Abl2 have not been linked to
TMPRSS2, they may affect TMPRSS2 function in the cell and
therefore could inhibit virus entry and spread.

Imatinib has been tolerated well for long-term use in
chronic myeloid leukemia (CML) patients (37). Dasatinib, a
second-generation Abl kinase inhibitor, has been shown to be
significantly more effective than imatinib at targeting cells ex-
pressing BCR-Abl and also very effective against cells express-
ing imatinib-resistant BCR-Abl mutants, and it is safe for long-
term use in human patients (38). As an antiviral, treatment
would likely be for short periods of time, for example, when
traveling to an area of endemicity or after exposure to an in-
fected person or persons. The concentration of imatinib needed to
inhibit SARS-CoV and MERS-CoV in this current study, though
high, is within the range previously reported for Ebola virus, CVB,
and vaccinia virus (14–17). The need for this high concentration of

drug could be due to experimental factors of cell line resistance or the
amount of virus used in these experiments. Further studies in vivo are
warranted to identify dosing regimens for SARS-CoV and MERS-
CoV mouse models.

In this study, we have demonstrated that drugs screened in
vitro for anticoronavirus activity can be characterized as to
their specific effect on coronavirus replication and be used to
identify novel host pathways required for coronavirus replica-
tion. In addition, we identified Abl2 as a novel host cell protein
involved in coronavirus virion replication and hypothesize that
Abl2 is required for virion fusion at the endosomal membrane
by a mechanism that is under investigation. The repurposing of
FDA-approved compounds, such as imatinib, provides a rich
source of novel therapeutics for treatment of emerging viruses
and to identify additional target pathways for future drug de-
velopment.
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