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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged
in China at the end of 2019 and has rapidly caused a pandemic, with over 20 mil-
lion recorded COVID-19 cases in August 2020 (https://covid19.who.int/). There are no
FDA-approved antivirals or vaccines for any coronavirus, including SARS-CoV-2. Current
treatments for COVID-19 are limited to supportive therapies and off-label use of
FDA-approved drugs. Rapid development and human testing of potential antivirals is
urgently needed. Numerous drugs are already approved for human use, and subse-
quently, there is a good understanding of their safety profiles and potential side effects,
making them easier to fast-track to clinical studies in COVID-19 patients. Here, we
present data on the antiviral activity of 20 FDA-approved drugs against SARS-CoV-2
that also inhibit SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-
CoV). We found that 17 of these inhibit SARS-CoV-2 at non-cytotoxic concentrations.
We directly followed up seven of these to demonstrate that all are capable of inhibiting
infectious SARS-CoV-2 production. Moreover, we evaluated two of these, chloroquine
and chlorpromazine, in vivo using a mouse-adapted SARS-CoV model and found that
both drugs protect mice from clinical disease.

IMPORTANCE There are no FDA-approved antivirals for any coronavirus, including
SARS-CoV-2. Numerous drugs are already approved for human use that may have
antiviral activity and therefore could potentially be rapidly repurposed as antivirals.
Here, we present data assessing the antiviral activity of 20 FDA-approved drugs
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promazine in vivo using mouse-adapted SARS-CoV. We found that neither drug in-
hibited viral replication in the lungs, but both protected against clinical disease.
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SARS-CoV-2 infection) had been reported, resulting in over 700,000 deaths (https:// Published 14 October 2020

covid19.who.int/). Multiple countries have enacted social distancing and quarantine
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measures, attempting to reduce person-to-person transmission of the virus. Health care
providers lack pharmaceutical countermeasures against SARS-CoV-2, beyond public
health interventions, and there remains a desperate need for rapid development of
antiviral therapeutics. A potential route to candidate antivirals is through repurposing
of already approved drugs (for reviews, see references 2-4, and for examples, see
references 5-8). We previously screened a library of FDA-approved drugs for antiviral
activity against two other highly pathogenic human coronaviruses, SARS-CoV and
Middle East respiratory syndrome coronavirus (MERS-CoV) (6). We found 27 drugs that
inhibited replication of both of these coronaviruses, suggesting that they may have
broad anti-coronaviral activity. One of the hits from that work was imatinib, and we
subsequently determined its mechanism of action by demonstrating that this drug
inhibits fusion of coronaviruses with cellular membranes, thus blocking entry (9, 10).

Here, we present our investigation of 20 priority compounds from our previous
screening to test if they can also inhibit SARS-CoV-2. Since these compounds are
already approved for use in humans, they make ideal candidates for drug repurposing
and rapid development as antiviral therapeutics. Our work found that 17 of the 20
tested drugs that inhibited SARS-CoV and MERS-CoV could also inhibit SARS-CoV-2,
with similar half-maximal inhibitory concentrations (IC,,s). We further assessed a subset
of these drugs for their effects on SARS-CoV-2 RNA and infectious virus production and
found all to have inhibitory activity in vitro. Our screening based on cytopathic effect
therefore appears to be a favorable approach to find drugs capable of inhibiting
production of infectious virus. Currently there are no well-established small animal
model systems for SARS-CoV-2. However, there is a well-established mouse-adapted
system for SARS-CoV (MA15 strain) (11), and we present data here assessing the in vivo
efficacy of chloroquine (CQ) and chlorpromazine (CPZ) against SARS-CoV. We found
that drug treatment does not inhibit virus replication in mouse lungs but does
improves clinical outcome.

RESULTS

Screening FDA-approved compounds for anti-SARS-CoV-2 activity. Previously,
we performed a large-scale drug screen on 290 FDA-approved compounds to investi-
gate which may have antiviral activity against SARS-CoV and MERS-CoV (6). With the
emergence of SARS-CoV-2, we prioritized testing 20 of the 27 hits that were determined
to inhibit both of the previously tested coronaviruses for antiviral activity against the
novel virus. The list of tested compounds is shown in Table 1. Our screening started at
50 uM and used an 8-point, 1:2 dilution series with infections being performed at a
multiplicity of infection (MOI) of either 0.01 or 0.004. CellTiter-Glo (CTG) assays were
performed 3 days post-infection (dpi) to determine relative cell viability between drug
and vehicle control treated cells. Uninfected samples were used to measure the
cytotoxicity of drug alone. From the relative luminescence data of the CTG assay,
percent inhibition (of cell death caused by viral infection) could be measured and
plotted along with the percent cytotoxicity of drug alone. Figure 1 shows the plotted
graphs from one representative of three independent screens at an MOI of 0.01. For
drugs demonstrating a cell toxicity rate lower than 30%, we were able to calculate ICg,s
at both MOI from these graphs for 17 of the 20 drugs (summarized in Table 1).

Drug screen validation. In order to validate our screening process as a means to
identify compounds with antiviral effect, we decided to follow up with a subset of
drugs. Chloroquine (CQ) has become the source of much interest as a potential
treatment for COVID-19 (12); as such, we further investigated hydroxychloroquine
(HCQ) and CQ, as both were present in our screen (Table 1). Vero E6 cells were plated
and pretreated with drug for 2 h prior to infection with SARS-CoV-2 at an MOI of 0.1.
Supernatant was collected 24 h post-infection (hpi) to determine titer of virus by TCID;,
(50% tissue culture infective dose) assay, and cells were collected in TRIzol to assess
production of viral mRNA. Treatment with both drugs caused a significant reduction in
viral mRNA levels, especially at higher concentrations, without drug-induced cytotox-
icity (Fig. 1 and Table 1). There was a significant decrease in relative expression levels
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TABLE 11C;,s and CCgqs for 20 FDA-approved drugs against SARS-CoV-2¢
No. of plate  IC5, @S

Drug MOl replicates® (avg) (avg) Sl (avg)
Amodiaquine dihydrochloride dihydrate  0.004 2, 3 2.59 34.42 1331
0.01 3 4.94 34.42 6.97
Amodiaquine hydrochloride 0.004 3 2.36 >38.63¢ >16.37¢
0.01 3 5.64 >38.63¢ >6.84¢
Anisomycin 0.004 3 ND <0.39 ND
0.01 3 ND <0.39 ND
Benztropine mesylate 0.004 3 13.8 >>509  >>3629
0.01 2,3 1779 >>504 >>2.814
Chloroquine phosphate 0.004 3 42.03 >50° >1.19¢
0.01 3 46.8 >50¢ >1.07¢
Chlorpromazine hydrochloride 0.004 2,3 3.14 11.88 3.78
0.01 2,3 4.03 11.88 2.94
Clomipramine hydrochloride 0.004 2,3 5.63 >29.68¢ >5.27¢
0.01 3 7.59 >29.68< >3.91¢
Emetine dihydrochloride hydrate 0.004 3 ND <0.39 ND
0.01 2,3 ND <0.39 ND
Fluphenazine dihydrochloride 0.004 3,2 6.36 20.02 3.15
0.01 2 8.98 20.02 2.23
Fluspirilene 0.004 3 3.16 30.33 9.61
0.01 3 5.32 30.33 571
Gemcitabine hydrochloride 0.004 3 ND 23.22 ND
0.01 3 ND 23.22 ND
Hydroxychloroquine sulfate 0.004 3 9.21 >>504  >>543d
0.01 3 1117 >>509  >>4.48d
Imatinib mesylate 0.004 3 3.24 >30.86¢ >9.52¢
0.01 3 5.32 >30.86¢ >5.80¢
Mefloquine hydrochloride 0.004 3 7.11 18.53 2.61
0.01 3 8.06 18.53 23
Promethazine hydrochloride 0.004 3 9.21 >42.59¢ >4.62°
0.01 3 1044  >4259¢ >4.08¢
Tamoxifen citrate 0.004 2 3412 3796 1.11
0.01 1,2 8.98 37.96 4.23
Terconazole 0.004 3 11.92 4146 3.48
0.01 2,3 16.14 41.46 2.57
Thiethylperazine maleate 0.004 3 7.09 18.37 2.59
0.01 3 8.02 18.37 2.29
Toremifene citrate 0004 2,3 4.77 20.51 4.3
0.01 3 1.3 20.51 1.81
Triparanol 0004 2,3 4.68 21.21 453
0.01 2,3 6.41 21.21 3.31

aAbbreviations: MOI, multiplicity of infection; ICsq, half-maximal inhibitory concentration; CCs, half-maximal
cytotoxic concentration; ND, not determined.

bWhere there are two run totals, they are listed in the order 1Cs,, CCsq.

At least one CCs, could be extrapolated from the curve fit, suggesting that toxicity and Sl are slightly
higher than listed.

9No CCs, could be extrapolated from the curve fit, suggesting that toxicity and SI are much higher than
listed.

of both RNA-dependent RNA polymerase (RdRp) and nucleoprotein (N) mRNA across
the range of concentrations used (Fig. 2A to D). Along with causing a reduction in viral
mRNA, treatment with both drugs caused a significant reduction in viral replication (Fig.
2E and F). SARS-CoV-2 production was more sensitive to HCQ than CQ, with larger
inhibition seen at the same concentration of treatment, which is in agreement with
HCQ having a lower ICy, in our cell viability assay (Table 1). We also performed a
time-of-addition assay with the highest concentration of HCQ to investigate whether
SARS-CoV-2 entry was the point of inhibition of this compound (Fig. 2G). Interestingly,
while the addition of HCQ at 2 hpi did result in some reduction in inhibitory activity,
there was not a complete loss, suggesting that HCQ treatment may impact other stages
of the viral life cycle than just entry.

We previously used a B-lactamase-Vpr chimeric protein (Vpr-BlaM) pseudotype
system to demonstrate that imatinib (a drug also seen to inhibit SARS-CoV-2 [Table 1
and Fig. 1) inhibits SARS-CoV and MERS-CoV spike-mediated entry (9). We used this

November 2020 Volume 94 Issue 21 e01218-20 jviasm.org 3


https://jvi.asm.org

Weston et al.

Journal of Virology

Dihy ide Dil iaquine Hy Anisomycin Benztropine Mesylate Chloroquine Phosphate
(MO = 0.01) (MOI = 0.01) (MOI = 0.01) (MOI = 0.01) (MOI = 0.01)
150 150 150 150 150
1254 125. 125. 125- 125-
S / S S S S
£ £ £ £ £
: : Sl : :
& 25 ‘/I//{ /i/ < 2 J/éj.i‘/{ g [ < 2
n e o o T — a _—
i 1 . 5 S e (L]
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100 01 1 10 100 01 1 10 100
Drug Concentration (M) Drug Concentration (uM) Drug Concentration (uM) Drug Concentration (uM) Drug Concentration (uM)
c ine Hy c ine Hy Emetine Dihy ide Hydrate Fluphenazine Dihydrochloride Fluspirilene
(MOI =0.01) (MOI = 0.01) (MO = 0.01) (MO = 0.01) (MOI = 0.01)
1507 150 150 150- 150-
1254 125 125 125. 125. ’
g g g g g
= 759 = 75 g 75 ././.M—r‘"_' = 75 z 75
H 2 H " § H ! g
5 5 : X 5 5 5
o 254 //)/ o 25 o 25 *\ a 25 a 25
.
i -yl I R —— —— .3 e S
[X] 1 10 100 04 1 10 100 [X] 1 10 100 01 1 10 100 0.1 1 10 100
Concentration (uM)] Drug Concentration (uM) Drug Concentration (uM) Drug Concentration (uM) Drug Concentration (uM)
Gemcitabine Hydrochloride Hydroxychloroquine Sulfate Imatinib Mesylate Mefloquine Hydrochloride Promethazine Hydrochloride
(MOI =0.01) (MOI =0.01) (MOI =0.01) (MOI =0.01) (MOI = 0.01)
1509 150: 150- 150- 150-
1254 125 125 I 125- 125
4 P s F iy WAl /
= 759 s 75 s 7 < 75 < 75
£ £ £ £ £
g ’*/')/- § § g § F
& 2 = . & 2 _/} % L LJJ/]/L/ & 25 )/ & 2 ::f /
3 - [ e e ¥ ¥ v ; L] O e el .oy
0.1 1 10 100 [X] 1 10 100 [X] 1 10 100 0.1 1 10 100 01 1 10 100
Drug Concentration (uM) Drug Concentration (uM) Drug Concentration (uM) Drug Concentration (uM) Drug Concentration (M)
Tamoxifen Citrate Terconazole Thiethylperazine Maleate Toremifene Citrate Triparanol
(MOI =0.01) (MOI = 0.01) (MOI =0.01) (MOI =0.01) (MOI = 0.01)
1507 150 150 150- 150-
1254 125 125 125 125-
g g g g g
£ 75 £ 7 / £ % £ / £ F
g g 8 g g
& 1] & g & y g U
P — i ol-——a u @ g’ A WL g = 3 = [

100 0.1 ) 10
Drug Concentration (uM)

100 0.1

Drug Concentration (uM) Drug Concentration (uM)

1 10

Drug Concentration (uM)

01

1 10
Drug Concentration (uM)

100

== inhibition %
=== cytotoxicity %

FIG 1 Percentage inhibition and percentage cytotoxicity graphs from drug screens starting at 50 uM using an 8-point, 1:2 dilution series. Results are from one
representative drug screen of three showing percentage inhibition and cytotoxicity for each of the tested drugs. Triplicate wells of cells were pretreated with
the indicated drug for 2 h prior to infection with SARS-CoV-2 at an MOI of 0.01. Cells were incubated for 72 h prior to CellTiter-Glo assays to assess cytopathic
effect. Data are percent inhibition of relative cell viability for drug-treated cells versus vehicle control. The values are means, with error bars displaying standard
deviation between the triplicate wells. Seven graphs are boxed in red to highlight drugs that become the subject of follow-up study.

system to more directly investigate whether CQ could inhibit viral entry mediated by
coronavirus spike, and we additionally included chlorpromazine (CPZ), as it is known to
inhibit clathrin-mediated endocytosis (13) and was also part of our drug screening
(Table 1 and Fig. 1). In this assay, when the pseudovirus fuses with a cellular membrane,
BlaM is released into the cytoplasm of the infected cell. BlaM cleaves cytoplasmic
loaded CCF2 to change its emission spectrum from 520 nm (green) to ~450 nm (blue),
which can be quantified by flow cytometry.

Cells were treated with CQ or CPZ for 1 h before infection with BlaM-containing
SARS-CoV spike (SARS-S) pseudovirions (PV). Cells were then analyzed by flow cytom-
etry to quantify the cleavage of CCF2. In mock-treated cells infected with SARS-S PV,
there was a shift in the CCF2 emission spectrum, indicating that BlaM had been
released to the cytosol and that spike-mediated fusion with cellular membranes had
occurred. Upon treatment with CQ or CPZ, there was a >90% reduction in CCF2
cleavage caused by SARS-S PV (Fig. 2H). These data demonstrate that both drugs inhibit
SARS-CoV spike-mediated fusion with cellular membranes. These pseudotype assays
suggest that the inhibition of coronavirus replication caused by CQ and CPZ is at the
stage of entry into cells, but when these results are combined with those of the
time-of-addition assays (Fig. 2G), there is a suggestion that later stages may also be
impacted.
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FIG 2 Hydroxychloroquine and chloroquine inhibit production of SARS-CoV-2 N and RdRp mRNA. Vero E6 cells were
pretreated with hydroxychloroquine sulfate (A, C, and E) or chloroquine phosphate (B, D, and F) at the indicated

(Continued on next page)
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HCQ and CQ are used as antimalarial drugs and are in the class of aminoquinolines,
which are hemozoin inhibitors. Interestingly, from our drug screening, three other
hemozoin inhibitors were identified: amodiaquine dihydrochloride dihydrate, amodi-
aquine hydrochloride, and mefloquine. We therefore decided to directly test these
drugs for antiviral activity against SARS-CoV-2. We directly tested CPZ against SARS-
CoV-2, having seen that it could inhibit SARS-CoV S-mediated entry into cells (Fig. 2H).
We also included imatinib, since we had previously shown that it can inhibit entry of
both SARS-CoV and MERS-CoV (9) and was a hit against SARS-CoV-2 (Fig. 1 and Table
1). Again, Vero E6 cells were pretreated with drugs at various concentrations and
infected with SARS-CoV-2 at an MOI of 0.1 for 24 h, after which supernatant samples
were collected. As can be seen in Fig. 3, at the highest concentrations of all drugs there
was significant inhibition of SARS-CoV-2 infection. All five drugs showed high levels of
inhibition at a non-cytotoxic concentration of 20 uM (see Fig. 1 for toxicity data).

Overall, the data from Fig. 2 and 3 indicate that there are various FDA-approved
drugs that have broad-spectrum anti-coronavirus activity in vitro and that our initial
screening based on cytopathic effect is a good method to identify compounds with
antiviral activity.

FDA-approved drugs inhibit SARS-CoV-2 replication in human A549 cells. Our
screening and subsequent initial follow-up were performed in Vero E6 cells, which are
an African green monkey kidney epithelial cell line. We also wanted to determine
whether the selected 7 drugs in our follow-up inhibited SARS-CoV-2 replication in a
human cell line. For this, we used A549 lung adenocarcinoma cells that stably express
human ACE2 (A549-hACE2), the SARS-CoV-2 receptor protein. As before, cells were
pretreated with each compound for 2 h using a single dose point (50 uM for HCQ and
CQ and 20 uM for the other 5) and then infected with SARS-CoV-2. We found in these
cells that peak titer was achieved at 48 hpi; therefore, supernatant was collected at
this time point and used to determine titers of released virus, and cells were collected
in TRIzol for RNA expression analysis. All 7 of these drugs were capable of causing a
significant reduction in replication of SARS-CoV-2 in A549 cells, in terms of both RNA
production for both RdRp and N genes (Fig. 4A and B) and infectious virus production
(Fig. 4C). These data show that these 7 FDA-approved drugs are able to inhibit in vitro
replication of SARS-CoV-2 in human cells.

Chloroquine and chlorpromazine do not inhibit SARS-CoV (MA15) replication
in mouse lungs but significantly reduce weight loss and clinical signs. CQ and CPZ
treatment displayed significant inhibition of coronavirus replication in vitro, with our
data suggesting that entry is inhibited. We therefore decided to investigate whether
these drugs were efficacious in vivo using the SARS-CoV strain MA15 in BALB/c mice
(11). There is currently no well-established SARS-CoV-2 small animal model, and there-
fore, we used SARS-CoV MAT15 as a surrogate. Since we think that CQ and CPZ impact

FIG 2 Legend (Continued)

concentration (or 0.1% water as a vehicle control) for 2 h prior to infection with SARS-CoV-2 at an MOI of 0.1. Cells
were collected in TRIzol 24 hpi. RNA was extracted from the TRIzol sample, and qRT-PCR was performed for viral RdRp
(A and B) or N (C and D) mRNA using WHO primers. RNA levels were normalized with 18S RNA, and fold change for
drug-treated cells relative to vehicle control was calculated (dotted lines indicate a fold change of 1, which is no
change over control). Data are from 3 independent infections performed on triplicate wells; the fold change was
calculated in each independent experiment, and the mean fold change is plotted, with error bars displaying standard
deviations. Along with TRIzol samples for RNA, supernatant was collected from cells and used for TCID,, assays to
determine infectious-virus production following treatment with HCQ (E) or CQ (F). Data are from 3 independent
infections performed on triplicate wells, with the TCID,, per milliliter being averaged across all wells. Error bars show
standard deviations. (G) Cells were treated with 50 uM HCQ or 0.1% water as a control. Drug was added either at 2
h prior to infection, at the time of infection, or at 2 h after infection with SARS-CoV-2 at an MOI of 0.1. After 24 h
infection, supernatant was collected and used for TCID,, assays to determine infectious-virus production. Data are
from 3 independent infections performed on triplicate wells, with the values being averaged across all wells. Error
bars show standard deviations. (H) SARS-CoV spike pseudoviruses (PV) were used for infection of BSC1 cells. The cells
were treated with 10 uM CQ or CPZ for 1 h prior to infection with PV for 3 h. The PV carry BlaM, and cells were loaded
with CCF2 to monitor cleavage and shift in fluorescence output for evidence of S-mediated entry into cells. Data are
normalized to those for PV alone and are from 3 independent experiments, with error bars representing standard
deviations. In all cases, t tests were performed for vehicle control versus drug-treated samples, *, P < 0.05; **, P < 0.01;
P <0.001; ****, P<0.0001.
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FIG 3 Antiviral activity of additional FDA-approved compounds against SARS-CoV-2. Other drugs that showed antiviral activity in our initial CellTiter-Glo
screening were tested for inhibition of productive virus infection. Cells were treated with the indicated concentrations of amodiaquine dihydrochloride
dihydrate (A), amodiaquine hydrochloride (B), chlorpromazine (C), imatinib (D), and mefloquine (E) for 2 h prior to infection with SARS-CoV-2 at an MOI of 0.1
for 24 h. Supernatant was collected and used for TCID,, assays to quantify infectious virus production. Data are from a representative experiment of four
performed on triplicate wells. Data are means, with error bars indicating standard deviations. In all cases, t tests were performed for vehicle control versus

drug-treated samples, *, P < 0.05.

entry and that both viruses use the same cellular receptor of ACE2 (14-17), we believe
this to be a good model. The MA15 model displays ~15 to 20% weight loss by 4 dpi,
occasionally resulting in death. We tested whether prophylactically administered CQ or
CPZ could protect mice from severe MA15 infection. Mice were injected intraperitone-
ally with either water, 0.8 mg CQ, 1.6 mg CQ, 20 ng CPZ, 100 ng CPZ, or 200 ng CPZ at
day —1 of infection and then were dosed every day through the 4 days of infection. On
day 0, mice were intranasally infected with 2.5 X 103 PFU of MA15 virus or phosphate-
buffered saline (PBS) as a control. Weight loss was measured as a correlate of disease,
and mice were euthanized at 4 dpi for analysis.

PBS-inoculated mice showed no weight loss or clinical signs of disease when treated
with either water, CQ, or CPZ over the experiment time course, indicating that drug
treatment did not adversely affect morbidity (Fig. 5A). Mice that were infected with
MA15 and treated with water lost ~15% of their starting body weight over 4 days and
had significant clinical signs of disease, including ruffled fur, labored breathing, and
lethargy (Fig. 5A and 6A). Mice that were treated with 0.8 mg of CQ each day displayed
weight loss similar to that seen with the water control through the first 3 days of
infection; however, by 4 dpi, the weight loss was halted in the drug-treated mice (Fig.
5A). Mice that were treated with 1.6 mg CQ per day showed markedly reduced weight
loss compared to the water control (Fig. 5A). Pathological analysis was also performed
on hematoxylin-and-eosin (H&E)-stained sections. Mice infected with MA15 and treated
with water displayed significant inflammation and denuding bronchiolitis, suggesting
severe disease (Fig. 5B). In contrast, the 0.8-mg-CQ group had moderate inflammation
that was reduced compared to that in controls, and the 1.6-mg group had minimal lung
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FIG 4 Antiviral activity of selected FDA-approved drugs in A549-hACE2 cells infected with SARS-CoV-2. A549-hACE2 cells were pretreated with hydroxychlo-
roquine (HCQ), chloroquine (CQ), amodiaquine dihydrochloride dihydrate (AmD), amodiaquine hydrochloride (AmH), chlorpromazine (CPZ), imatinib (Imat), or
mefloquine (Mefl) at the indicated concentrations for 2 h prior to infection with SARS-CoV-2 at MOI 0.1. At 48 hpi, supernatant was collected for titer
determination by TCID, assay, and cells were collected in TRIzol for RNA extraction and qRT-PCR. qRT-PCR was carried out for the RdRp gene (A) and the N
gene (B), and data are presented as fold change relative to vehicle control (0.1% H,O for HCQ and CQ and 0.1% DMSO for all other drugs), with RNA levels
being normalized to GAPDH. Data are from a representative experiment of three performed in triplicate. Error bars indicate standard deviations. (C) Titers of
virus produced from drug-treated and vehicle control cells, presented as TCID;,/ml. Data are from three independent experiments performed in triplicate. Error
bars indicate standard deviations. t tests were performed for vehicle control versus drug-treated samples, ****, P < 0.001.

pathology (Fig. 5B). Interestingly, even though CQ treatment appeared to protect
against weight loss and inflammation in the lungs, the viral titer was equivalent
between drug-treated and vehicle control mice (Fig. 5C).

Similar to the CQ results, CPZ treatment reduced weight loss in mice infected with
MA15 at 100 ng and 200 ug, but the 20-ug treatment group was equivalent to the
vehicle control group (Fig. 6A), and the H&E sections showed protection against
inflammation and denuding bronchiolitis at the higher doses (Fig. 6B). Again, as with
CQ treatment, even though there were reduced signs of infection with CPZ treatment,
there was no difference in MA15 titer in the mouse lungs (Fig. 6C). Overall, these data
indicate that even though CQ and CPZ treatment do not inhibit viral replication in the
lungs, both can protect mice from signs of disease following SARS-CoV (MA15) infec-
tion.

DISCUSSION

The SARS-CoV-2 pandemic has demonstrated the desperate need for antiviral drugs.
Since the emergence of SARS-CoV in 2002, research has uncovered many details of
coronavirus biology and pathogenesis; however, there are currently no approved
therapeutics against this emerging virus family. Whether they are used for treating
SARS-CoV-2 in this current pandemic or fir the next unknown viral pathogen, we must
attempt to develop and validate antiviral drugs that are ready to be used at the first
signs of an outbreak. Many FDA-approved drugs have been found to have antiviral
activity in addition to their approved use (for examples, see references 5-8), and since
these are extensively used in humans for other conditions, they could be streamlined
for rapid approval and repurposing as antivirals. In our previous work, 290 FDA
approved drugs were screened for antiviral activity, and 27 were found to inhibit both
SARS-CoV and MERS-CoV (6). We prioritized testing these for antiviral activity against
SARS-CoV-2, since they displayed broad anti-coronaviral activity. From multiple inde-
pendent screens performed with two MOI, we found that 17 of our 20 tested priority
compounds display significant antiviral activity at noncytotoxic concentrations. Many of
the compounds have IC5ys under 10 uM, and these will be the source of follow-up
testing on additional cell lines and in small animal models of SARS-CoV-2 and in
combinatorial studies.

We further investigated seven of the hits to directly test if they inhibited SARS-CoV-2
replication. We performed follow-up experiments with HCQ, CQ, amodiaquine, and
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FIG 5 CQ is protective against SARS-CoV (MA15) disease in vivo but does not inhibit viral replication. Mice were treated with CQ 1 day prior to
infection with SARS-CoV (MA15) and dosed across the 4-day infection time course. Water was used as the vehicle control, and PBS was used as
a control for uninfected mice. (A) Weight loss of mice treated with CQ at two different doses (0.8 mg and 1.6 mg) over the 4-day infection. Data
are presented as relative weight loss compared to the mouse weight on day 0. In each treatment group there were 5 mice, and the data are means
and standard deviations. (B) At day 4, mice were euthanized, and lung sections were used for H&E staining. (C) In addition to collecting lungs

for section staining, there was also collection to determine titer of virus by plaque assay.

mefloquine, because chloroquine has garnered much interest as a potential treatment
for COVID-19 (12) and the others are similarly used as antimalarial drugs (18). In
addition, we previously demonstrated that imatinib is an inhibitor of SARS-CoV, MERS-
CoV, and infectious bronchitis virus entry into cells (9, 10), so we included it here, as its
mechanism of coronavirus inhibition is understood. Finally, CPZ inhibits clathrin func-
tion in cells (13), so it can disrupt infection by many viruses that require clathrin-
mediated endocytosis, and it was therefore also chosen for further analysis. Treatment
of cells with all of these drugs showed inhibition of infectious viral particle production
(measured by TCID,, assay) at non-cytotoxic levels.

Having demonstrated that HCQ, CQ, and CPZ can inhibit cytopathic effect, mRNA
synthesis, and infectious viral particle production of SARS-CoV-2, we used a previously
published system of SARS-CoV pseudotype viruses carrying Vpr-BlaM to investigate
whether CQ and CPZ inhibit coronavirus spike-mediated entry to better define mech-
anism of action. We previously used this system to define imatinib as an entry inhibitor
of these viruses (9) and found similar results for CQ and CPZ, thus better defining their
mechanism of antiviral activity.

Finally, we investigated the efficacy of CQ and CPZ with an in vivo model using
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FIG 6 CQ is protective against SARS-CoV (MA15) disease in vivo but does not inhibit viral replication. As for Fig. 5, mice were treated with CPZ
1 day prior to infection with SARS-CoV (MA15) and through the 4-day infection time course. Water was used as the vehicle control for both drugs,
and PBS was used as a control for uninfected mice. (A) Weight loss of mice treated with CPZ at three different doses (20 g, 100 ng, and 200 wng)
over the 4-day infection. Data are presented as relative weight loss compared to the mouse weight on day 0. In each treatment group, there were
5 mice, and data are means and standard deviations. (B) At day 4, mice were euthanized, and lung sections were used for H&E staining. (C) In
addition to collecting lungs for section staining, there was also collection to determine titer of virus by plaque assay.

SARS-CoV MA15. There is currently a lack of a well-established mouse model for
SARS-CoV-2, so we used the mouse-adapted SARS-CoV (MA15) strain as a surrogate to
assess the in vivo efficacy of these drugs against a closely related coronavirus. We are
of the opinion that this is a good model, since both viruses use ACE2 as a receptor
(14-17) and therefore have similar cellular tropisms, which is important, since both of
these compounds appear to inhibit viral entry. Prophylactic dosing in MA15 infection
experiments demonstrated that, in contrast to the in vitro antiviral activity, CQ and CPZ
did not inhibit viral replication in mouse lungs based on viral titers recovered at 4 dpi.
However, both drugs resulted in reduced weight loss and improved clinical outcome,
with the higher dose giving greater protection. Along with being an anti-malarial, CQ
is used in humans for the treatment of systemic lupus erythematosus and rheumatoid
arthritis because of its anti-inflammatory properties and effects on antigen presentation
(19-21). We speculate that these properties may have a role in the protection we
observed in vivo, since much of the pathology from SARS-CoV is a consequence of
immunopathology during infection (in mice [22] and in nonhuman primates [23]; for a
detailed review, see reference 24). Since CPZ treatment resulted in a similar phenotype,
we speculate that its role as an inhibitor of clathrin-mediated endocytosis may have an
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impact on cells of the immune system. HCQ and CQ have been examined in patients
with COVID-19, and we are of the opinion that these drugs may not be viable
therapeutics alone, since they do not inhibit viral replication in mouse lungs. However,
the anti-inflammatory properties of these drugs, or other similar drugs, could poten-
tially have a benefit for treatment of SARS-CoV-2 in combination with more directly
acting antivirals, such as remdesivir (25-27). Chloroquine and hydroxychloroquine have
become the source of much controversy for the treatment of COVID-19 and many
studies suggest that they do not impact the course of disease (28-30). However, there
are various ongoing clinical studies; a search on www.clinicaltrials.gov for “COVID-19
and hydroxychloroquine” returned close to 250 results. Our data suggest that in mice,
chloroquine may have some impact on course of disease, but not on viral replication,
when administered prophylactically. The need for prophylactic administration may
mean that this is not a viable option in humans, but further clinical study is required.

The development of antiviral drugs for emerging coronaviruses is a global priority.
In the midst of the COVID-19 pandemic, we must identify rapidly accessible therapeu-
tics that are validated in both in vitro and in vivo models. FDA-approved drugs being
assessed for repurposing and other experimental drugs in development must be
properly validated in animal studies to best assess their potential utility in people. We
present here a list of FDA-approved drugs that are effective in vitro against SARS-CoV-2
as well as being effective against SARS-CoV and MERS-CoV (6). Moreover, we have
demonstrated that two of these, CQ and CPZ, can protect mice from severe clinical
disease from SARS-CoV. Future research will be aimed at testing these compounds in
SARS-CoV-2 animal models to further assess their potential utility for human treatment.

MATERIALS AND METHODS

Cell lines and virus. Vero E6 cells (ATCC CRL 1586) were cultured in Dulbecco’s modified Eagle
medium (DMEM; Quality Biological), supplemented with 10% (vol/vol) fetal bovine serum (Sigma), 1%
(vol/vol) penicillin-streptomycin (Gemini Bio-products), and 1% (vol/vol) L-glutamine (2 mM final con-
centration; Gibco). A549-hACE2 cells were cultured in DMEM with 10% fetal bovine serum and 1%
penicillin-streptomycin. Cells were maintained at 37°C and 5% CO,. Samples of SARS-CoV-2 were
obtained from the CDC following isolation from a patient in Washington State (WA-1 strain; BEl number
NR-52281). Stocks were prepared by infection of Vero E6 cells for 2 days when cytopathic effect (CPE) was
starting to be visible. Media were collected and clarified by centrifugation prior to being aliquoted for
storage at —80°C. The titer of the stock was determined by plaque assay using Vero E6 cells as described
previously (31). All work with infectious virus was performed in a biosafety level 3 laboratory and
approved by our institutional biosafety committee. SARS-CoV stock was prepared as previously described
(32). SARS-CoV spike (S) pseudotype viruses were produced as previously described (9).

Drug testing. All drug screens were performed with Vero E6 cells. Cells were plated in opaque
96-well plates 1 day prior to infection. Drug stocks were made in either dimethyl sulfoxide (DMSO), water,
or methanol. Drugs were diluted from stock to 50 uM and an 8-point 1:2 dilution series made. Cells were
pretreated with drug for 2 h at 37°C and 5% CO, prior to infection at an MOI of 0.01 or 0.004. Vehicle
controls were used on every plate, and all treatments were performed in triplicate for each screen. In
addition to plates that were infected, parallel plates were left uninfected to monitor cytotoxicity of drug
alone. Three independent screens with this setup were performed. Cells were incubated at 37°C and 5%
CO, for 3 days before CellTiter-Glo (CTG) assays were performed as per the manufacturer’s instructions
(Promega). Luminescence was read using a Molecular Devices SpectraMax L plate reader. Fluphenazine
dihydrochloride, benztropine mesylate, amodiaquine hydrochloride, amodiaquine dihydrochloride dihy-
drate, thiethylperazine maleate, mefloquine hydrochloride, triparanol, terconazole Vetranal, anisomycin,
fluspirilene, clomipramine hydrochloride, hydroxychloroquine sulfate, promethazine hydrochloride, em-
etine dihydrochloride hydrate, and chloroquine phosphate were all purchased from Sigma. Chlorprom-
azine hydrochloride, toremifene citrate, tamoxifen citrate, gemcitabine hydrochloride, and imatinib
mesylate were all purchased from Fisher Scientific.

Data analysis. Cytotoxicity data were normalized according to cell-only uninfected controls and CTG
medium-only (blank) controls: {1 — [(drug — blank)/(cell only — blank)]} X 100. Inhibition data were
normalized according to cell-only data and the activity of the vehicle controls: [(drug — vehicle)/(cell
only — vehicle)] X 100.

Nonlinear regression analysis was performed on the normalized percent inhibition and cytotoxicity
data, and IC,,s and half-maximal cytotoxic concentrations (CC,,s) were calculated from fitted curves
(log[agonist] versus response — variable slope [four parameters]) (GraphPad Software, La Jolla, CA), as
described previously (33). Drug dilution points in a given run were excluded from IC;, analysis if the
average cytotoxicity was greater than 30% (arbitrary cutoff) across the 3 cytotoxicity replicates for that
screen. IC5os or CCyps extrapolated outside the drug dilution range tested were reported as greater than
50 uM or less than 0.39 uM. Selectivity indexes (SI) were also calculated by dividing the CC,, by the ICy,.
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Viral infection. To further analyze candidate drugs, Vero E6 or A549-hACE2 cells were grown in
24-well plate format for 24 h prior to infection. As with the drug screens, cells were pretreated with drug
at various concentrations or with vehicle control for 2 h. Cells were then infected with SARS-CoV-2 at an
MOI of 0.1 for 24 h for Vero E6 or 48 h for A549-hACE2 cells. Supernatant was collected, centrifuged in
a tabletop centrifuge for 3 min at maximum speed and stored at —80°C. After a wash in PBS, infected
cells were collected in TRIzol (Ambion) for RNA analysis (described below). Supernatant was used to
determine the titers of viral production by TCID,, assay (31).

RNA extraction and qRT-PCR. RNA was extracted from TRIzol samples using a Direct-zol RNA
miniprep kit (Zymo Research) as per the manufacturer’s instructions. RNA was converted to cDNA using
a RevertAid RT kit (Thermo Scientific), with 12 ul of extracted RNA per reaction. For quantitative reverse
transcription-PCR (qRT-PCR), 2 ul of cDNA reaction product was mixed with PowerUp SYBR green master
mix (Applied Biosystems) and WHO/Corman primers targeting N and RdRp: N FWD, 5'-CACATTGGCAC
CCGCAATC-3’; N REV, 5'-GAGGAACGAGAAGAGGCTTG-3'; RdRp FWD, 5'-GTGARATGGTCATGTGTGGCGG-
3’; RdRp REV, 5'-CARATGTTAAASACACTATTAGCATA-3'. The qRT-PCRs were performed with a QuantStudio 5
system (Applied Biosystems). To normalize loading, 185 or GAPDH RNA were used as a control and was
assessed with TagMan gene expression assays (Applied Biosystems) and a TagMan Fast Advanced master mix.
Fold change between drug treated and vehicle control was determined by calculating AAC; after normal-
ization to the endogenous control of 18S.

Pseudovirus fusion and entry assay. The pseudovirion (PV) entry assay was performed as described
elsewhere (9, 34). Briefly, 2 X 10% BSC1 cells per well were in 96-well plates for 24 h, after which time cells
were pretreated with drug (1 h) and infected with PV (3 h). Medium was removed, and cells were washed
with loading buffer (47 ml clear DMEM, 5 mM probenecid, 2 mM L-glutamine, 25 mM HEPES, 200 nM
bafilomycin, 5 uM E64D) and incubated for 1 h in CCF2 solution (LB, CCF2-AM, solution B [CCF2-AM kit
K1032]; Thermo Fisher) in the dark. Cells were washed once with loading buffer and incubated from 6
h to overnight with 10% fetal bovine serum (FBS) in loading buffer. Percent CCF2 cleavage was assessed
by flow cytometry on an LSRII flow cytometer (Beckton Dickinson) in the flow cytometry core facility at
the University of Maryland, Baltimore. Data were analyzed using FlowJo.

Mouse infections. All infections were performed in an animal biosafety level 3 facility at the
University of Maryland, Baltimore, using appropriate practices, including use of a HEPA-filtered bCON
caging system, HEPA-filtered powered air-purifying respirators (PAPRs), and Tyvek suiting. All animals
were grown to 10 weeks of age prior to use in experiments. The animals were anesthetized using a
mixture of xylazine (0.38 mg/mouse) and ketamine (1.3 mg/mouse) in a 50-ul total volume by intraper-
itoneal injection. The mice were inoculated intranasally with 50 ul of either PBS or 2.5 X 103 PFU of
rMA15 SARS-CoV (11), after which all animals were monitored daily for weight loss. Mice were euthanized
4 dpi, and lung tissue was harvested for further analysis. All animals were housed and used in accordance
with the University of Maryland, Baltimore, Institutional Animal Care and Use Committee guidelines.
Histological evaluation was performed in a blinded manner on duplicate lung sections for each of 5 mice
per group at indicated time points. Representative images are presented.

Plaque assay. Vero cells were seeded in 35-mm dishes with 5 X 10° cells per dish 24 h prior to
infection. Supernatants from homogenized were serially diluted 10~ through 106 in serum-free (SF)
medium. Cells were washed with SF medium, 200 ul of diluted virus was added to each well, and
adsorption was allowed to proceed for 1 h at 37°C with gentle rocking every 10 min. DMEM (2X) and
1.6% agarose were mixed 1:1. Cells were washed with SF medium, 2 ml DMEM-agarose was added to
each well, and cells were incubated for 72 h at 37°C, after which time plaques were read.

Statistical analysis. All statistical analysis was performed with GraphPad software (GraphPad, La
Jolla, CA).
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