Article

Clofazimine broadly inhibits coronaviruses
including SARS-CoV-2

https://doi.org/10.1038/s41586-021-03431-4
Received: 30 September 2020

Accepted: 8 March 2021

Published online: 16 March 2021

Shuofeng Yuan'?3', Xin Yin**', Xiangzhi Meng?*®, Jasper Fuk-Woo Chan"*>*5", Zi-Wei Ye?'°,
Laura Riva®®, Lars Pache®, Chris Chun-Yiu Chan?, Pok-Man Lai? Chris Chung-Sing Chan?,
Vincent Kwok-Man Poon?, Andrew Chak-Yiu Lee? Naoko Matsunaga®, Yuan Pu®,

Chun-Kit Yuen?, Jianli Cao?, Ronghui Liang? Kaiming Tang?, Li Sheng’?, Yushen Du®, Wan Xu’,
Chit-Ying Lau’, Ko-Yung Sit°, Wing-Kuk Au®, Runming Wang'’, Yu-Yuan Zhang*, Yan-Dong Tang?,
Thomas Mandel Clausen™", Jessica Pihl"", Juntaek Oh™", Kong-Hung Sze'?,
Anna Jinxia Zhang'?, Hin Chu'?, Kin-Hang Kok'?, Dong Wang"'*, Xue-Hui Cai*,
Jeffrey D. Esko™", Ivan Fan-Ngai Hung'®, Ronald Adolphus Li”, Honglin Chen'?,
Hongzhe Sun'®, Dong-Yan Jin’, Ren Sun™*, Sumit K. Chanda®* & Kwok-Yung Yuen

M Check for updates

12,3604

The COVID-19 pandemic is the third outbreak this century of azoonotic disease caused
by acoronavirus, following the emergence of severe acute respiratory syndrome (SARS)
in2003'and Middle East respiratory syndrome (MERS) in 20122 Treatment options for

coronaviruses are limited. Here we show that clofazimine—an anti-leprosy drug with a
favourable safety profile>—possesses inhibitory activity against several coronaviruses,
and can antagonize the replication of SARS-CoV-2 and MERS-CoV inarange of in vitro
systems. We found that this molecule, which has been approved by the US Food and
Drug Administration, inhibits cell fusion mediated by the viral spike glycoprotein, as
well as activity of the viral helicase. Prophylactic or therapeutic administration of
clofazimine in ahamster model of SARS-CoV-2 pathogenesis led to reduced viral loads
inthelung andviral sheddingin faeces, and also alleviated the inflammation associated
with viralinfection. Combinations of clofazimine and remdesivir exhibited antiviral
synergy invitro andin vivo, and restricted viral shedding from the upper respiratory
tract. Clofazimine, whichis orally bioavailable and comparatively cheap to
manufacture, is an attractive clinical candidate for the treatment of outpatients and—
when combined with remdesivir—in therapy for hospitalized patients with COVID-19,
particularly in contexts in which costs are animportant factor or specialized medical
facilities are limited. Our data provide evidence that clofazimine may have arolein the
control of the current pandemic of COVID-19 and—possibly more importantly—in
dealing with coronavirus diseases that may emerge in the future.

COVID-19 in humans has a broad clinical spectrum that ranges
from mild to severe manifestations, with a mortality rate of about
2% worldwide*. The high transmissibility of SARS-CoV-2 has been
attributed to a substantial proportion of mild or asymptomatic
infections®®.The genetically diverse coronavirus family—which is
currently thought to comprise four genera (Alphacoronavirus, Beta-
coronavirus, Gammacoronavirus and Deltacoronavirus), infects
birds and a variety of mammals (including bats)”. Within the past two
decades, there have been three major outbreaks of disease caused by
coronavirusesin humans. SARS-CoV was first detected in Guangdong
(China) in 2002 and—with the aid of commercial air travel—spread
rapidly and globally, and caused more than 8,000 cases with a10%
mortality rate’. In 2012, MERS-CoV may have evolved and spread
from bats to humans through an intermediate host (camels); it has
caused over 1,700 cases with a mortality rate of almost 40%, and—
similar to SARS-CoV—air travel has enabled the global spread of this
virus to 27 countries®®,

There are no widely available specific antiviral therapies for
coronaviruses in humans’. Remdesivir has been shown to exhibit
pan-coronavirusinhibitory potential', and has been granted approval
by the US Food and Drug Administration (FDA) for the treatment of
COVID-19 on the basis of the reduced time taken to recover following
treatment with this drug™. However, the therapy is suboptimal (particu-
larly for patients with severe COVID-19), and it can only be administered
intravenously to patients in hospital'>®, Thus, the development of
additional therapeutic options is urgent, as is the establishment of
combinatorial regimens to improve efficacy and reduce the potential
for the emergence of drug-resistant variants. For example, the combi-
nation of IFNB-1b, lopinavir-ritonavir and ribavirin has been shown to
have beneficial antiviral effects in arandomized clinical trial*.

In efforts to accelerate the development of therapies for COVID-19,
a library of known drugs that encompassed approximately
12,000 clinical-stage or FDA-approved small molecules was previously
profiled®. This study focused on the antiviral mechanisms of action

A list of affiliations appears at the end of the paper.
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Fig.1|Clofazimineinhibits thereplication ofabroad spectrum of
human-pathogenic coronavirusesin human cellular models. a, Clofazimine
inhibited SARS-CoV-2 (multiplicity of infection (MOI) of 0.1) replicationin
human primary cardiomyocytes (left) and MERS-CoV (MOl 0f1.0) replicationin
human primary small-airway epithelial cells (right). Cell lysates were collected
forviralload determination; viral genome copies were determined relative to
ACTB.Dataaremeanzs.d., n=3biological replicates. Two-tailed Student’s
t-test.b, Ex vivo human lungtissues were infected with SARS-CoV-2 or
MERS-CoV-2 followed by treatment with clofazimine (10 pM), remdesivir

(10 pM) or DMSO (0.1%). Supernatants were collected for the quantification of
viral titre by plaque assay. Dataare mean +s.d., n=5biological replicates.

andinvivo efficacy of clofazimine, whichis an FDA-approved molecule
thatwas discovered as an anti-tuberculosis drug and was later used for
the treatment of leprosy'. The effective concentration of clofazimine
against SARS-CoV-2 in vitro (half-maximal effective concentration
(ECs,) of 0.31 M in Vero E6 cells) is clinically achievable with a single
dose 0of 200 mg d™* (peak serum concentration (C,,,,) of 0.86 uM)". A
sufficiently high concentration of clofazimine, as multiples of its 90%
effective concentration (EC,,) in different cell lines (EC,, of 0.81to
2.35uM), isknownto accumulate in plasmaand lung tissue after several
doses'®. Here we report the protective effect of clofazimine against
infection with SARS-CoV-2 or MERS-CoVin primary humancellsandina
hamster model. Inaddition, clofazimine is an affordable treatment for
patients with COVID-19, which may help to relieve the acute healthcare
burden created by the pandemic in lower-income countries®.

Clofazimineis a pan-coronavirus inhibitor

Clofazimine reduced MERS-CoVreplicationin Vero E6 cells, withan EC,
0f1.48 +0.17 uM (Extended Data Fig. 1a). Inmunofluorescence staining
for MERS-CoV nucleocapsid (N) protein, combined with flow cytometry
analysis, revealed the effective suppression of virus infectionin human
hepatocellular Huh7 cells upon clofazimine treatment (Extended Data
Fig. 1b). We then characterized the antiviral activity of clofazimine in
two cell lines that are more physiologically relevant to coronavirus dis-
eases: cardiomyocytes derived from human embryonicstemcells and
human primary small-airway epithelial cells, which robustly support
SARS-CoV-2*° and MERS-CoV* replication, respectively. Clofazimine
treatment reduced the SARS-CoV-2 titre up to more than 3 log,,, and

Two-tailed Student’s t-test. PFU, plaque-forming unit. ¢, Antiviral activity of
clofazimine against SARS-CoV (MOl 0of 0.01, 48 h after infection) (left), HCoV-
229E (MOl 0f 0.001, 72 h after infection) (middle) and HCoV-OC43 (MOl of
0.001, 72 hafter infection) (right) in Vero E6, human embryonic lung
fibroblastsand BSCl cells, respectively. Viral load in the cell culture
supernatant was quantified by qPCR with reverse transcription (RT-qPCR).
Dataaremeants.d., n=3biological replicates. One-way ANOVA followed by
Sidak’s post-test. Allexperiments were repeated twice for confirmation. All
statistical analyses are compared with the DMSO-treated group (0 pM).
#**P<0.0001,***P<0.001,**P<0.01,*P<0.05.

the MERS-CoV titre by 2 log,, (Fig. 1a). Next, we assessed the antiviral
activity of clofaziminein an ex vivo lung culture system and found that
clofazimine potently antagonized viral replication in human lung tis-
sues thatreflect the primary site of SARS-CoV-2 and MERS-CoV replica-
tion (Fig.1b). To explore whether clofazimine confers cross-protection
against other epidemic and seasonal coronaviruses, we performed
viral-load reduction assays for SARS-CoV, hCoV-229E and hCoV-OC43
in corresponding cell lines that support virus replication. Viral yields
in cell culture supernatants were decreased by about 2 log,, in Vero
E6 cellsinfected with SARS-CoV, by about 4 log,, in human embryonic
lung fibroblasts infected with hCoV-229E and by around 3 log,,in mon-
key BSCl cellsinfected with hCoV-OC43 (Fig. 1c). Clofazimine showed
negligible cytotoxicity in the matching cell lines as described above for
pan-coronavirus inhibitory evaluation (Extended DataFig. 1c). Overall,
clofazimine exhibited broad-spectrum anti-coronavirus efficacy, and
antagonized both SARS-CoV-2 and MERS-CoV replication in human
primary cell and ex vivo lung models.

Effects on SARS-CoV-2life cycle

We first evaluated the antiviral activity of clofazimine using a
time-of-drug addition assay inasingleinfectious cycle. Treatment with
clofazimine during inoculation strongly inhibited SARS-CoV-2 infec-
tion, whichindicates that clofazimine inhibits viral entry. Clofazimine
also blocked SARS-CoV-2 infection at a post-entry step, as evidenced
by an observed reduction in viral replication when clofazimine was
added at Shafterinfection (Extended Data Fig. 2a). To further evaluate
the effect of clofazimine on viral entry, we used vesicular stomatitis
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Fig.2|Clofazimineinterferes with several steps of the virus life cycle.
a,VSV-based pseudotyped viral particle assay. Vero E6 cells that were
pretreated withindicated compounds were infected with the SARS-CoV-2

S- (left), SARS-CoV S- (middle) or MERS-CoV S- (right) pseudotyped particles.
Luciferase signals were quantified at 24 h after infection. Mean ts.e.m.,n=6
independent experiments. One-way ANOVA followed by Dunnett post-test.
MDL28170, aknown coronavirus entry inhibitor'*, was used as a positive
control. RLU, relative light unit. b, Clofazimine inhibits membrane fusion
mediated by SARS-CoV-2S. Vero cells cotransfected with SARS-CoV-2 S and
EGFP plasmids were added to the nontransfected Vero cellstoinduce
membrane fusion. Confocal images were acquired at 48 h after transfection.
Scale bars, 400 pm. Representative images selected from a pool ofimages

virus (VSV)-based spike glycoprotein (S) pseudotyped virions. Clo-
fazimine treatment reduced the infectivity of both SARS-CoV S and
SARS-CoV-2 S pseudotyped virions in Vero E6 cells, but did not affect
MERS-CoV S pseudotyped virus particles (Fig.2a). We then examined
aseries of events to determine the precise step of SARS-CoV-2 entry
thatis blocked by clofazimine, and excluded possible effects of clofa-
zimine on: (1) the cell-surface expression of the SARS-CoV-2 receptor
angiotensin-converting enzyme 2 (ACE2) or the MERS-CoV receptor
dipeptidyl peptidase 4 (DPP4) (Extended Data Fig. 2b) and (2) the
disruption of binding between ACE2, or another attachment factor
(heparan sulfate)?, and SARS-CoV-2 S (Extended Data Fig. 2c). Using
acellmembrane fusion assay mediated by SARS-CoV-2 $*%, we found
that clofazimine inhibited cell fusion activity mediated by S. Specifi-
cally, we observed that fusion between effector cells that express S and
target cells were effectively reduced after clofazimine addition, in a
dose-dependent manner(Fig. 2¢, Extended Data Fig. 2d). To confirm
whether clofazimine also inhibits post-entry steps of viral replication,
we evaluated the effect of clofazimine on the production of viral RNA
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capturedintwoindependent experiments.c, Invitro-transcribed viral RNA
replication assay. Remdesivir or clofazimine were added at the indicated doses.
Negative-stranded RNA was then quantified at12 h afterelectroporation. Error
barsares.e.m.,n=3independent experiments. Two-tailed Student’s t-test.

d, Titration of double-stranded (ds)DNA and dsRNA unwinding activity of the
SARS-CoV-2 helicase (nsp13) by clofazimine using an assay based on
fluorescenceresonance energy transfer. The black curverepresentsa
positive-control inhibitor (ranitidine bismuth citrate) using a DNA-based
substrate. Dataare mean +s.d., n=3biological replicates. The experiments
were repeated twice for confirmation. All statistical analyses are compared
with the DMSO-treated or non-treatment group. ***P<0.001, **P<0.01,
*P<0.05; NS, notsignificant.

by electroporating in vitro-transcribed viral RNA into Vero E6 cells,
which bypasses clofazimine-mediated inhibition on the entry pro-
cess and directly measures RNA synthesis (Extended Data Fig. 2e). As
expected, remdesivir reduced the synthesis of negative-stranded RNA
inadose-dependent manner (blue symbolsin Fig.2c). ViralRNA levels
were alsoreduced by about1-1.5log,,in cells treated with clofazimine
(red symbolsinFig. 2c). However, no substantial effect was observed on
the translation of electroporated GFP mRNA (Extended Data Fig. 2f).
We also found that clofazimine had no obvious effect on the activity
of main protease and papain-like protease, which are responsible for
the cleavage of viral polypeptide (half-maximal inhibitory concentra-
tion (ICs,) of over 100 uM) (Extended Data Fig. 2g). Because a critical
step in the replication and transcription of SARS-CoV-2 requires the
formation of astable complex of the SARS-CoV-2 helicase (nsp13) and
holo-RNA-dependent RNA polymerase (RARp)%, we investigated the
effect of clofazimine on this step, and found that clofazimine inhibited
the unwinding activity of nsp13 using either a double-stranded DNA
ordouble-stranded RNA substrate (Fig. 2d). However, clofazimine did



a b @ -0 Vehicle c
Prophylactic 120 3 8  -o- Clofazimine -3 -0~ Vehicle
=] § o 115 Ty o Remdesivi
44 ¢ ¢ ¢ — c{ 58,0 o3 332 emdesivir
re amnnm > & 110 i 5o if S 110 g3Se o Clofazimine
Day: -3 -2 -1 0 4 14 % < E 105 e 5[ Ja
A K 2 100 ai
. Lung, nasal wash, 2 >
+ Drug  Therapeutic faeces and serum Serum E i 05
o )
V Virus 4% i i i i i a a
+ Sampli = EEEEm 90
amplin,
pine o1 2 3 4 14 80— Y
3-11 3 5 7 9 11 13 0 2 4 6 8 10 12 14
Time (d relative to challenge) Time (d after challenge)
d Prophylactic Therapeutio e Prophylactic Therapeutic f Prophylactic Therapeutic g9 Prophylactic Therapeutic
=7 4P =0.0007 = 5 5 ‘P=0.0429
T By a— Z Pe =
€ *P=0.0207 P =0.0001 : ~ | P=00208  «p_o0007 = ) 00150
z 6 00f00 ° 55 NS g 4 NS IS 4 F=0.0471 °
L *P=0.0281 NS =
% i i I Sl == g f g% s
> 5 0 oo - c? 4 _%_ 3 3 ° o "j:‘c ° 3 o o, 8oo g
o = °
g b g|® 4 jf & § S g S
o [} © T o o
s 4 % 28 3 23 [ © 2
= A ° £ S -4 A
[ v o I
> 3 r r " . r S 2 T T 7 T 1 1 T T . . '
N ¢ @ R o & &
P S & & & 5SS @S @ S I R
>N S & € S & & & S & & F L ST SO RS
W y & ¥ 6\6 & X @6 & ¥ & © @b ‘(&’\ $© & @ & 4§
9 & 0
o® ¥ o° [« Calie) o° € o o° €

Fig.3|Prophylacticand therapeutic treatment with clofaziminereduces
diseaseinahamster model of SARS-CoV-2infection. a, The prophylactic
treatmentused oral administration of clofazimine, givenat 3,2 and 1days
before infection, followed by virus challenge at day O; therapeutic
administration of clofazimine was performed at 1,2, and 3 days after infection.
Tissue samples were collected atindicated days after infection. Remdesivir was
included asacontrolinthe therapeuticregimen.b, ¢, Daily body weights of the
hamstersunder prophylactic (b) or therapeutic (c) treatment. Dataare

mean +s.e.m., n=3hamsters per group. Two-way ANOVA followed by Sidak’s
post-test for prophylactic groups, and two-way ANOVA followed by Tukey’s
post-test for therapeutic groups. Pvalue indicates clofazimine versus vehicle
group.d, Viralyield in hamster lung tissue, after prophylactic (n=5hamsters
pergroup) or therapeutic treatment (n=11hamsters (each remdesivir and
clofazimine group), n=13 hamsters (vehicle group)), which were collected at

notblock the primer elongation activity that is executed by holo-RdRp
(Extended Data Fig. 2h). Collectively, these results demonstrated
that clofazimine exerts antiviral activity by targeting several steps in
SARS-CoV-2 replication, including interference with S-mediated cell
fusion as well as viral helicase activity.

Transcriptional analysis after treatment

We used RNA sequencing (RNA-seq) to profile transcriptome-wide
changes in human Caco-2 cells infected with SARS-CoV-2, in which
clofazimine exhibited antiviral potency comparable to that of remde-
sivir (Extended Data Fig. 3a). We performed transcriptional analysis
on Caco-2 cells that were infected or uninfected and that were subse-
quently treated with clofazimine or dimethyl sulfoxide (DMSO; mock
treatment) for 3 or 6 h (Extended Data Fig. 3b). At 3 h after infection,
clofazimine treatment caused an overall transcriptome shift towards
the mock-treatment control group (Extended Data Fig. 3c), which cor-
roborates the hypothesis that the druginterferes with the early stage of
theviruslife cycle. At 6 h afterinfection, there were 607 and 448 genes
upregulated and downregulated, respectively, by SARS-CoV-2infection
(Supplementary Tables 1,2). The RNA level of more than 90% of these
genes was reverted by clofazimine treatment, which indicates that
clofazimine treatment abrogates the transcriptomic changes that are
induced by SARS-CoV-2 infection. This is consistent with a principal
components analysis of the dataset, which showed that treatment with
clofazimine for 6 h after infection caused a marked shift towards the
mock treatment (Extended DataFig. 3c, d). Clofazimine treatment for
6 hintheabsence ofinfection upregulated the expression of transcrip-
tionfactorsthatare critical for theimmediate-early cellular response,

4 days afterinfectionand titrated by plaque assays. e, Hamster nasal washes
collected on4 days after infection were subjected to live virus titration by
plaque assays (n=5hamsters per group). f, Hamster faeces were freshly
collected at 4 days after infection and subjected to SARS-CoV-2 viral copy
detection by RT-qPCR assays (n=5hamsters per group). For purposes of
statistical analysis, avalue of about 10-100 was assigned for any data point
below the detection limit (dotted line). g, TheIL-6 level in hamster serumwas
quantified at 4 days after infection. n=5hamsters for each prophylaxis group
and n=10 hamsters for each therapeuticgroup. Alldataind-garemean +s.d.
Two-tailed Student’s t-test for prophylaxis groups and one-way ANOVA
followed by Dunnett’s post-test for therapeutic groups, comparing with the
vehicle group (black symbols). ***P<0.0001, **P<0.001, **P<0.01,*P< 0.05,
NS, not significant.

including those of the AP-1, SMAD and MAFF families (Extended Data
Fig. 3e). When clofazimine was applied to infected cells for 6 h, we
observed anenrichment of upregulated genes that are associated with
innate-immunity-related pathways, including MAPK, interleukin and
TNF responses (Extended DataFigs. 3f,4a, b). These results suggest that
clofazimine may alsorewire the transcriptional landscapeto prime the
innate-immunity-related pathways.

Prophylactic and therapeutic activitiesin vivo

Previous pharmacokinetics studies have revealed that, in humans,
co-administration of a200 mg dose of clofazimine with food resultsin
aC,,,0f 0.41mgl™ (equivalentto 0.86 pM) at 8 h. Here we used a golden
Syrian hamster model® to determine the in vivo antiviral efficacy of
clofazimine. Because administration of clofazimine with a high-fat
meal provides better bioavailability”, we delivered the drug through
the oral route using corn oil as vehicle (Fig. 3a).

After clofazimine administration in a prophylactic regimen, we
observed a reduction in the loss of body weight after infection with
SARS-CoV-2. When clofazimine was given after virus challenge, the time
taken for body weight toreturnto pre-infection levels was shortened
(Fig.3b, c). At4 days after infection (whenviralloads peaked and there
were substantial histopathological changes), clofazimine decreased
the virus plaque-forming units in lung tissues by about 1-2 log,
(Fig.3d). We consistently confirmed the suppression of viral genome
copies of SARS-CoV-2inthe lungsin hamsters treated with clofazimine
(Extended DataFig.5a).Inaddition, we evaluated the capacity of clo-
fazimine to diminish SARS-CoV-2 shedding in nasal wash and faecal
samples. At 4 days after infection and after remdesivir or clofazimine
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Fig.4|Clofazimine exhibits antiviral synergy withremdesivirin hamsters.
a, Experimental design ofin vivo study. Oral clofazimine (15 mg per kg body
weight) and/or intraperitoneal remdesivir were administrated at the indicated
days afterinfection. Vehicle-treated control hamsters received oral
administration of cornoiland anintraperitoneal injection of 2% DMSOin12%
sulfobutyl ether-B-cyclodextrin (SBE-B-CD). The standard dose of remdesivir is
15mgper kgbody weight, alow-dose remdesiviris 1.5 mg per kg; the low dose

therapy, we did not detect any significant (P> 0.05, one-way analysis
ofvariance (ANOVA)) reductionininfectious virus titre in the hamster
nasal wash, whereas an average of a twofold reduction was achieved
with prophylactic administration of clofazimine (Fig. 3e). Irrespective
of whether clofazimine was administered prophylactically or thera-
peutically, we found substantially lower viralloads in faeces at 4 days
afterinfection compared with the vehicle-treated group. By contrast,
remdesivir did not alleviate virus shedding from gastrointestinal tract
(Fig.3f). Overall, we demonstrate in vivo ina hamster model that clo-
fazimine antagonizes SARS-CoV-2replicationinthelung and reduces
virus shedding in faeces.

To ascertain whether clofazimine improves disease prognosis, we
determined serum levels of IL-6, which have previously been shown
to correlate with respiratory failure and adverse clinical outcomes®.
Ingeneral, we detected substantially decreased levels of serumIL-6 in
boththe clofazimine-treated and remdesivir-treated groups (Fig. 3g). It
has previously beenreported that clofazimine may inhibit lymphocyte
functionin cell culture®. Toinvestigate this in the context of animmune
response induced by SARS-CoV-2, we collected sera from hamsters at
14 days after infection and found that the levels of antibody responses
triggered in vehicle-treated and clofazimine-treated groups were simi-
larly high, which indicates that clofazimine does not induce detect-
able suppression of the humoral immune response of Blymphocytes
(Extended Data Fig. 5b). We also performed RNA-seq of hamster lung
tissues (Extended Data Fig. 6a). Out of the 73 upregulated genes after
prophylactic treatment with clofazimine (Supplementary Table 3), 34
(46.6%) were mapped to biological processes related to the immune
response (Extended Data Fig. 6b). Of these 34 genes, 13 were mapped
to the ‘leukocyte differentiation’ Gene Ontology category—including
two major histocompatibility complex class-1l molecules, H2-Aa and
H2-Abl(whicharelabelled with an asterisk in Extended Data Fig. 6¢).In
addition, transcription factors—including Fos, Junb and Egr1—were also
upregulated, which is consistent with our transcriptomic analysis of
Caco-2cellstreated with clofazimine (Extended Data Fig. 6¢). Notably,
most of the immune-response-related genes were not changed after
administering clofazimine to uninfected hamsters, which indicates that
clofazimine priming of the host response is dependent on SARS-CoV-2
infection and is not likely to result in the undue activation of the host
immune system (Extended Data Figs. 6d, e).

To determine the severity of lung damage, we performed histologi-
cal examination of lung tissues that were stained with haematoxy-
lin and eosin. The lungs of mock-treated control hamsters showed
severe pathological changes, which were evidenced by large areas
of consolidation as well as cell infiltrations in the endothelium of
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was usedinthe combined treatment. b, Daily body weights of the hamsters
(n=5hamsters per group). Data are mean +s.d. Two-way ANOVA followed by
Tukey’stest. ¢, Virusinlung tissue was titrated by plaque assay. One-way
ANOVA followed by Dunnett’s post-test (n=5hamsters per group).d, Virus titre
in nasal wash was determined by plaque assays. One-way ANOVA followed by
Dunnett’s post-test, compared with the combinatorial group (n=5hamsters
per group).**P<0.01,*P<0.05,NS, not significant.

blood vessels, and peribronchiolar regions. By contrast, clofazimine-
or remdesivir-treated lungs exhibited an improved morphology
and milder infiltrations (Extended Data Fig. 7a, b). Taken together,
our results suggest that clofazimine conferred protection against
SARS-CoV-2 challenge in the hamster model by reducing virus repli-
cation and associated inflammatory dysregulation in the host.

Antiviral synergy with remdesivir

Remdesivir is considered the current standard of care for the treat-
ment of COVID-19. We found that co-application of clofazimine and
remdesivir affects SARS-CoV-2 replication in a manner that extends
beyond the additive activity predicted by the Blissindependence model
(maximal Bliss synergy score of 44.28), which indicates that these two
drugs operate in a synergistic antiviral relationship (Extended Data
Fig. 8a, b). The addition of 1.25 uM clofazimine (fourfold ECs,) in an
invitroassay resultedinanearly 20-fold decrease in the concentrations
of remdesivir required to inhibit viral replication by 90% (Extended
DataFig. 8c) and—importantly—the combination of drugs did not elicit
additional cellular cytotoxicity (Extended Data Fig. 8d).

To explore the antiviral synergy of these two drugs in vivo and to
recapitulate the scenario in which most patients with COVID-19 will
be treated after the onset of disease, we gave SARS-CoV-2-infected
hamsters oral clofazimine and intraperitoneal remdesivir together:
the first doses were given 24 h after virus challenge. Experimentally,
we gave 1.5 mg per kg body weight remdesivir (tenfold lower than the
standard dosing) as well as a reduced clofazimine dose (15 mg per kg
bodyweight, corresponding to a100 mg dose in humans) (Fig. 4a). An
improvementinweight loss was achieved in the combinatorially treated
group at 3 days after infection, compared with the groups treated with
vehicle control or low-dose remdesivir alone (Fig. 4b). Monotherapy
using low-dose remdesivir caused a marginal reduction of virus titre
in the lungs. However, the additional application of clofazimine not
only exhibited potent synergy in terms of viral load (Fig. 4c), but also
restricted virus replicationin the focal bronchiolar epithelial cells from
spreading to alveolar areas (Extended Data Fig. 9a). The antiviral syn-
ergy also suppressed virus sheddingin the nasal wash (Fig. 4d), which
was not achievable with therapeutic treatments using remdesivir or
clofazimine individually (Fig. 3e). Immunofluorescence staining of
hamster nasal turbinate showed that the combinatorial treatment
effectively diminished N antigen expressionin the epithelium, provid-
ing further support for the synergy between the drugs (Extended Data
Fig. 9b, c). Taken together, the antiviral synergy between low-dose
remdesivir and clofazimine effectively improved viral control, leading



to reduced body-weight loss, a suppressed pulmonary virus titre and
nasal virus shedding, as well as decreased drug dosages.

Discussion

Clofazimine was first used to treat leprosy in 1969 and gained FDA
approval in1996%. It is an orally bioavailable drug that is included in
the WHO (World Health Organization) Model List of Essential Medi-
cines. Itis generally well-tolerated, and is recommended as a WHO
group-Cdrugfor the treatment of multidrug-resistant and extensively
drug-resistant tuberculosis™.

In SARS-CoV-2 infection, a delayed innate immune response may
resultinanuncontrolled cytokine storm®?*, The effect of clofazimine
onrewiring the transcriptional landscape of the cell towards an antiviral
status may be importantin the COVID-19 setting, and understanding
the contribution of this activity to in vivo disease amelioration can
provide insights into its potential to improve viral control through
the enhancement of innate immune activities. Elucidation of how
clofazimine treatment may balance the regulation of innate and adap-
tiveimmune responses willbeimportant to understanding its potential
clinical efficacy. Further modification of clofazimine to improve its
pharmacokinetics and randomized clinical trials to ascertainits clinical
performance are warranted.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Cellsand viruses

The different cell lines and primary cells that were used in this study
were chosen according to their high sensitivity to replication of a
corresponding coronavirus. Human hepatoma Huh7 (JCRB, 0403)
cells, human colon Caco-2 cells (ATCC, HTB-37), monkey Vero E6 cells
(ATCC, CRL-1586) and monkey kidney BSC-1 cells (ATCC, CCL-26)
were maintained in DMEM culture medium supplemented with 10%
heat-inactivated FBS, 50 Uml™ penicillinand 50 pg ml™ streptomycin.
Human embryoniclung fibroblasts were developed in-house. Human
primary small-airway epithelial cells (ATCC, PCS-301-010) were cul-
tured with airway epithelial cell basal medium, according to the manu-
facturer’s protocol. Ventricular cardiomyocytes were differentiated
from the human embryonic stem cell HES2 (ESI) maintained inmTeSR1
medium (STEMCELL Technologies)**. In brief, HES2 cells were dissoci-
ated with Accutase (Invitrogen) into single-cell suspensions on day O.
Cells were seeded on low-attachment culture vessels (Corning) and
cultured in mTeSR1 medium supplemented with 40 pg ml™ Matrigel,
1ng mI™ BMP4 (Invitrogen) and 10 pM Rho kinase inhibitor (ROCK)
(R&D) under hypoxic environment with 5% O,. From day 1 to 3, cells
were cultured in StemPro34 SFM (Invitrogen) with 50 pg ml™ ascorbic
acid (AA) (Sigma), 2mM Gluta-MAX (Invitrogen), 10 ng ml BMP4, and
10 ngmI™ human recombinant activin-A (Invitrogen). From day 4 to day
7,5 UM Wnt inhibitor IWR-1 (Tocris) was added. From day 8 to day 14,
cellswere cultured under normoxiain RPMI1640 medium (Invitrogen)
supplemented with2 mM Gluta-MAX, 1x B-27 supplement (Invitrogen)
and 50 pg ml™ AA. The cells were then dissociated with Accutase and
seeded asamonolayerindesired culture vessels for 3 days before infec-
tions. The SARS-CoV-2 HKU-001a strain (GenBank accession number:
MT230904) was isolated from the nasopharyngeal aspirate specimen
of a patient who was laboratory-confirmed to have COVID-19 in Hong
Kong?. The SARS-CoV-2 isolate USA-WA1/2020 was deposited by the
Centers for Disease Control and Prevention, and obtained through BEI
Resources. The MERS-CoV strain (HCoV-EMC/2012) was a gift fromR.
Fouchier. The archived clinical strains of SARS-CoV (HCoV-OC43 and
HCoV-229E) were obtained from the Department of Microbiology of
the University of Hong Kong (HKU)*. All experiments involving live
SARS-CoV, SARS-CoV-2and MERS-CoV followed the approved standard
operating procedures of the biosafety level 3 facility at the University of
Hong Kong and Sanford Burnham Prebys Medical Discovery Institute,
as was previously described®.

Antiviral evaluation in human ex vivo lung tissues

Human lung tissues for ex vivo studies were obtained from patients
who were undergoing surgical operations at Queen Mary Hospital
(Hong Kong), as previously described®. The donors and/or parents
of the donor gave written consent, as approved by the Institutional
Review Board of the HKU/Hospital Authority Hong Kong West Cluster
(UW13-364). The freshly obtained lung tissues were processed into
small rectangular pieces and were rinsed with advanced DMEM/F12
medium (Gibco) supplemented with 2 mM of HEPES (Gibco), 1x Glu-
taMAX (Gibco), 100 Uml™ penicillinand 100 pg ml™ streptomycin. The
specimens were infected with SARS-CoV-2 HKU-001a or MERS-CoV with
aninoculumof1x10°PFUmIat 500 pl per well. After 2 h, the inoculum
was removed, and the specimens were washed 3 times with PBS. The
infected human lung tissues were then cultured in 1 ml of advanced
DMEM/F12 medium with 2 mM HEPES (Gibco), 1x GlutaMAX (Gibco),
100 Uml™ penicillin, 100 pg ml™ streptomycin, 20 pg ml™ vancomycin,
20 pg ml™ ciprofloxacin, 50 pg ml™ amikacin and 50 pg ml™ nystatin.
Supernatants were collected at 24 h after inoculation for plaque assays.

Antiviral assessment in ahamster model of SARS-CoV-2
infection

Male and female Syrian hamsters, aged 6-10 weeks old, were obtained
from the Chinese University of Hong Kong Laboratory Animal Service
Centre through the HKU Centre for Comparative Medicine Research.
The hamsters were kept inbiosafety level 2housing and given access to
standard pellet feed and water ad libitum, as was previously described?®.
Allexperimental protocols were approved by the Animal Ethics Com-
mittee in the HKU (CULATR) and were performed according to the
standard operating procedures of the biosafety level 3 animal facilities
(reference code: CULATR 5370-20). Experimentally, each hamster was
intranasally inoculated with10° PFU of SARS-CoV-2in100 ul PBS under
intraperitoneal ketamine (200 mg per kg) and xylazine (10 mg per kg)
anaesthesia.

To simulate the prescribed human dosage (200 mg per day), an
equivalent hamster dose of 25 mg per kg per day was converted on the
basis of body surface area. Specifically, 25 mg per kg (hamster) x 0.13
(conversion factor) =3.25 mg per kg (human equivalent dose); and a
60-kg human requires 3.25 mg per kg x 60 kg =195 mg clofazimine per
day. Prophylactic treatment used oral administration of clofazimine
given 3, 2 and 1 days before infection (25 mg per kg each time), fol-
lowed by virus challenge at day O; therapeutic post-exposure and oral
administration of clofazimine (Sigma-Aldrich, C8895) was performed
on1,2and3days afterinfection (25 mg per kg each time) with the first
dosage given at 24 h after inoculation. Clofazimine was delivered using
corn oil (Sigma-Aldrich, C8267) as vehicle. Remdesivir was included
as a positive-control drug and dosed at 15 mg per kg via the intraperi-
toneal route on the basis of its effective dosage in SARS-CoV-infected
mice'®. Remdesivir (15 mg per kg, MedChemExpress) was prepared as
100 mg ml™ stock in DMSO and further diluted using 12% SBE-$3-CD
before intraperitoneal injection. Hamsters receiving pure corn oil
(oral) and 2% DMSO in 12% SBE-3-CD (intraperitoneal) were used as
the vehicle-control group. Hamsters were killed at 4 days after infec-
tion for virological and histopathological analyses. Viral yield in the
lung tissue homogenates and/or faeces was detected by plaque assay
and/or RT-qPCR. Nasal washes were collected to examine virus shed-
ding fromthe respiratory tract. Hamsters were treated with isoflurane
lightly, and then 200 pl of PBS wasinjected into one nasal opening while
turbid wash was collected from the other one without any blood con-
tamination. The nasal wash wasfiltered through 0.22-pm filters before
beingsubjected to plaque assay. An ELISA kit was used to determine the
amount of IL-6 in the hamster sera at 4 days after infection, according
to the manufacturer’s recommendations (ELISAGenie, HMFIO001).
Tissue pathology of infected hamsters was examined by haematoxy-
lin and eosin (H&E) staining in accordance with the established pro-
tocol”. On day 14 after infection, an enzyme immunoassay was used
to determine the antibody titre of hamster sera against SARS-CoV-2
N antigen. In brief, 96-well immune plates (Nunc) were coated with
100 pl per well (0.1 pg per well) of SARS-CoV-2 N in 0.05M NaHCO,
(pH 9.6) overnight at 4 °C. After blocking, 100 pl of heat-inactivated
serum samples was serial-diluted before being added to the wells and
incubatedat37 °Cfor1h. Theattached antibodies were detected using
horseradish-peroxidase-conjugated rabbit anti-hamster IgG antibody
(Thermo Fisher Scientific; A18895;1:2,000). The reaction was devel-
opedbyaddingdiluted 3,3’,5,5’-tetramethylbenzidine single solution
(TMB) (Invitrogen) and stopped with 0.3 N H,SO,. The optical density
was read at 450/620 nm using a microplate reader.

RNA-seq analysis

FASTQ files from RNA-seq were quality-examined by FastQC (v.0.11.7)
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads
were processed by cutadapt to remove reads with low quality and to
trim adapters. For RNA-seqon Caco-2 cells, trimmed reads were aligned
to hg38 reference genome and NCBI SARS-CoV-2 reference genome


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

(NC_045512.2) using TopHat**(v.2.1.1); and RNA-seq data from hamster
lung tissues were mapped to MesAurl.0 (GCA_000349665.1), down-
loaded from Ensembl. Reads assigned to each gene were counted by
featureCounts® (v.2.0.1) with human refseq gene sets as references
for Caco-2 cells, and gene annotation of golden hamster from Ensembl
database for the hamster dataset. Genes without at least 1read mapped
on average in each sample were considered undetectable and were
filtered out. Read counts were normalized by the trimmed mean of
M-values method and differential expression was calculated using R
package edgeR (v.3.28.1) and genewise negative binomial generalized
linear models with quasi-likelihood tests method was used for statisti-
cal tests. Cut-offs imposed for differential expression analysis were
set as a false discovery rate (FDR) of 0.05 and fold change >2 or <0.5.
The pathway analysis was performed by R package clusterProfiler*
(v.3.14.3) and Metascape*'. Heat maps were plotted using R package
pheatmap (v.1.0.12) (http://CRAN.R-project.org/package=pheatmap).
Other plots were generated by R package ggplot2 (v.3.3.0) (https://
ggplot2.tidyverse.org). PCA analysis was performed by R package
factoextra (1.0.7).

Pseudotyping of VSV and pseudotype-based inhibition assay
VSV pseudotyped with the S of MERS-CoV, SARS-CoV or SARS-CoV-2
were generated as previously reported, with some modifications*. In
brief, BHK-21/WI-2 cells (Kerafast) overexpressing the S were inocu-
lated with VSV-G pseudotyped AG-luciferase VSV (Kerafast). Aftera2-h
inoculation at 37 °C, the inoculum was removed and cells were refed
with DMEM supplemented with 5% FBS and VSV-G antibody (I1, mouse
hybridoma supernatant from CRL-2700; ATCC; 1:100). Pseudotyped
particles were collected at 24 h after inoculation, then centrifuged at
1,320gto remove cell debris and stored at -80 °C until use.

To determine the effect of the compounds on viral entry, Vero E6
cells were treated with clofazimine at a concentration of 2.5 uM for
1h before inoculation with respective pseudotyped VSV. After a 2-h
inoculation in the presence of the compounds, the inoculum was
removed, and cells were refed with fresh medium for further culture.
The activity of firefly luciferase was measured using bright-Glo lucif-
erase assay (Promega) for quantitative determination at 16 h after
transduction.

The effect of clofazimine on SARS-CoV-2 viral replication

The full-length SARS-CoV-2 viral RNA transcripts were
invitro-synthesized fromaninfectious clone of SARS-CoV-2 (provided
by P.-Y. Shi) according to arecently published protocol*. Ten pg of total
RNA transcripts and 5 pg SARS-CoV-2 N gene transcript were mixed
with Vero E6 cells stably expressing SARS-CoV-2N and thenadded into
a0.2-cm cuvette for nucleofection with the 4D-Nucleofector Core Unit
(Lonza) using pulse code V-001. Immediately after electroporation,
1,000 pl of prewarmed medium was added to the cuvette and cells
were subsequently aliquoted into 384-well plates. Two hours after
seeding, compounds at different concentrations were added into
each well. At 12 h after electroporation, intracellular and viral RNA
was purified from the treated cells with TurboCapture 384 mRNA Kit
(Qiagen) in accordance with the manufacturer’s instructions. The
purified RNA was subjected to first-strand cDNA synthesis using the
high-capacity cDNA reverse transcription kit (Applied Biosystems)
with the following primer (TagRdRp-F: 5-CGGTCATGGTGGC GAATAAC
CCTGTGGG TTTTACACTTAA-3’). Real-time PCR analysis was performed
using TagqPath 1-step RT-qPCR Master Mix (Applied Biosystems). The
following primers and probe were used for negative-stranded RNA
detection: Tag-F: 5-CGGTCATGGTGGCGAATAACCCTGT-3’, ORFlab-R:
5-ACGATTGTGCATCAGCTGA-3’, ORFlab-P: 5-6FAM-CCGTCTGCGGTA
TGTGGAAAGGTTATGG -BHQ1-3’). In parallel, 5 pg of the in vitro-
transcribed GFP mRNA (StemMACS eGFP mRNA, 130-101-114) was elec-
troporated into Vero E6 cells. At 2 h after seeding, cells were treated
either with clofazimine or remdesivir, and then cultured for a further

24 h. The GFP signal was measured by flow cytometry analysis using
FlowJo (v.10.0.7).

Detection of S binding against ACE2 or heparin

Binding between the purified SARS-CoV-2 S and the cellular entry
factors ACE2 or heparin were detected by ELISA, as was previously
described®. High-binding microtitre plates were coated with heparin-
BSA (100 ng per well) or recombinant ACE2 (200 ng per well) overnight
at4 °C. The plates were then blocked for 3 h at 37 °C with TSM buffer
(20 mM Tris buffer, pH 7.4, containing 150 mM NacCl, 2 mM MgCl,,
2 mM CacCl,, 0.05% Tween-20 and 1% BSA). Next, 10 nM biotinylated
SARS-CoV-2 S in a dilution of clofazimine (10-0.1 uM) in TSM buffer
was added to the plates in triplicate. Bound biotinylated protein was
detected by adding Avidin-HRP (405103, BioLegend) diluted 1:2,000
in TSM buffer. Finally, the plates were developed with TMB turbo sub-
strate for 5-15 min. The reaction was quenched using 1 M sulfuric acid
and the absorbance was measured at 450 nm.

S-mediated membrane fusion assay

SARS-CoV-2 S-mediated cell-cell fusion assay was performed as was
previously established, with some modifications?. Vero cells were
cotransfected with1 g SARS-CoV-2 S plasmid and 0.4 ug EGFP plasmid
for8h.Inanother24-well plate, Vero cells (that is, target cells expressing
ACE2) were washed with PBS before being cocultured with the effector
cells (that is, Vero cells cotransfected with S and EGFP), in the pres-
ence oftheindicated concentration of clofazimine. After another 48 h,
S-mediated membrane fusion, as reflected by the green florescence
area, was evaluated using confocal imaging. Vero cells transfected
with EGFP, without S transfection, were included as a negative control.

Time-of-addition assay

A time-of-drug-addition assay was performed to investigate which
stage of the SARS-CoV-2life cycleitis that clofazimine interferes with,
aspreviously described®. Inbrief, Vero E6 cells were seeded in 96-well
plates (4 x 10* cells per well). The cells were infected by SARS-CoV-2
USA-WA1/2020 at an MOl of 1.5 and then incubated for additional 1 h.
Theviralinoculum was thenremoved, and the cells were washed twice
with PBS. At1hafterinoculation (that s, after entry), clofazimine at a
concentration of 5 pM was added to the infected cells at time points
indicated, followed by incubation at 37 °C in 5% CO, until 10 h after
inoculation (that is, one virus life cycle). Cells were fixed at 10 h after
inoculation for the quantification of the percentage of infected cells
using animmunofluorescence assay targeting SARS-CoV-2 N.

Invitro primer elongation assay using RdRp core complex

Expression plasmids for SARS-CoV-2 nsp7, nsp8 and nsp12 were pro-
vided by the laboratory of S. Darst and E. Campbell. The expression
and purification of nsp7, nsp8 and nsp12 were performed as previously
described®. The transcription scaffold was prepared by annealing a
2:1:3molar ratio of template strand RNA (5’-CUAUCCCCAUGUGAU UUU
AAUAGCUUCUUAGGAGAAUGACGUAGCAUGCUACGCG), 32° labelled
primer RNA (5-CGCGUAGCAUGCUACGUCAUUCUCCUAAGAAGCUA)
and nontemplate DNA (5-ATCACATGGGGATAG) at 95 °C for 5 min, and
a slow cooldown to room temperature in elongation buffer 20 mM
Tris pH7.5,40 mMKCI,5mMMgCl,and 5mMDTT). The prepared scaffold
was incubated with different concentrations of clofazimine or SL-11128
for 2 h at room temperature. SL-11128 has previously been reported to
be effective against SARS-CoV-2". The RdRp core complexwas prepared
by mixingal:3molarratio of nspl2 to nsp7 and nsp 8 and incubating for
20 mininice. Thescaffold was added to the RdARp complex andincubated
for 20 min at 30 °C. To start the reaction, an equal volume of rINTP was
added to the RdRp-scaffold complex. The final concentrations for assays
were: 20 nM scaffold, 250 nMRdRp, 5-40 uM of clofazimine or SL-11128
and 10 pM rNTP. The reaction was quenched by mixing with loading
buffer (90% formamide, 50 mM EDTA, 0.05% xylene cyanol and 0.05%
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bromophenol blue) at different time points. Allsamples were denatured
at 95 °C for 20 min and analysed by 8% TBE and urea denaturing PAGE.

Invitro helicase unwinding assay using nsp13

Helicase inhibition assays were performed as previously described®.
Recombinant SARS-CoV-2 nspl3 was expressed in Escherichia coli
BL21(DE3) cells and purified using the Ni**-loaded HiTrap Chelating Sys-
tem (GE Healthcare) according to the manufacturer’sinstructions. The
DNAoligomersFL-Cy3oligonucleotide (S-TTTTTTTTTTTTTTTTTTTTC
GAGCACCGCTGCGGCTGCACC(Cy3)-3’) and RL-BHQ oligonucleo-
tide (5’-(BHQ2)GGTGCAGCCGCAGCGGTGCTCG-3’) were purchased
from Metabion. RNA oligonucleotides, including RNA_31/18-mer-Cy3
(5-CGCAGUCUUCUCCUGGUGCUCGAAC AGUGAC(Cy3)-3’) and
RNA_31/18-mer_BHQ (5’-(BHQ2)GUCACUGUUCGAGCACCA-3"), were
synthesized from IDT. Both oligonucleotides were annealed in the
buffer of 20 mM Tris-HCI pH 8.0 and 150 mM NaCl. Assays were per-
formed in buffer composed of 20 mM Tris-HCl buffer, pH 7.4,150 mM
NaCl, 0.1mgmI™?BSA, 5mM MgCl,, 5mM TCEP, 5% glycerol and 10 nM
helicase, followed by the addition of 0.5 pl of 100 mM ATP and 1.5 pl
of oligonucleotide mixture to make the final concentration of
FL-Cy3:RL-BHQ oligonucleotide and FL-Cy3:RL oligonucleotide 5 nM
and 10 nM, respectively. Fluorescence (A.,=550 nm, A,,,= 620 nm) was
measured using SpectraMax iD3 Multi-Mode microplate reader to
determine the extent of DNA-RNA duplex unwinding.

Illustrations
Hamster illustrationsin Fig.3a and Extended Data Fig. 6awere created
with BioRender software (https://biorender.com/).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1|Anti-MERS-CoV activity and cytotoxicity
measurement of clofazimine in matchingcells. a, Clofazimine inhibited
MERS-CoV replicationinadose-dependent manner. ECs, was achieved by
plaque reduction assay and plotted using logistic nonlinear regression model
(GraphPad Prism 7). Dataare mean t s.d., n=3 biologically independent
samples. b, MERS-CoV-infected Huh7 cells (MOl of 0.01) were treated with
clofazimine (5 uM) or were not treated. Top,immunofluorescence staining of
MERS-CoV-N antigen (green), and Huh7 cell nucleus (blue). Scale bars, 20 pm.
Representative images selected from a pool images captured in two
independent experiments. Bottom, MERS-CoV-N-positive cells quantified by
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flow cytometry. The experiments were performed twice and representative
quantifications are shown. ¢, The cell viability was determined using
CellTiter-Glo assays and in the absence of virus infection. The drug-incubation
timein the cytotoxicity assay was consistent with thatin the antiviral assay: for
example, at 24 h after treatment for Huh7 cells, primary human small-airway
epithelial cells (HSAEpC) and human embryonic stem-cell-derived
cardiomyocytes (CM); at 48 h after treatment for Vero E6 cells; and at 72 h after
treatment for BSCland humanembryoniclung fibroblasts (HELF). Dataare
mean +s.d.,n=3biological replicates. The experiment was repeated twice for
confirmation.
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Extended DataFig. 2| Exploration of possible effects of clofazimine on
virusentry and replication. a, Time-of-addition assay. SARS-CoV-2-infected
VeroE6 cellswereincubated with clofazimine and at the time points indicated.
Infection at10 h after infection was quantified by immunostaining for N. Data
arenormalized to the DMSO-treated cells,and aremean+s.d.,
n=6independent experiments. One-way ANOVA followed by Tukey’s post hoc
test. b, Clofazimine has no effect on ACE2 and DPP4 expression. Caco-2 cells
were treated with clofazimine for 16 h before collection for westernblotting
analysis. The expression of ACE2 and DPP4 were determined using anti-ACE2
antibody (Abcam; ab108252;1:1,000) and anti-DPP4 antibody (Cell Signaling;
67138T;1:1,000), respectively. For gel source data, see Supplementary Fig. 1.
The experiment was repeated twice for confirmation. ¢, Clofazimine has no
inhibition onthe binding between either ACE2 or heparin and SARS-CoV-2S,
which are two critical cellular components for viral attachment and infection.
Clofazimine was titrated as the indicated concentrations. Dashed line
represents binding withoutinhibitor (thatis, O pM). Dataare mean+s.d.,
n=3biologicallyindependent samples. d, Quantification on the basis of GFP
positive area using ImageJ software (corresponding to Fig. 2b). Error bars are
s.e.m.,n=5randomly selected images. One-way ANOVA followed by Dunnett’s

posttest.e, Schemeofinvitro-transcribed viral RNA replication assay. Vero E6
cellswereelectroporated within vitro-transcribed viral RNA. At 2 h after
seeding, the cells were treated with the drug. Negative-stranded RNA was then
quantified at12 h after electroporation. f, GFPmRNA was used as anegative
controlandits translation, determined at 24 h after electroporation, was not
affected by remdesivir or clofazimine. Error barsares.e.m.,n=3independent
experiments. n.s., notsignificant (P>0.05, when compared with the 0-uM
group by two-tailed Student’s t-test). g, Clofazimine shows a marginal effect
against main protease (MP") and papain-like protease (PLP) activity. The
activity of purified SARS-CoV-2 M and SARS-CoV-2 PLP"™ enzymes was
measured after adding their respective peptide substrates. Enzyme activity in
theabsence (100% activity) and presence of clofazimine were calculated. Data
aremeants.d., n=3independentexperiments.h, Clofazimine shows no
inhibition on the polymerase activity of nsp7-nsp8-nsp12-RdRp complex. The
scaffold usedinthisin vitro transcriptioninhibition assayislisted in the top
panel. Inhibition effect of clofazimine or SL-11128 on the RARp core complex
wasanalysed by a primer elongation assay. SL-11128, aSARS-CoV-2 inhibitor®,
shows some inhibition effect over time (0,15s,1min, 5Sminand 20 min),
whereas that of clofazimine was minor (ranging fromaround 5to 40 pM). All of
thereactions were performed at 30 °C. All the above experiments were
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Extended DataFig. 3 | Transcriptional analysis of clofazimine treatment.
a, Caco-2cellswereinfected with SARS-CoV-2atan MOl of 0.1before being
treated with clofazimine, remdesivirand DMSO (0.1%) at the indicated
concentrations. Cell culture supernatant was collected at 48 h after infection,
and was subjected to viral load determination. Two-tailed Student’s ¢-test,
compared withthe DMSO group.*P<0.05,** P<0.01.Dataaremean+s.d.,
n=3independentexperiments.b, Timeline of the transcriptomic study
(MOI=4).h, hours after drug treatment; hpi, hours post virus infection; CFZ,
clofazimine. ¢, Principal components analysis of RNA-seq dataset after ‘reads
perkilobase of transcript per million reads mapped’ normalization on each
gene expression level. Each dot represents one sample. The percentage
labelled onthe x or yaxis represents the proportion of variance explained with

each principal component (PC).d, Patternsof transcription levels across all
samples. The genes that were significantly and differentially expressed (fold
change>20r<0.5,FDR<0.05) between 6 hafter infectionand mock are shown.
Conditionsinclude3hand 6 hafterinfection for Caco-2 cells (MOl =4) with or
without clofazimine treatment. Genes were clustered using the K-means
method. e, Heat map of 197 transcription factors regulated by clofazimine
treatment withoutinfection (left), and knowninteractionsamong these
transcription factors (right). f, Heat map of the genes enriched in MAPK
signalling, TNF signalling, interleukin signalling or cytokine-cytokine receptor
interaction. These genesare upregulated (fold change >2, FDR <0.05) by either
6 hafter treatment with clofazimine (without infection) or at 6 h after infection
with clofazimine treatment, compared to mockinfection.
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Extended DataFig. 6 | Transcriptional analysis of hamster lung tissues with
clofazimine administration. a, Experimental design. Tissue samples were
collected attheindicated time points. b, Gene Ontology Biological Process
analysis results for upregulated genes, comparing prophylactic clofazimine
administration withits corresponding vehicle controls. c, RNA expression
(reads per kilobase of transcript per million mapped reads) of the 13 genes
enrichedinthe ‘leukocyte differentiation’ category of the Gene Ontology
Biological Process analysis. These genes are upregulated (fold change > 1.5,

| | GO:0006574: cellular response to DNA damage stimulus

| GO:0072393: microtubule anchoring at microtubule organizing center
1 GO:0099565: chemical synaptic transmission, postsynaptic
| GO:0014706: striated muscle tissue development

] GO:0000226: microtubule cytoskeleton organization
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| GO0:1902742: apoptotic process involved in development

| GO:0071824: protein-DNA complex subunit organization

Pvalue<0.01) inthe prophylactic clofazimine group versus vehicle controls.
*MHC class-Il molecules. *Transcription factors upregulated by clofaziminein
both Caco-2 cellsand hamster lungtissues. Dataare mean +s.e.m.,
n=3hamsters per group.d, Heat map ofimmune-response-related genesin
lungs of uninfected or infected hamsters administered prophylactic
clofazimine or vehicle controls. e, Gene Ontology Biological Process analysis
results for upregulated genes, comparing clofazimine- and vehicle-treated
hamster lungs without virus infection.
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Extended DataFig. 7 |Histological analysis lung pathologyineach group.
a, Representative images of H&E-stained lung tissue section from hamsters
treated asindicated. Numbered circled areas are shown in magnified images to
theright, illustrating the severity of (1) bronchiolar and/or peribronchiolar cell
death; (2) alveolidestruction and/or alveolar infiltration; and (3) blood vessel
and perivascularinfiltration. Black arrows indicate sites of infiltration. These
representative images were selected fromapool of 15images capturedin
3randomly selected hamsters per group. Scalebars,200 um.b,
Semiquantitative histology scores were given to each lungtissue by grading
theseverity of damagein bronchioles, alveoliand blood vessels and
accumulating the total scores. For bronchioles: 0 =normal structure; 1=mild
peribronchiolarinfiltration; 2 = peribronchiolar infiltration plus epithelial cell

death; and 3=score 2 plusintrabronchiolar wall infiltration and epithelium
desquamation. For alveoli: 0 = normal structure; 1=alveolar wall thickening
and congestion; 2 =focal alveolar space infiltration or exudation; and
3=diffusealveolar spaceinfiltration or exudation or haemorrhage. For blood
vessels: 0=normalstructure; 1=mild perivascular oedemaor infiltration;
2=vessel wallinfiltration; and 3 =severe endotheliuminfiltration. Dataare
meants.d.,3randomly selected slides for each group. Unpaired two-tailed
Student’s t-test between the two prophylactic groups. One-way ANOVA
followed by Dunnett’s post test for the therapeutic groups. **P<0.01,
***P<0.001, compared to the vehicle-control group. The histological score
of mockinfection was setas zero.
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Extended DataFig. 8| Clofazimine exhibits antiviral synergy with
remdesivirinvitro.a, Remdesivir at theindicated doses was combined with
clofazimine at the indicated doses or anegative control (DMSO), and antiviral
dose-responserelationships were determined. Vero E6 cells were pre-treated
for16 hwithincreasing concentrations of the indicated compound and then
infected with SARS-CoV-2ataMOI of 0.01. Thirty hours after infection, the
infected cells were analysed by immunofluorescenceimaging. For each
condition, the percentage of infection was calculated as the ratio of the number
ofinfected cells stained for SARS-CoV-2 N to the number of cells stained with
DAPI. Data are normalized to mean values for DMSO-treated wells, and are
mean s.e.m. (n=4biological repeats over 2independent experiments).

b, Topographical two-dimensional map of synergy scores determined in

synergy finder*. The colour gradientindicates the synergy score (red, highest
score).xaxis, remdesivir up to10 pM, y axis, clofazimine up to 10 pM. ¢, Dose—
response analysis of remdesivir alone (black) and in combination with

0.15625 pM (blue) or 0.625 pM (red) clofazimine. The observed compound
activitiesarerepresented by solid lines, and the predicted additive
combinatorial activities areindicated by dashed lines. The dotted blackline
denotes 90% inhibition of infection. Data are normalized to mean values for
DMSO-treated wells, and are mean +s.e.m. (n=4biological repeats over
2independent experiments).d, Counting of cellnumbersin each drug
combination, asindicated. Mean +s.d., n=4biologicallyindependent samples.
The experiments were repeated twice for confirmation.
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Extended DataFig. 9 | Clofazimine exhibits antiviral synergy with
remdesivirin hamsters. Experiments were performed as shown in Fig. 4b.

a, Representative image of infected cells by immunofluorescence stainingin
lung at 4 days after infection. SARS-CoV-2 N expression (green) isshownin
diffuse alveolar areas (thick white arrow) and in the focal bronchiolar epithelial
cells (thin white arrow) of the vehicle-treated hamster lungs, whereas standard
and low-dose remdesivir (Rem) groups as well as the clofazimine group (Clo)
exhibitreduced N expression. Combinatorial therapy restricts the virus
replication within the entry gate of lunginfection (thatis, bronchiolar
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epithelial cells). These representativeimages were selected froma pool of
15images captured in3randomly selected hamsters per group.

b, Representative image of infected cells by immunofluorescence staining in
nasal turbinate at 4 days afterinfection. SARS-CoV-2 N (NP) (green) and cell
nuclei (blue) were stained. Scale bars, 200 pm. These representative images
were selected froma pool of15images capturedin 5hamsters pergroup.c,
N-positive cells per 50x field per the nasal turbinate section of ahamster.
One-way ANOVA followed by Dunnett’s post test and compared with vehicle
(n=5hamsters per group).**P<0.01, n.s., notsignificant.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

E’ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

IZI A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

El The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ | Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

El A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

El For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

D For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

EE O O EECOOOS

D Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software was used.

Data analysis The following software and websites were used for the analyses in this study: metascape online (https://metascape.org/), clusterProfiler
(v3.14.3), FastQC (v0.11.7), TopHat (v2.1.1), featurecounts(v2.0.1), R 3.6.3, R package edgeR(v3.28.1), R package pheatmap (v1.0.12), R
package ggplot2(v3.3.0), R package factoextra (1.0.7), Prism (v7.0), FlowJo (v10.0.7), BioRender.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unigue identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

Complete sequences of SARS-CoV-2 HKU-001a and SARS-CoV-2 USA-WA1/2020 are available through GenBank (accession numbers MT230904 (HKU-001a),
MT246667 and MN908947 (USA-WA1/2020)). The raw RNA-Seq data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are
accessible through GEO Series accession number GSE162899. The hg38 reference genome is downloaded from UCSC database (https://hgdownload.soe.ucsc.edu/
goldenPath/hg38/bigZips/). Refseq gene annotation is retrieved from UCSC Table Browser (https://genome.ucsc.edu/cgi-bin/hgTables). The NCBI SARS-CoV-2
reference genome (NC_045512.2) is from NCBI database (https://www.ncbi.nim.nih.gov/nuccore/1798174254) .The MesAur1.0 (GCA_000349665.1) and
annotation is from Ensembl database (https://asia.ensembl.org/Mesocricetus_auratus/Info/Index).
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size is chosen based on the standard of the corresponding field. The sample size for each experiment is specified in each
corresponding figure legend. Vero E6, Caco2, BSC1, HELF and Huh-7 cell lines were used in this study and n= at least 3 independent
experiments were performed. For hPSC-derived cardiomyocytes, primary small airway epithelial cells, experiments were performed with n=3.
For ex vivo tissue lung samples, experiments were performed with n=5. For the animal study using golden Syrian hamsters for SARS-CoV-2
infection., a sample size of at least more than 5 was selected to evaluate the level of variation between individuals.
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Data exclusions No data has been excluded from the analyses presented in this manuscript.

Replication In order to verify the reproducibility of the experimental findings, all the studies in cell models were performed at least in duplicate and the
means +/- SEM or SD as well as the nature of 'n' are indicated in the figure legends. All replication attempts were successful and no data was
excluded from the analyses.

Randomization For ex vivo study, tissue from the donor were divided into several and similar pieces before randomly allocated to each group. For in vivo
study, hamsters from different litters were randomly allocated into experimental groups.

Blinding For animal study, blinding was not applicable because each drug was delivered via different routes of administration. For in vitro studies,

blinding is not relevant to our study bacause the experiments for different groups are carried out in parallel using the same set of protocols
and the experimental results are quantitative.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies D ChlIP-seq
Eukaryotic cell lines D Flow cytometry
Palaeontology and archaeology D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used Rabbit-anti-SARS-CoV-2 nucleoprotein polyclonal antibodies were generated from rabbit immunized with recombinant SARS-CoV-2
nucleoprotein. Rabbit-anti-MERS-CoV nucleoprotein polyclonal antibodies were generated from rabbit immunized with recombinant
MERS-CoV nucleoprotein. Anti-VSV-G antibody was generated from I1-Hybridoma (ATCC® CRL-2700™) (1:100). Rabbit-anti-DPP4
antibody (Cell Signaling, USA; Catalog # 67138T) (1:1,000). Rabbit-anti-ACE2 antibody (Abcam, USA; Catalog # ab108252) (1:1,000).
Horseradish-peroxidase-conjugated rabbit anti-hamster IgG antibody (Thermo Fisher Scientific, USA; Catalog # A18895)(1:2,000).

Validation The antibody was tested for cross-reactivity with SARS-CoV2 in Vero E6 cells. The antibody showed specificity to SARS-CoV-2-infected
cells and no background in non-infected cells. The antibody against MERS-CoV NP was validated by western blot. Anti-VSV-G antibody
(11, mouse hybridoma supernatant from CRL-2700; ATCC) ) was used in Hoffmann M, et al. 2020. Cell. 181:271; Edwards M, et al.
2020. J Biol Chem. 295:15174 for inactivating residual VSV-G—pseudotyped virions. Rabbit-anti-DPP4 antibody (Cell Signaling, USA:
Catalog # 67138T) was validated by the manufacturer for western blotting and used in Li L, et al. 2019. Mol Med Rep. 20: 445.
Rabbit-anti-ACE2 antibody (Abcam, USA: Catalog # ab108252) was validated by the manufacturer for western blotting and used in
Sun'S, et al. 2020. Cell Host Microbe. 28:124.




Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Vero E6,Caco2, BSC1 cells were obtained from ATCC (ATCC® CRL-1586 , ATCC®CRL-HTB-37 and ATCC® CCL-26 respectively).
Huh-7 were obtained from Apath LLC (JCRB, 0403) and BHK-21/WI-2 cells from Kerafast. Human embryonic stem cell HES2
was pruchased from ESI. Human embryonic lung fibroblasts (HELF) were developed in house. Human primary small airway
epithelial cells were purchased from (HSAEpC, ATCC®PCS-301-010).

Authentication The commercially available cell lines have not been authenticated after receiving them.

Mycoplasma contamination All cells were tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male and female Syrian hamster, aged 6-10 weeks old, was involved in the study.

Wild animals This study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight All experimental protocols were approved by the Animal Ethics Committee in the University of Hong Kong (CULATR) and were
performed according to the standard operating procedures of the biosafety level 3 animal facilities (Reference code: CULATR
5370-20).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Explant lung tissues were derived from normal human lungs from surgical resections of a 6-year old female, a 9-year old
male and a 51-year old female, respectively.

Recruitment No patients were recruited for this study. Biopsy samples that would have been otherwise discarded were used for
experimental analyses.

Ethics oversight The donors gave written consent as approved by the Institutional Review Board of the University of Hong Kong/Hospital
Authority Hong Kong West Cluster (UW13-364).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
E] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

[Z] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Cells were detached from the culture plate using 1ml of enzyme-free dissociation buffer (Sigma) and fixed by adding 1ml of
10% formaldehyde for 24h at room temperature. Cells were washed once by with Perm/Wash buffer (BD) and stained for the
MERS NP polyclonal antibody and then secondary antibody. After 1h incubation at room temperature, cells were washed in
phosphate buffered saline supplemented with 2mM EDTA once and resuspended in 200 microliter for analysis.

Instrument BD FACSCanto™ Il Cell Analyzer

Software FlowJo (v10.0.7)
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Cell population abundance Flow cytometry to quantitate virus-infected cells but did not sort them. Therefore the question for post sort abundance is
actually irrelevant.

Gating strategy All cells were selected in a plot in which FSC-H was plotted versus SSC-H. Within this gate, virus-positive cells were quantified.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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