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Drug Repurposing of Itraconazole and Estradiol Benzoate
against COVID-19 by Blocking SARS-CoV-2 Spike

Protein-Mediated Membrane Fusion
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SARS-CoV-2 caused the emerging epidemic of coronavirus disease in 2019
(COVID-19). To date, there are more than 82.9 million confirmed cases
worldwide, there is no clinically effective drug against SARS-CoV-2 infection.
The conserved properties of the membrane fusion domain of the spike (S)
protein across SARS-CoV-2 make it a promising target to develop pan-CoV
therapeutics. Herein, two clinically approved drugs, Itraconazole (ITZ) and
Estradiol benzoate (EB), are found to inhibit viral entry by targeting the
six-helix (6-HB) fusion core of SARS-CoV-2 S protein. Further studies shed
light on the mechanism that ITZ and EB can interact with the heptad repeat 1
(HR1) region of the spike protein, to present anti-SARS-CoV-2 infections in
vitro, indicating they are novel potential therapeutic remedies for COVID-19
treatment. Furthermore, ITZ shows broad-spectrum activity targeting 6-HB in
the S2 subunit of SARS-CoV and MERS-CoV S protein, inspiring that ITZ have
the potential for development as a pan-coronavirus fusion inhibitor.

out in December 2019 and has subse-
quently spread worldwide and turned into a
global pandemic.l!l Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), a
positive-sense, enveloped single-stranded
RNA p-coronavirus, was identified as the
causative agent of COVID-19, which closely
related to the virus severe acute respira-
tory syndrome CoV (SARS-CoV) and Mid-
dle East respiratory syndrome CoV (MERS-
CoV). To date, the case fatality rate (CFR)
of SARS-CoV-2, SARS-CoV, and MERS-CoV
are 2.2%, 37% and 5%, respectively.l’) How-
ever, there are no clinically approved pro-
phylactic vaccines or drugs available to treat
patients infected with the viruses.

The limited understanding of coron-

1. Introduction

Coronaviruses (CoVs) are enveloped viruses divided into aCoV,
BCoV, yCoV, and 6CoV groups, and 7 among them are found in-
fectious to humans (hCoVs). The epidemic of COVID-19 broke
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avirus led to growing interest in the ex-

ploration of viral epidemiology, mecha-

nisms of transmission-infection, clinical
pathologies, and prevention-treatment strategies by antiviral vac-
cines and drugs. However, despite the anti-hCoVs research has
been conducted since the SARS epidemic in 2002,3! there are
still no effective drugs for a coronavirus therapy. The urgent need
for treating infected patients demands accelerated antiviral drug
discovery. Numerous studies and clinical trials on COVID-19 are
being launched around the world, and several drugs are urgently
approved for clinical use, but no solid evidence from randomized
clinical trials support their efficiency on COVID-19 patients.[*]
Vaccines and new drugs targeting various proteins of SARS-CoV-
2 are being developed, but it takes a long time for a new drug from
being designed to being clinically approved. Therefore, finding
a specific therapeutic for the emergency response to the SARS-
CoV-2 by repurposing clinically approved drugs is a feasible ap-
proach.

SARS-CoV-2, with a genome of 29 881 bp in length (GenBank
no. MN908947), encodes 9860 amino acids which form struc-
tural and non-structural proteins.’! The S glycoprotein covered
on the surface of coronaviruses is a structural protein involved in
receptor recognition and viral entry into the host cells, while this
protein is critical for viral life cycle and highly conservative to
most hCoVs. It has been confirmed that the SARS-CoV-2 initiates
its infection by binding to the angiotensin-converting enzyme
2 (ACE2) cell receptor.l%”] The S protein includes two distinct
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functional domains: S1 domain and S2 domaiin, responsible for
receptor binding and membrane fusion, respectively.~]

S1 domain recognizes and binds to the cell receptor ACE2
via the receptor binding domain (RBD) of its trimeric S protein,
which makes it a valuable drug target. However, previous studies
showed that it lacks antibody-mediated cross-protection between
SARS-CoV-2 and SARS-CoV infections.[%] It has previously been
proved that replacing aspartic acid with glycine at the position 614
of S1 region (D614G) would promote an open conformation that
is more favorable to ACE2 association and increased infectivity
of the SARS-CoV-2,"!l suggesting that the highly mutable char-
acteristic of S1 domain prevents it to be an ideal broad-spectrum
drug designing target.

The S2 domain is responsible for viral fusion and entry, com-
posed successively of fusion peptide (FP), heptapeptide repeat
sequence 1 (HR1), heptapeptide repeat sequence 2 (HR2), trans-
membrane domain (TM), and cytoplasmic domain (CP).1"2l HR1
and HR2 are the main structures of S2 subunit as they could
form a six-helical bundle (6-HB), which is essential for the viral
fusion.["’] Once binding to the host cell, the FP inserts into the
target cell membrane, the pre-hairpin coiled-coil of HR1 domain
is exposed to initiate the interaction between HR1 and HR2 to
form a homotrimer assembly. Three highly conserved hydropho-
bic grooves are exposed on the surface of HR2, while it forms
helix and loop to interact with HR1 domain, then the 6-HB is
formed. The viral envelope and cell membrane are brought into
close proximity for viral fusion, thus enabling the virus to bind
and fuse with the cell membrane.'* Unlike the S1 subunit, the
S2 subunit showed low variability, low fluctuations in molecu-
lar dynamics (MD), and displayed a trimer cavity.'>] The HR do-
main has been attracted many interests for discovering a thera-
peutic agent. In contrast with RBD region, the HR domain and
the mode of interaction between HR1 and HR2 are highly con-
served among hCoVs, even in other class I fusion proteins.!¢]
Previous studies of class I viral fusion proteins from enveloped
viruses have reported that peptides derived from HR2 domain
could bind to the viral HR1 domain competitively and inhibit the
viral infection, elucidating that the HR domain may be an ideal
target for the entry inhibitors against SARS-CoV-2 infection.

Earlier studies have successfully designed peptides that can
effectively inhibit viral entry by binding to the HR region of
hCoVs.['*] In addition to peptides fusion inhibitors, we screened
clinically approved drugs targeting to the S2 subunit via virtual
screening, each of the drugs in this collection has been previously
optimized for safety and bioavailability. We succeeded in finding
two drugs, Itraconazole (ITZ) and Estradiol benzoate (EB), which
could potentially inhibit the viral fusion to the host cells, further
we validated them on pseudotyped and authentic SARS-CoV-2
infections in vitro.

ITZ is a highly effective broad-spectrum antifungal of the
triazole group, which also presents a great diversity of non-
antifungal activity and has been used to treat a wide range of
diseases. It has been reported that ITZ has potential to be an
alternative drug for the treatment of advanced cancer patients,
particularly those difficult to treat with conventional therapies.!”]
More studies presented it can be used to regulate inflammation
or immune related diseases.['® EB is a pro-drug ester of estra-
diol, a naturally occurring hormone that circulates endogenously
within the human body through binding to the estrogen recep-
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tor (ER) including ERa and ERf subtypes.!"] EB is typically used
in hormone therapy with women, treatment for gynecological
disorders,[?! and cure of prostate cancer.l?!]

A series of experiments were carried out and two drugs were
found with potential to inhibit the viral entry by binding to HR1
region and preventing the formation of 6-HB. ITZ and EB also
exhibited promising anti-SARS-CoV-2 activity in cell-based as-
says. Subsequent experiments with other hCoV pseudoviruses
(PsV) and cell-cell fusion assays proved that ITZ not only inhib-
ited the entry of SARS-CoV-2, but also had inhibitory effects on
SARS-CoV and MERS-CoV infections, which brings expectations
to broadly inhibit coronaviruses of the g family.

2. Results and Discussion

2.1. Virtual Screening Identified ITZ and EB Were Interacted with
S2 Domain of Spike Protein

The recent outbreak of COVID-19 caused by SARS-CoV-2 has
become a global pandemic, and there is a number of clinically
approved drugs that have been repurposed as antiviral candi-
dates at clinical trials currently, however, without sufficient in-
formation, suggesting for effective drugs targeting SARS-CoV-2
infection.[??] Various viral proteins responsible for different phys-
iological stages of coronavirus have been shown valuable targets
based on our previous studies on coronaviruses and drugs tar-
geting class I fusion proteins. As the S protein is responsible for
viral entry and fusion of SARS-CoV-2, it is a potential promising
drug targeting for virus entry inhibitor.

The S protein is composed of S1 subunit and S2 subunit, on
S1 subunit there is an RBD region responsible for virus bind-
ing to the host cell receptor ACE2, thus the S1 subunit was pre-
viously considered as a suitable virus entry inhibitor target.[?]
However, subsequent studies have revealed that the RBD region
is highly mutable in the evolutionary process, which may lead
to significant differences in receptor recognition regions among
different coronaviruses, making RBD unsuitable as a target for
broad-spectrum anti-coronavirus drug screening.[2*]

The HR1 and HR2 from S2 subunit could form a 6-HB, a struc-
ture core essential for the viral fusion. The HR regions and the
modes of action between HR1 and HR2 are conserved in various
coronaviruses, and it has been demonstrated in previous stud-
ies that peptides derived from the HR2 region of class I fusion
proteins could compete for binding to viral HR1, thus effectively
inhibit viral infection. Therefore, in previous studies, peptides
derived from coronaviruses have also been considered as an op-
tion for broad-spectrum anti-coronavirus drugs,['®2°l many drugs
targeting at other viral 6-HB have been developed and showed
promising interests.[?®! Recent studies also showed this fusion
domain of SARS-CoV-2 can produce broad cross-neutralization
antibody, which make the fusion domain as a promising drug
target.l?’”] However, it is challenging to quickly overcome the ex-
isting barriers to form effective drugs because of the unstable
structure of peptides in solution, the same is true for other small
molecular drugs, where the formation of a new drug requires
a lengthy animal and clinical trials before clinical usage, which
makes it improbable to address the current notorious issue of
COVID-19. Therefore, screening the clinically approved drugs
and validation the drug effects through in vitro is one effective
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way to solve the current dilemma.[?®! As a novel choice, we chose
the S2 subunit as the target for our anti-coronavirus drug study,
using the pre-fusion and post-fusion conformations of S protein
close to HR1 region as the binding site, which are the hot sites
to interfere with the formation of 6-HB, screened the clinically
approved drugs by virtual screening.

In order to rapidly identify potential drugs against the ongoing
SARS-CoV-2 infection, we facilitated drug repurposing from
clinically approved drug library (DrugBank) which carried out by
other study to repurposing anti-SARS-CoV-2 drugs by selected
metallo-compounds recently.?] Initially, virtual screening was
carried out targeting HR1 domain with pre-fusion or post-fusion
conformation of spike protein, respectively. In the pre-fusion
S protein structure, there isn’t any interaction information
between HR1 domain and HR2 domain because of the lacking
HR2 residues from the structure, but a visible channel is identi-
fied between two interwoven protomers closed to HR1 domain
(Figure 1a), this channel was defined as the pre-fusion drug
target. While in the post-fusion conformation structure, three
HR1 domain form into a 3-helical bundle face-to-face, and
HR1 domain bind to HR2 domain via its back side (Figure 1d).
The interface between HR1 domain and HR2 domain is de-
fined as potential post-fusion drug target site. This stragtegy
can potentially identify inhibitors to interfere with the forma-
tion of 6-HB, which was validated by Ebola fusion inhibitors
identification.[?) Parallelly virtual screening targeting to these
pre-fusion conformation and post-fusion conformations were
performed from clinically approved drug library (Figure 1a,d).
Two clinically approved drugs, ITZ and EB, presented feasible
binding affinities both in pre-fusion and post-fusion confor-
mations targeting HR1 domain. ITZ has —9.4 and —8.6 kcal
mol™! binding affinities to pre-fusion and post-fusion conforma-
tions, respectively (Figure 1b,c). In addition, EB has —8.6 and
—8.3 kcal mol™! binding affinities to pre-fusion and post-fusion
conformations, respectively (Figure le,f). ITZ interacted with 16
and 15 residues with pre-fusion and post-fusion S structures,
respectively (Figure S1b,c, Supporting Information), however,
EB only interacted with 10 and 11 residues with pre-fusion and
post-fusion S structures, respectively (Figure S1d,e, Supporting
Information). Most of those residues are located in the S protein
HR1 region (Figure Sla, Supporting Information).

To verify the candidate drugs from virtual screening, we per-
formed the direct binding assay between ITZ/EB and SARS-CoV-
2 S protein by biolayer interferometry (BLI) technology. We ob-
served the direct binding with binding affinities ~ 150 pm within
ITZ and S protein interaction, and 273 pm within EB and S pro-
tein interaction (Figure 1g,h). Other attempts to detect the bind-
ing affinities between ITZ/EB and S2 protein were failed because
of lacking expressed and purified S2 protein. This direct binding
data gave the strongly evidences to support the interaction be-
tween ITZ/EB and SARS-CoV-2 S protein.

2.2.ITZ and EB Blocked Spike Protein-Mediated Membrane
Fusion
To determine whether these two drugs inhibited the entry of

SARS-CoV-2 into host cell, we first developed an SARS-CoV-
2 S protein-mediated cell-cell fusion assay in which the 293T
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cells transiently expressed SARS-CoV-2 S protein and EGFP
(293T//SARS-CoV-2-S/EGFP) as effecter cells, while Vero cells
as host cells. The fusion syncytium between the two cells were
calculated, and the percentage of S protein-mediated viral-cell fu-
sion inhibited by drug was analyzed. It was found that no more
syncytium were observed under bright-field or fluorescence-field
microscopy after the co-incubation with one of these two drugs at
the screening concentration, ITZ and EB (Figure 2a). After treat-
ment with ITZ or EB, we further found ITZ and EB inhibited
the formation of syncytium in a dose-dependent manner (Fig-
ure S2a,b, Supporting Information). The half maximal inhibitory
concentration (ICs) values of ITZ and EB for inhibiting SARS-
CoV-2 S protein-mediated intercellular fusion in cell experiments
were 0.45 puM and 1.02 pM, respectively (Figure 2b,c).

Additionally, SARS-CoV-2 S protein-mediated PsV assays were
developed to evaluate the inhibitory activity of ITZ and EB on
the SARS-CoV-2 infection as previously.3] PsV is a classical tool
that can mimic the entry of virus into cells. It is widely used to
evaluate the inhibitory activity of antiviral drugs against pack-
aged virus infection via the surface envelope protein. From the
PsV assays results, it indicated that ITZ and EB could success-
fully inhibit the invasion of SARS-CoV-2 PsV into cells stably ex-
pressing human ACE2 (293T-ACE2), with IC;, values of 0.88 and
0.27 pwm, respectively, which exhibiting consistent inhibitory ac-
tivity to SARS-CoV-2 infection comparing to cell-cell fusion as-
says. And the cell availability assay indicated ITZ and EB had low
cell toxicity with half cytotoxic concentrations (CCs,) values more
than 25 and 30 pm respectively (Figure 2d,e).

From the SARS-CoV-2 cell-cell fusion assays and pseudotyped
virus assays, I'TZ and EB were found to target the spike protein
to inhibit the membrane fusion of SARS-CoV-2. Since ITZ and
EB both have reasonable inhibitory ability to SARS-CoV-2, they
are worthy to be investigated further.

2.3. ITZ and EB Blocked the Formation of 6-HB between HR1
and HR2

To decipher the mechanism of ITZ and EB in inhibiting SARS-
CoV-2 infection, flow cytometry analysis was carried out to
detect the binding of SARS-CoV-2 RBD to ACE2 receptor. ITZ
(10 pm) showed no effect on RBD-Fc protein binding to the ACE2
receptor, while the binding between SARS-CoV-2 RBD and 293T-
ACE?2 cells was slightly weakened after EB (10 pm) treatment (Fig-
ure S1f-i, Supporting Information). These data provide evidence
that ITZ may blocks SARS-CoV-2 S protein-mediated cell entry by
targeting to the regions in S2 subunit. We then further developed
a peptides-based assay to explore the interaction between ITZ/EB
and spike protein. Since peptides derived from HR1 and HR2
regions of type I fusion proteins could simulate the fusion core
structure of S proteins in vitro,!?! the HR1 domain can interact
with HR2 domain from post-fusion structure of spike protein.
Based on the HR1/HR?2 interaction information, we synthesized
peptide HR1 (HR1P) and peptide HR2 (HR2P) to elucidate
the inhibitory mechanism of ITZ and EB.[3%! At the same time,
we performed biophysical analysis of ITZ and EB inhibiting
SARS-CoV-2 PsV infection by non-denatured polyacrylamide
gel electrophoresis (N-PAGE) and circular dichroism (CD)
spectroscopy.
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Figure 1. ITZ and EB interacted with S2 domain of spike protein via virtual screening. a) Potential drug binding sites of S protein in pre-fusion confor-
mation, b) ITZ colored in magenta and EB colored in green were bound to the pre-fusion conformation of S protein from virtual screening, c) binding
details of ITZ and EB to pre-fusion of S protein. d) Potential drug binding sites of S protein in post-fusion conformation, ) ITZ colored in magenta and
EB colored in green bound to the post-fusion conformation of S protein from virtual screening, f) binding details and binding affinities of ITZ and EB to
post-fusion of S protein, g) binding between ITZ and SARS-CoV-2 S protein by BLI, h) binding between EB and SARS-CoV-2 S protein by BLI.
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N-PAGE is a polyacrylamide gel electrophoresis method for
proteins that remain active without addition of denatured agents,
which has been successfully applied to test the formation of 6-HB
structures of other type I fusion proteins.[?>*!] We used N-PAGE
to test whether ITZ and EB can interact with HR1 or HR2 to in-
hibit the formation of 6-HB. HR1P was incubated with ITZ or
EB at indicated concentrations for the first 30 min. HR2P was
then added for another 30 min co-incubation. In the gel, the in-
dividual HR1P is positively charged and moves upwards under
the negatively charged electrophoresis condition, with no bands
shown in the gel (lane 2, Figure 3a,b), while negatively charged
HR2P alone showed a band at lower position in the gel (lane 3,
Figure 3a,b). The HR1P/HR2P mixture showed a band on the up-
per part of the gel at about 26 kDa (lane 4, Figure 3a,b) and this
band represented 6-HB formed by the interaction between HR1P
and HR2P, according to the related studies.?2*)] After adding
ITZ (lane 5-8, Figure 3a) or EB (lane 5-7, Figure 3b), the bands
representing 6-HB showed a weakening trend on the gel accord-
ing to the concentration increase of drugs. Troglitazone, a drug
with no effect on cell-cell fusion assay, was selected as negative
control and showed no effect on 6-HB formation (Figures S2c,
S3g, Supporting Information).

To examine the structural characteristics of HR1 and HR2 re-
gions of the SARS-CoV-2 S protein, peptides corresponding to
various concentration of ITZ or EB were analyzed by CD spec-
troscopy, a technique that monitor the secondary structural and
disordered content of peptides. HR1P was incubated with 50 mm
phosphate buffer (pH 7.2) or ITZ/EB at room temperature for
30 min, then HR2P was added for a 30 min co-incubation, CD
wave scanning was measured from 190 m to 260 nm at 4 °C.

As shown in Figure 3c, the CD profile of HR1P/HR2P mix-
ture showed the characteristic a-helical spectrum with double
minima peak at 208 and 222 nm, while HR1P alone displayed
a relatively low a-helicity and HR2P alone showed a random coil
structure. With the addition of ITZ or EB, the secondary struc-
ture of 6-HB in HR1P/HR2P mixture was affected, showing a
lower a-helicity (Figure 3d,e and Figure S3a—f, Supporting Infor-
mation), suggesting that ITZ and EB inhibit the SARS-CoV-2 in-
fection by reducing the formation of 6-HB. It was reported that
chloroquine (CQ) was an effective antiviral drug but not target
to SARS-CoV-2 S2 or 6-HB.3*l So it was selected as a negative
control in this assay. CQ showed no effects on 6-HB formation
(Figure S3f, Supporting Information).

2.4. ITZ and EB Inhibited Authentic SARS-CoV-2 Virus In Vitro

To validate the efficiency for SARS-CoV-2 inhibiting, we tested
the inhibiting activity with authentic SARS-CoV-2 infection in
vitro. As above mentioned, our N-PAGE and CD assays identi-
fied ITZ and EB as potent inhibitors of SARS-CoV-2 S-mediated

www.advtherap.com

membrane fusion. These inhibitions were most likely a results
of inhibition of the formation of 6-HB fusion core between HR1
and HR2 regions. Subsequently, we evaluated the inhibitory ac-
tivity of ITZ and EB against authentic SARS-CoV-2 infection by
using in vitro virus infection assays.3’) We measured the inhi-
bition of SARS-CoV-2 and the production of progeny viruses by
ITZ and EB.

Vero-E6 cells infected with SARS-CoV-2 at 0.05 MOI were in-
cubated with ITZ or EB at different dilution concentrations, then
the copies of SARS-CoV-2 in cellular supernatant were calculated
by monitoring the viral RNA via real-time quantitative reverse
transcription PCR (RT-qPCR). As a result, ITZ and EB exhibited
antiviral activity against SARS-CoV-2 with median effective
concentration (ECs,) values of 3.25 and 6.72 pm, respectively
(Figure 4a,b). Meanwhile, both ITZ and EB had no toxicity on
Vero-E6 cells at 200 pm. Corresponding to that, the infection
of progeny viruses from diluted cellular supernatant after the
treatment of I'TZ or EB was also detected by plaque formation
assays, CQ was made as a control. As shown in Figure 4c—f,
plaques in Vero-EG6 cells reduced with the concentration increase
of ITZ or EB, which further verified the inhibitory effect of ITZ
and EB on SARS-CoV-2 infection. Moreover, an immunofluores-
cence assay was conducted to detect SARS-CoV-2 N expression
which reflected the infection of SARS-CoV-2 in Vero-E6 cells. In
Figure 4gh, a dose-dependent inhibitory effect on SAR-CoV-2
infection was observed after the treatment of ITZ or EB. Both
drugs also showed lower cytotoxic effects on different cell lines
(Figure S5, Supporting information). All the evidences revealed
that ITZ and EB can potentially be used as treatment to against
SARS-CoV-2 infection.

2.5. ITZ Is a Potential Pan-Coronavirus Countermeasure

To expand our knowledge to understand the broad-spectrum in-
hibition of coronaviruses targeting spike membrane fusion do-
main, we selected ITZ to evaluate the pan-coronavirus inhibitory
activity with pseudoviral assay.

As previous studies investigated, the HR regions and the
modes of interaction between HR1 and HR2 were highly
conserved among different coronaviruses using class I fusion
proteins, the broad-spectrum anti-coronavirus activity of fusion
inhibitors are expected. To further evaluate the breadth of fusion
inhibitory activity, we investigated ITZ activity with PsV and
cell-cell fusion assays mediated by the S protein of SARS-CoV or
MERS-CoV. As expected, ITZ inhibited spike protein mediated
entry of SARS-CoV PsV and MERS-CoV PsV into host cells with
IC;,s values of 1.2 and 1.66 pMm, respectively, at the meantime, we
determined the cell availability for ITZ and EB on host cell, the
results present low cell toxicity (Figure 5a,d,b). In the meantime,
ITZ (10, 20 pm) significantly inhibited SARS-CoV or MERS-CoV

Figure 2. ITZ and EB inhibited SARS-CoV-2 infection via blocking spike protein-mediated membrane fusion. a) Cell-cell fusion mediated by SARS-CoV-2
S protein. ITZ and EB inhibited the SARS-CoV-2 S-mediated syncytium formation on Vero cells at 24 h. 293T/EGFP, HEK-293T cells transfected with
vector (pAAV-IRES-EGFP), scale bars, 100 pm. b,c) Quantification of GFP-positive syncytia. Three images per condition were acquired and processed.
Data were normalized to PBS controls and depicted as fold changes in mean GFP expression. Dose-response curves and ICsqs of b) ITZ and c) EB on
inhibiting SARS-CoV-2 S-mediated syncytium formation. d,e) Inhibition of entry of SARS-CoV-2 PsV by d) ITZ and e) EB. SARS-CoV-2 PsV were pretreated
with gradient concentrations of ITZ or EB, then inoculated with 293T-ACE2 cells. The luciferase activity were measured 48 h post transduction. The blue
squares indicate the percent cytotoxicity of the ITZ or EB. Results are representative of n = 3. All experiments were done in triplicates and repeated three
times, data are expressed as means + S.D.(error bar).

Adv. Therap. 2021, 4, 2000224 2000224 (6 of 12) © 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com

www.advtherap.com

a Q,_fg b Qg’.\g
NS ITZ (uM) N Q Q & EB (uM)
& R & Q S & & & —
50 100 3 50
c d
::Eg'g%";‘:gg e +  SARS-CoV-2-HR1P/HR2P+TZ 5uM
= 40 gy 5 40— SARS-CoV-2-HR1P/HR2P
T SARS-COV-2-HR1PHR2P 8
o - ©
5 20 o, . E o2
0™ SiEY
2 0 g 4..?,1‘ .‘.”.s" ‘_‘?O (11 SRR § /f—__
° S ssensevosvasnost®® ¥ % ik .-
‘1; i) '. eeasest’ 4 g s % Sossrssssssnt®’ '..'
T - ER— Z - A
) L T L T v | L] 1 T T L T ] T ® 1
200 220 240 260 200 220 240 260
Wavelength(nm) Wavelength(nm)
e _ +  SARS-CoV-2-HR1P/HR2P+EB 5uM
L., o SARS-CoV-2-HR1P/HR2P
o
£
“g 20
.
> S
F ot ten
é S /
hat * -
g 27 - cop i,
T

T T 1
200 220 240 260

Wavelength(nm)

Figure 3. Molecular mechanism of ITZ and EB for inhibiting SARS-CoV-2 infection. a,b) Dose-dependent inhibition of 6-HB formation by ITZ (a) and
EB (b), as assesed by N-PAGE. HR1P (lane 2) were prtreated with indicated concentration of ITZ or EB, followed by the addition of HR2P (lane 3). ITZ
(a, lane 4-8) or EB (b, lane 4-7) inhibit the 6-HB (upper part) formation between HR1P and HR2P. c-e) ITZ and EB interfered the formation of 6-HB, as
analysed using CD spectroscopy. The CD profile of HR1P/HR2P mixture (10pM) showed the characteristic a-helical spectrum with double minima peak
at 208 and 222 nm (c). With the addition of ITZ (d) or EB (e), the secondary structures of 6-HB in HRTP/HR2P mixture were affected, showing a lower

a-helicity.

S-mediated syncytium formation (Figure 5c,e and Figure S4a,b,
Supporting Information). And the similar ICy, values on the
spike protein mediated cell fusion assays (Figure 5d.f) were
found. CD assays also showed ITZ can disrupt 6-HB forma-
tion of SARS-CoV and MERS-CoV (Figure 5g-h). However,
using the similar strategies, we could not detect significantly
antiviral ability for EB to inhibit SARS-CoV or MERS-CoV S
protein-mediated cell fusion and PsV infection (Figure S4c—f,
Supporting Information). N-PAGE and CD assays also showed
no effects for EB inhibiting 6-HB formation of SARS-CoV or
MERS-CoV (Figure S4g-n, Supporting Information). Those
data indicated ITZ and EB have different binding modes to
various coronaviruses, and ITZ may interact with more key
residues of S2 subunit of S protein, which consistent with the
docking data (Figure S1, Supporting Information). Meanwhile,
we found that ITZ and EB showed no cytotoxic effect on nor-
mal human bronchial epithelial cells (BEAS-2B) (Figure S5c,g,
Supporting Information), implying an acceptable toxicity of ITZ
and EB.
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SARS-CoV-2 poses a great threat to human life and economic
development. In fact, it has the potential to coexist with hu-
mans for a long time. Therefore, the emergency of specific
anti-hCoV drugs with broad-spectrum inhibitory activity is of
great significance for solving the current dilemma of COVID-19
and preventing possible coronavirus diseases in the future.
In our studies, ITZ and EB, viral fusion inhibitors, are drugs
repurposed from clinically approved drugs, they bind to the S
protein HR1 region to inhibit the SARS-CoV-2 entry, presenting
broading-spectrum inhibitory activity. It provides the new choice
to fight future hCoV pandemic.

3. Conclusion

We identified two drugs, ITZ and EB, can bind to pre-fusion
and post-fusion conformation of spike protein fusion domain
to prevent S protein-mediated viral invasion. Moreover, ITZ
presents anti-SARS-CoV and anti-MERS-CoV activities at
the several micromolar level, suggesting its broad-spectrum
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Figure 4. ITZ and EB inhibited authentic SARS-CoV-2 virus entry in vitro. a,b) Inhibition of SARS-CoV-2 infection by a) ITZ and b) EB. Vero-E6 cells
were pretreated with gradient concentrations of ITZ or EB for 1 hour and infected by SARS-CoV-2 at MOl = 0.05. Viral infection (red) and cell viability
(bule) were determined by using RT-qPCR and CCK-8 assays, respectively. c-f), There images per concentration of ITZ (c,d) or EB (e,f) were acquired,
as detected by using plaque assay. CQ (10 pM) was made as a positive control. (Data are represent as mean + SD of the percentage infection relative
to Mock, n = 3), Immunofluorescence images of g) ITZ or h) EB dose-dependently inhibiting SARS-CoV-2 N protein expression (blue: DAPI; green:
SARS-CoV-2 N protein). CQ (10 pm) was made as a positive control. Scale bars: 200 pm.

anti-coronavirus agents against multiple hCoV infections. To-
gether, ITZ has the potential to become a specific drug against
SARS-CoV-2 infection and broad-spectrum coronavirus inhibitor
to fight future coronavirus infections. Since many of these clin-
ically approved molecules have been advanced into the clinic,
the known pharmacological and human safety profiles of these
drugs will accelerate their preclinical and clinical evaluation for
COVID-19 treatment.
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4. Experimental Section

Materials: HEK-293T (Human, embryonic kidney), Vero (African
green monkey, kidney), Vero-E6 (African green monkey, kidney), and Huh-7
(Human, liver) cells were cultivated in Dulbecco’s Modified Eagle Medium
(Gibco) supplemented with 10% fetal bovine serum (Capricorn Scientific),
100 U mL~" of penicillin and 0.1 pg mL~" of streptomycin (Gibco). HEK-
293T cells that stably express human ACE2 (293T-ACE2) have been de-
scribed previouslyl'3] and were cultivated in the presence of 2 pug mL™!

© 2021 Wiley-VCH GmbH
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Figure 5. The inbition of ITZ on SARS-CoV and MERS-CoV PsV infection. a,b) Pseudovirus infection (red) and cell viability (bule) were determined by
using luciferase and CCK-8 assays, respectively. Dose-response curves and |Csys of ITZ on inhibiting the entry of a) SARS-CoV PsV and b) MERS-CoV
PsV. Each data point represents the mean of there technical replicates (n = 3), data are expressed as means + SD (error bar). c) Cell-cell fusion mediated
by SARS-CoV S protein. Vero-E6 cells transiently expressed SARS-CoV S protein and EGFP (293T//SARS-CoV-S/EGFP). ITZ (10, 20pm) significantly
inhibited SARS-CoV S-mediated syncytium formation. Vero-E6/EGFP, Vero-E6 cells transfected with vector (pAAV-IRES-EGFP), scale bars, 100 pm. d)
Dose-response curve and ICsq of ITZ on inhibiting SARS-CoV S-mediated syncytium formation. e) ITZ (10, 20pm) inhibited the MERS-CoV S-mediated
syncytium formation on Huh-7 cells at 24 h. 293T/EGFP, HEK-293T cells transfected with vector (pAAV-IRES-EGFP). Scale bars, 100 pm. f) Dose-response
curve and ICsq of ITZ on inhibiting MERS-CoV S-mediated syncytium formation and quantification of GFP-positive syncytia. Three images per condition
were acquired and processed. Data were normalized to PBS controls and were depicted as fold changes in mean GFP expression. g,h) ITZ interfered
with the formation of 6-HB of g) SARS-CoV or h) MERS-CoV, as analysed using CD spectroscopy. The CD profiles of SARS-CoV HR1P/HR2P (15 pym) and
MERS-CoV HR1P/HR2P mixture (10 pm) showed the characteristic a-helical spectrum with double minima peak at 208 and 222 nm. With the addition of
ITZ (40 pm for SARS-CoV and 10 ym for MERS-CoV), the secondary structures of 6-HB in HR1P/HR2P mixture were affected, showing a lower a-helicity.
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puromycin (Invivogen). BEAS-2B (Human, epithelial cells were isolated
from normal bronchial epithelium) was cultured in Lonza BEGM Bul-
letKit (Lonza). All cell lines were obtained from ATCC (Manassas, VA) and
were incubated at 37 °C and 5% CO, in a humidified atmosphere. ITZ
and EB were purchased from TargetMol (China). The peptides, including
SARS-CoV-2 HR1P (residues 924-965), SARS-CoV-2 HR2P (residues 1168-
1203),136] SARS-CoV HR1P (residues 892-931), SARS-CoV HR2P (residues
1153-1189),[321 MERS-CoV HR1P (residues 998-1039), and MERS-CoV
HR2P (residues 1251-1286)3°] were synthesized by GL Biochem Ltd
(China).

Plasmids encoding SARS-CoV S glycoprotein (pcDNA3.1-SARS-CoV
S), SARS-CoV-2 S glycoprotein (pcDNA3.1-SARS-CoV-2 S and pAAV-
IRES-EGFP-SARS-CoV-2 S) and MERS-CoV S glycoprotein (pcDNA3.1-
MERS-CoV S and pAAV-IRES-EGFP-MERS-CoV S) have been described
previously.3”l Empty luciferase reporter vector (pNL4-3.Luc.R-E-) was
maintained in our laboratory. Plasmid pAAV-IRES-EGFP was purchased
from Hedgehogbio Science and Technology Ltd.

Structure-Based Virtual Screening: Virtual screening strategies were
modified from previous studies in screening Ebola virus fusion
inhibitors.[?°! Pre-fusion structure (pdb code: 6vsb) and post-fusion core
of 6-HB structure (pdb code: 6LXT) were selected as the docking struc-
ture. In pre-post structure, a channel between two protomers close to
HR1 region at S2 fusion domain of the spike protein was defined as the
docking site. In the post-fusion structure, one of the HR2 residues from
1163 to 1197 were removed and the channel occupied by this HR2 was
defined as the docking grid, clinically approved drugs from DrugBank
were prepared in MGLTools1.5.4 and virtual screening was performed
via program autodock vina. For each drug docking, ten binding modes
were analyzed and the pose with top score was selected according to
the binding affinity from computation, and further manually checked the
interaction.

Cell-Cell Fusion Assay: To prepare effector cells (293T//SARS-CoV-2-
S/EGFP), HEK-293T cells were transfected with pAAV-IRES-GFP-SARS-
CoV-2 S or vehicle pAAV-IRES-GFP for 48 h with Polyjet (SignaGen) trans-
fection. Targeted cells (Vero) were seeded in 96-well plates (10* cells for
each well) 4 h prior to cell-cell fusion assay. 293T//SARS-CoV-2-S/EGFP
cells were incubated with ITZ or EB at room temperature for 30 min and
were overlaid on Vero cells with 2 x 10* cells well~'. 293T/EGFP cells were
used as a negative control. After 24 h incubation, the samples were visual-
ized by bright-field and fluorescence-field microscopy using a Zeiss scan-
ner and the ZEN imaging software.

To prepare Vero-E6//SARS-CoV-S/EGFP cells as described before,[*%]
Vero-E6 cells were grown on coverslips in 24-well plates and transfected
with pAAV-IRES-GFP-SARS-CoV S or pAAV-IRES-GFP with Polyjet (Sig-
naGen) transfection. After 6 h, Vero-E6//SARS-CoV-S/EGFP cells were
treated with gradient concentrations of ITZ for 24 h. Cells were incu-
bated for 1 h in serum-free medium containing of 2 pg mL™" trypsin to
induce fusion. The medium were replaced with fresh DMEM containing
10% FBS, and the cells were incubated for 6 h. Vero-E6/EGFP cells were
used as a negative control. The samples were visualized by bright-field and
fluorescence-field microscopy using a Zeiss scanner.

To prepare effector cells (293T//MERS-CoV-S/EGFP), HEK-293T cells
were transfected with pAAV-IRES-GFP-MERS-CoV S or pAAV-IRES-GFP
for 48 h with Polyjet (SignaGen) transfection. After Huh-7 cells were co-
cultured with 293T//MERS-CoV-S/EGFP or 293T/EGFP cells in the ab-
sence or presence of ITZ or EB for 48 h, cell-cell fusion were photographed
under a Zeiss microscope with fluorescence or bright light.

Pseudovirus (PsV) Assay:  Pseudovirus was produced by co-transfection
HEK-293T cells with pNL4-3.Luc.R-E- and plasmids encoding either SARS-
CoV-2 S, SARS-CoV S or empty vector by using PolyJet (SignaGen). MERS-
CoV PsV were produced by co-transfection 293T cells with psPAX2, pLenti-
GFP, and plasmid encoding MERS-CoV S by using PolyJet (SignaGen). The
PsV supernatants were harvested at 48 h post transfection, centrifuged at
2000 x g for 10 min and passed through 0.45 um filter to remove cell de-
bris. For infection, target cells (293T-ACE2, Vero-E6 or Huh-7) were grown
in 96-well plates until they reached 60-80% confluency. PsV supernatant
were mixed with gradient concentrations of ITZ or EB at room tempera-
ture for 30 min. Then 100 pL well~" of the respective mixture were added
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to target cells (triplicate samples). At 48 or 72 h post-transduction, culture
supernatants were aspirated, and cells were lysed with 1x cell lysis reagent
(Promega) for 10-15 min at room temperature. The cells lysates were then
transferred to white, opaque-walled 96-well plates, and luciferase activity
was quantified by measuring luminescence upon addition of luciferase as-
say substrate (Promega) using a Synergy HTX (Bio Tek).

Native-PAGE (N-PAGE): N-PAGE was used to detect the inhibitory
activity of ITZ or EB on formation of 6-HB between HR1P and HR2P as
described previously. SARS-CoV-2 HR1P was dissolved in ddH,0O, and
SARS-CoV-2 HR2P was dissolved in phosphate buffer (pH 7.4). HR1P
(30 pm) with or without indicated concentration of ITZ or EB were incu-
bated at room temperature for 30 min, followed by the addition of HR2P
(30 pm). The mixtures were incubated for another 30 min and separated by
18% Tris-glycine gel with constant 125 V at room temperature for 2 h. The
gel was stained with coomassie blue staining (HaoMa Biotechnology) and
imaged with a Tanon 2500-B scanner (Tanon Science and Technology).

Circular Dichroism Spectroscopy:  CD spectra were monitored on a Chi-
rascan plus ACD (Applied Photophysics Ltd). HR1P and HR2P (from
SARS-CoV-2/ SARS-CoV / MARS-CoV for ITZ) were dissolved in buffer
(0.1 m KCl, 0.05 m POy, pH 7.2) at a final concentration of 10 pym. Briefly,
HRT1P were incubated with PBS or drugs at 25 °C for 30 min, followed
by addition of HR2P (10 pm). After further incubation for 30 min, the CD
wave scans were measured from 190 to 260 nm at 4 °C with the bandwidth
of 2 nm and the step size of ITnm. The [6],,, value of —33 000 deg cm?
dmol~T was taken to correspond to 100% a-helical content as described
previously.3!

Assay of Antiviral Activities of ITZ and EB with authentic SARS-CoV-2
In Vitro:  Authentic SARS-CoV-2 (isolate Wuhan-Hu-1) was preserved at
Wuhan institute of virology, Chinese Academy of Sciences. Its associ-
ated operations were all performed in a biosafety level 3 (BSL-3) facil-
ity. The target Vero-E6 cells were pre-treated with gradient-diluted 1TZ
or EB for 1 hour, and SARS-CoV-2 virus were then added at a multiplic-
ity of infection (MOI) of 0.05. The viruses and cells were incubated for
1 h at 37 °C. After that, fresh medium with corresponding concentra-
tions of ITZ or EB were added. Supernatants were lysed using MiniBEST
Viral RNA/DNA Extraction Kit (Takara) 24 h later, and the viral RNAs
were reversed transcription with PrimeScriptTM RT reagent Kit and gDNA
Eraser (Takara), viral copies in cell supernatants were quantified from viral
cDNA by a standard curve method on ABI 7500 (Takara TB Green Pre-
mix Ex Taq Il, Japan) with a pair of primers targeting S gene. The for-
ward primer 5’-GCTCCCTCTCATCAGTTCCA-3’ and the reverse primer: 5’
CTCAAGTGTCTGTGGATCACG-3'.

Indirect Immunofluorescence Assay: Vero-E6 cells collected from the
authentic SARS-CoV-2 inhibition assay as described above were fixed by
4% paraformaldehyde (Bio-Rad), permeabilized with 0.2% Triton X-100
(Sigma) for 30min. Non-specific binding sites were blocked with 2% skim
milk and incubated Anti-NP polyantibodies. Subsequently, cells were in-
cubated with goat-anti-Rabbit IgG H&L (Alexa Fluor 488) (Abcam) for 1
h followed counterstained with DAPI staining solution. Fluorescence im-
ages were acquired using Axio Observer microscope (Zeiss).

Plague Reduction Assay: Vero-E6 cells were seeded in 24-well plates
overnight. Cellular supernatants collected from the authentic SAR-CoV-2
inhibition assay were first diluted 1000 folds with 2% FBS DMEM, and
then 200 pL liquor were added to each well and incubated with the cells
for 1 h at 37 °C. After that, inoculum was absolutely removed, cells were
washed twice with PBS, and the monolayer cells were overlaid with 2%
FBS DMEM containing 0.9% methylcellulose. Four days later, the methyl-
cellulose medium were aspirated, and cells were washed with PBS. After
fixing by 4% paraformaldehyde overnight (Bio-Rad), cells were followed by
staining with 1% crystal violet. The plaques were manually counted and
the pictures were captured with a Leica Camera.

Flow Cytometry Assay:  SARS-CoV-2 RBD-Fc protein was expressed and
purified according to previous study.[*?] Flow cytometry analysis was car-
ried out as described previously.!*!l Briefly, the 293T-ACE2 cells were
plated in 12-well plates overnight. RBD-Fc protein (2 pg mL™") were pre-
incubated with different concentration of ITZ or EB at room temperature
for 30 min. The mixture was added to 293T-ACE2 cells and incubation at
37 °Cfor 20 min. After staining with goat anti-human FITC-conjugated I1gG
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antibody (1:500, Sigma), the cells were analyzed by flow cytometer (BD
FACSCanto 1) and Flowjo software.

Biolayer Interferometry:  The SARS-CoV-2 S protein was expressed and
purified from 293F cells according to previous studies.[®#2] S protein was
immobilized on the streptavidin (SA) biosensors via reagent NHS-PEG 12-
Biotin (Thermo Fisher, USA). Biotin-S protein was diluted in PBS to a con-
centration of 20 yg mL~" and loaded for 300 s. BLI assays were performed
on the FortBio Octet K2 instrument and the affinity constant (Kp), associ-
ation rate constant (K,,) and dissociation rate constant (K g) were calcu-
lated using 1:1 binding model on GraphPad Prism software version 8.0.

Cytotoxicity Assay: ~ Cytotoxicity of drugs to cells (Vero-E6, Vero, Huh-7,
293T-ACE2, BEAS-2B) was detected by Cell Counting Kit-8 (CCK-8) (Top-
science). Briefly, cells were seeded into 96-well plates (10* per well) and
cultured at 37 °C overnight. A total 100 pL of DMEM containing indicated
concentrations of ITZ or EB was added to cells. Following 24, 48, or 72 h
incubation, 10 pL of CCK-8 solution was dropped to each well 4 h prior to
the measurement of absorbance at 450 nm.

Statistical Analysis: All statistical data analyses were performed in
Prism version 8.0. ECsy and ICsq values were calculated using a one-way
analysis of variance (ANOVA), p values < 0.05 were considered significant.
For details regarding the statistical tests applied, please refer to the figure
captions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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