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KEY WORDS Abstract The nucleocapsid protein (NP) plays a crucial role in SARS-CoV-2 replication and is the
most abundant structural protein with a long half-life. Despite its vital role in severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) assembly and host inflammatory response, it remains an unex-
plored target for drug development. In this study, we identified a small-molecule compound (ciclopirox)
that promotes NP degradation using an FDA-approved library and a drug-screening cell model. Ciclopir-
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iﬁgfi:i:ggregaﬁon; ox significantly inhibited SARS-CoV-2 replication both in vitro and in vivo by inducing NP degradation.
Protein degradation; Ciclopirox induced abnormal NP aggregation through indirect interaction, leading to the formation of
Autophagy—lysosome; condensates with higher viscosity and lower mobility. These condensates were subsequently degraded
Drug target via the autophagy-lysosomal pathway, ultimately resulting in a shortened NP half-life and reduced NP

expression. Our results suggest that NP is a potential drug target, and that ciclopirox holds substantial
promise for further development to combat SARS-CoV-2 replication.
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1. Introduction

As the coronavirus disease 2019 (COVID-19) pandemic caused by
SARS-CoV-2 enters its fourth year, more than 700 million cases
have been reported, resulting in over 6.9 million deaths'. Although
multiple vaccines and drugs are currently being approved>, the
public health threat posed by the virus remains significant, mainly
because of its rapid mutation®. Therefore, it is crucial to develop
new potential targets and drugs to establish a foundation for the
prevention and control of new mutant strains and emerging in-
fectious diseases.

SARS-CoV-2 is a positive-sense RNA virus with a genome
length of approximately 30 kb. It encodes four structural proteins:
the spike, envelope, membrane, and nucleocapsid proteins’.
Among these proteins, nucleocapsid protein (NP) is highly
expressed in infected cells and conserved across various SARS-
CoV-2 strains®. The NP consists of two domains: the N-terminal
domain (NTD) and the C-terminal domain (CTD)’. The NTD
binds to RNA for genome packaging, whereas the CTD facilitates
NP dimerization for capsid assembly®’. Additionally, NP interacts
with host proteins and plays a role in multiple inflammatory re-
sponses and immune-regulatory processes'”. Previous studies have
reported that NP activates the inflammatory signaling pathway,
disrupts the innate immune response, and contributes to the
development of a cytokine storm or “long COVID”''"'?. There-
fore, reducing NP expression can considerably attenuate the viral
replication capacity and lung inflammatory response. Considering
the critical role of NP in SARS-CoV-2 replication, it is a crucial
target for drug development. Based on virtual screening, several
studies have identified small molecular compounds targeting NP,
such as K31'%, arbidol, ceftriaxone'’, and phenanthridine de-
rivatives'®, which specifically interfere with the interaction be-
tween the NTD and viral genomic RNA. Other studies have
reported compounds that disrupt the phase separation of NP, such
as 1,6-hexanediol'’, GCG'®, PJ34, and CV218'’. Additionally,
certain inhibitors, including alectinib, which targets SRPK1/2%,
and lithium, which targets GSK-3, have been found to decrease
viral propagation by suppressing NP phosphorylation®'.

Despite the discovery of inhibitors that interfere with the
normal physiological functions of NP, no NP inhibitors have been
approved for clinical use. This is mainly because the binding
pocket between the NP and the inhibitor is structurally highly
dynamic, hindering the stability of the inhibitor binding to the NP.
Moreover, NP wraps intricately with viral RNA and folds into a
ribonucleoprotein complex, leading to a lower drug binding effi-
ciency®”. Furthermore, we previously found that NP exhibited
unusual stability with a super-long half-life of at least 48 h
(Supporting Information Fig. STA and S1B). However, no small-
molecule compounds that promote NP degradation have been
reported. Therefore, given the difficulties in developing functional
NP inhibitors and the high-abundance signature caused by the
super-long half-life of NP, this study aimed to identify small-
molecule compounds that promote NP degradation.

Ciclopirox is an antifungal agent”’, with anticancer and anti-
viral effects®®. Ciclopirox strongly inhibits the replication of

HSV1 and HSV2. Ciclopirox blocks the enzymatic activity of the
nucleotidyl transferase superfamily, which is essential for HSV
replication”*®. Several studies have reported that ciclopirox
effectively inhibits HIV replication. Ciclopirox acts as a DOHH
inhibitor by interfering with the hypusination modification of
elF5A, ultimately causing an HIV maturation disorder’’*%,
Moreover, ciclopirox inhibits HBV replication by binding to the
core dimer—dimer interface to disrupt HBV capsid assembly”’. In
the present study, we found that ciclopirox markedly suppressed
SARS-CoV-2 replication, both in vitro and in vivo. Mechanisti-
cally, ciclopirox induced NP to form abnormal condensates, which
were then degraded via the autophagy—lysosomal pathway. Our
findings suggested that NP might serve as a potent antiviral target
and the NP inhibitor, ciclopirox, might be a promising drug for
inhibiting SARS-CoV-2 replication.

2. Materials and methods

2.1. Cell lines and cell culture

HEK293T, Vero-E6, HeLa-ACE2, and HeLa-NP cells were
cultured in Dulbecco’s modified Eagle’s medium (11,960,044,
Gibco, Grand Island, USA) supplemented with 10% fetal bovine
serum (FBS, 10,099,158, Gibco). Calu-3 cells were maintained in
MEM (11,090,081, Gibco) supplemented with 20% FBS. HeLa-
ACE2 cells expressing human ACE2 were generated via trans-
duction with an ACE2-expressing lentiviral vector. HeLa-NP cells
expressing the SARS-CoV-2 NP were generated by transduction
with an NP-expressing lentiviral vector.

2.2.  Compound preparation and cell viability assay

An FDA-approved compound library was purchased from MCE
(HY-L022, MCE, NJ, USA). Ciclopirox was obtained from the
MCE for in vitro and in vivo experiments. Ferrous sulfate was
obtained from the Sigma (PHR1483, Merk KGaA, Darmstadt,
Germany). Cell viability was measured using a cell counting kit 8
(C0037, Beyotime, Shanghai, China). The 50% maximal effect
concentration (ECsg) and 50% cytotoxic concentration (CCsg)
values were calculated using GraphPad Prism software (version
6.0).

2.3.  SARS-CoV-2 virus preparation and infection

The SARS-CoV-2 WT, delta, and Omicron strains were isolated
from nasopharyngeal aspirate specimens sourced from COVID-19
patients in SHENZHEN Third People’s Hospital. The virus was
expanded in Vero-E6 cells and stored at —80 °C. When per-
forming viral infection experiments, Calu-3 and HeLa-ACE2 cells
were usually infected with an MOI of 0.5 for 1 h at 37 °C, while
Vero-E6 with an MOI of 0.05. All experiments involving SARS-
CoV-2 infection were performed in the Biosafety Level 3 labo-
ratory of SHENZHEN Third People’s Hospital, following stan-
dard operating procedures.
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2.4.  Viral titers assay

The viral titers of SARS-CoV-2 were determined using a focus-
forming assay (FFA). Briefly, cell supernatants were collected after
treatment with the compound, and virus were collected and serial
dilutions of the supernatants were transferred into a 96-well plate
seeded with Vero-E6 cells at 37 °C for 1 h. The inocula were removed
and fresh medium containing carboxymethylcellulose (419,273,
Sigma) was added. After 24 h, the plates were fixed with 4% para-
formaldehyde (E672002, Sangon, Shanghai, China) for 30 min and
permeabilized with 0.1% TritionX-100 (85,111, Thermo Fisher
Scientific, Waltham, MA, USA) for 30 min. Horseradish peroxidase
(HRP)-conjugated  anti-SARS-CoV-2  nucleocapsid  antibody
(40,143-R040-H, Sino Biological, Beijing, China) was added to the
plates and incubated for 2 h at room temperature. The plates were
washed with PBS and incubated with True Blue peroxidase substrate
(5510-0030, Seracare Life Sciences, USA) for approximately 10 min
at room temperature. SARS-CoV-2 titers were calculated using an
ELISpot system (Cytation 7, Bio-Tek, Vermont, USA). Viral titers
were calculated as FFU per mL.

2.5.  RNA extraction and quantitative RT-PCR

Total RNA was extracted from cells or animal lungs using TRIzol
reagent (DP424, TIANGEN, Beijing, China) following the man-
ufacturer’s instruction. The RNA was transcribed into cDNA using
the FastKing cDNA kit (KR118, TIANGEN). Quantitative anal-
ysis of the target genes was performed through quantitative
reverse transcription polymerase chain reaction (RT-qPCR) using
the SYBR Green qPCR Kit (FP205, TTANGEN). The primer se-
quences used are listed in the Supporting InformationTable S1.

2.6.  Animal experiments

The 6—8 weeks old BALB/C mice were intranasally transduced
with 2.5 x 10® FFU AD5-hACE2. Seven days later, the mice
were anesthetized and intranasally inoculated with the WT SARS-
CoV-2 strain. The SARS-CoV-2-infected mice were treated with
20 mg/kg/day ciclopirox or dimethyl sulfoxide (DMSO) diluted in
60% propylene glycol and 30% physiological saline for 5 days. Sub-
sequently, the mice body weights were monitored daily until they were
sacrificed at the end of the experiment. Their lungs were then harvested
to assess viral titers, RT-qPCR, hematoxylin and eosin (H&E) staining,
and immunofluorescence staining. Animal experiments involving
authentic SARS-CoV-2 were conducted at the Guangzhou Customs
District Technology Center ABSL-3 Laboratory. The experimental
animal procedures used in this study were approved by the Institutional
Animal Care and Use Committee of the Affiliated First Hospital of
Guangzhou Medical University (No. 20230058).

2.7.  Immunohistochemical (IHC) assay

THC assays were performed previously described®’. Tissue sec-
tions were stained with H&E to assess pathological changes and
were subsequently stained with primary anti-SARS-CoV-2 NP
(1:400; AB2827975, Sino Biological) and secondary antibodies to
test for SARS-CoV-2 antigen expression.

2.8.  Western blotting

Cells were lysed with RIPA buffer (P0013C, Beyotime), and the
lysates were centrifuged at 13,000 rpm for 15 min (Eppendorf

5424R). The supernatants were collected and mixed with the
loading buffer for 10 min. Subsequently, samples were separated
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
followed by blotting onto PVDF membranes. The membranes
were blocked with milk and then incubated using the following
primary antibodies: anti-SARS-CoV-2 NP (1:3000, AB2827975,
Sino Biological), anti-SARS-CoV-2 spike (1:1000, 40,591-R235,
Sino Biological), anti-HA (1:1000, MA1-12429, Thermo Fisher
Scientific), anti-Strep (1:2000, MAS5-17283, Thermo Fisher Sci-
entific), anti-His (1:1000, MA1-21315, Thermo Fisher Scientific),
anti-GAPDH (1:3000, 10,094-MM13, Sino Biological), and anti-
B-actin (1:3000, AF0003, Beyotime). Afterward, the membranes
were incubated with HRP-conjugated anti-IgG (1:5000, HS101,
TransGen Biotech, Beijing, China) and detected using a chem-
iluminescence detection ECL kit (32,106, Thermo Fisher Scien-
tific) and a ChemiDoc Imaging system (ChemiDocMP, BIO-RAD,
California, USA). The results were quantified using the Imagel]
software.

2.9.  His-Ub pull-down assay

HEK?293T cells were seeded into 6-well plates at 80%—90%
density. The cells were transfected with the plasmid His-Ub or
vector and harvested using 8 mol/L urea lysis buffer (8 mol/L
urea, 500 mmol/L NaCl, 10 mmol/L imidazole, 10 mmol/L Tris-
HCI pH 8.0, 10% glycerol, and 0.1% Triton X-100) on ice for 1 h.
The cell lysate was centrifuged at 12,000xg for 10 min (Centri-
fuge 5424R, Eppendorf, Hamburg, Germany), and the superna-
tants were incubated with Ni-NTA agarose (600,442, Thermo
Fisher Scientific) and rotated for 2 h at 4 °C. The agarose was
washed approximately four times with the urea lysis buffer.
Subsequently, the samples were eluted with buffer (0.15 mol/L
Tris-HC1 pH 6.7, 200 mmol/L imidazole, 5% SDS, 0.72 mol/L
B-ME, and 30% glycerol) and then subjected to Western blot
analysis.

2.10.  Confocal immunofluorescence microscopy and
fluorescence recovery after photobleaching assay

For the immunofluorescence assay, HeLa cells cultured on glass
coverslips were transfected with the NP-GFP plasmid or infected
with SARS-CoV-2. The cells were fixed with 4% para-
formaldehyde for 30 min, permeabilized with 0.3% Triton X-100,
and blocked with 5% BSA. The infected cells were incubated with
the appropriate primary: for NP, 1:400 (AB2827975, Sino Bio-
logical); for Spike, 1:200 (40,591-R235, Sino Biological); for
LAMPI, 1:40 (9091, CST, Massachusetts, USA); for LC3B, 1:50
(L7543, Sigma) and secondary antibodies (Alexa Fluor, Thermo
Fisher Scientific) and washed with PBS. After counterstaining the
nuclei with DAPI (5 pg/mL, C1002, Beyotime), the slides were
examined under a fluorescence confocal microscope (LSM 980,
Zeiss, Jena, Germany).

Furthermore, the fluorescence recovery after photobleaching
(FRAP) assay was conducted at the live cell level using a Zeiss
980 fluorescence confocal microscope with a 63x oil immersion
objective. The NP spots induced by ciclopirox or poly(I:C) were
photobleached with 100% laser power using a 488 nm laser, and
time-lapse images were captured after bleaching. The recovery of
fluorescence intensity from photobleaching was recorded in an
Excel table at the indicated time points. Excel data were processed
using ImageJ and Graphpad Prism6.0.



2508

Xiafei Wei et al.

2.11.  Cellular thermal shift assay

The cellular thermal shift assay (CETSA) assay was performed
as previously described”’. For cell lysate CETSA, cells
expressing NP were seeded into a 24-well plate and harvested
using trypsin solution. The cell precipitates dissolved in 1 mL
PBS buffer (containing 1 g/L glucose, 0.5% DMSO, and
1 x cocktail protease inhibitor) were lysed by freeze-thawing
four times through liquid nitrogen and centrifuged at
13,000 rpm for 10 min at 4 °C (Eppendorf 5424R). Equal
amounts of supernatant were distributed into PCR tubes and

incubated with ciclopirox or DMSO for 30 min at room tem-
perature. The mixture was heated with a gradient from 45 to
55 °C in a PCR thermocycler for approximately 3 min and then
cooled on ice for 5 min. The soluble and insoluble proteins were
separated by centrifugation at 13,000 rpm for 30 min (Eppendorf
5424R). Soluble proteins were collected and analyzed using
Western blotting.

For the intact cell CETSA, the cells expressing NP were
treated with ciclopirox or DMSO for 3 h at 37 °C. Drug-treated
cells were harvested and resuspended in PBS, and equal amounts
of the suspension were placed in PCR tubes. The samples were
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Identification of small molecule compounds that promoted NP degradation from FDA-approved library. (A) Diagram of the Lenti-NP-

GFP-Blast plasmid. (B) Construction of an NP-GFP stable cell line using a lentiviral system. (C) The strategy of the compound screening system for
identifying NP inhibitors. (D) HeLa-NP-GFP cells were treated with compounds (the concentrations were 0, 1, 5, and 10 umol/L) for 48 h. The cells
were fixed with 4% paraformaldehyde and then incubated with DAPI. The signal ratio GFP/DAPI was scanned and calculated using Cytation 7
(n = 3). (E—H) The HeLa-NP cells were treated with compounds for 48 h. The cells were collected and the NP/GAPDH protein level was detected
by Western blotting. (I) The chemical structure of ciclopirox. (J) HeLa and Calu3 cells were treated with ciclopirox to determine the CCsq using the
CCK8 agent (n = 3). (K, L) HeLa cells were transfected with plasmid NP-HA or vector GFP for 8 h, and then the cells were treated with ciclopirox
for 48 h. The protein samples were analyzed using Western blotting. (M, N) The mRNA levels of NP-HA plasmid-transfected or HeLa-NP cells
were treated with ciclopirox for 48 h. The RNA was extracted with TRIzol and determined through RT-qPCR. Statistical significance was
determined using the one-way ANOVA, “ns” indicates no significant difference. Data are presented as mean + SD, n = 3.
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then heated using a thermocycler and lysed four times in liquid
nitrogen by freeze-thawing. The soluble proteins were separated
and detected as described above.

2.12.  The half-life assays

For the half-life assay of NP protein, the cells expressing NP were
seeded into 24-well plates and allowed to reach approximately
90%—100% confluence. The cells were treated with different
concentrations of ciclopirox or DMSO for 48 h and then treated
with the protein synthesis inhibitor-cycloheximide (CHX, HY-
12320, MCE) (100 pg/mL). The cells were harvested at the
indicated time points and analyzed using Western blotting.

For the half-life assay of NP mRNA, the cells expressing NP
were seeded into a 12-well plate for 24 h. The cells were treated
with DMSO/ciclopirox and actinomycin D (HY-17559, MCE)
(0.5 pg/mL). The RNA was harvested by TRIzol agent at the
indicated time points and analyzed by RT-qPCR.

2.13.  Surface plasmon resonance (SPR) assay

The SARS-CoV-2 Nucleocapsid protein (40588-VO7E15, Sino
Biological) was directly immobilized through amine coupling on
the CMS chip using the SPR instrument (Biacore 8K, Cytiva,
Uppsala, Sweden), and the sample was used as the analyte.
Diluting the analyte to the different concentrations by the running
buffer and then performing kinetic detection. Biacore 8K Software
v.3.0.12.15655 was used for binding studies.

2.14.  Isothermal titration calorimetry (ITC)

The binding assay of ciclopirox to NP was performed by an ITC
instrument (PEAQ-ITC, MicroCal, Massachusetts, USA) at 25 °C.
The ciclopirox and NP (40,588-VO7E1S5, Sino Biological) were
dissolved in assay buffer (20 mmol/L Tris pH 8.0, 20 mmol/L
NaCl, 0.2% DMSO). 200 umol/L of ciclopirox in the syringe was
injected into the sample cell containing 20 pmol/L of NP solution.
Data was determined by the MicroCal PEAQ-ITC analysis soft-
ware to obtain AH, AS, and K values.

2.15.  Statistical analysis

All experiments were repeated at least three times and all results
in the figures are presented as the mean =+ SD. Unpaired Student’s
t-test, one-way ANOVA, and two-way ANOVA were performed
using GraphPad Prism 6. Differences were considered statistically
significant when P < 0.05 (¥), P < 0.01 (**), P < 0.001 (¥%*%*),
and P < 0.0001 (¥*%*%).

3. Results

3.1.  Identification of small molecule compounds that promoted
NP degradation from FDA-approved compounds

To screen for small molecule compounds that promote NP
degradation, we first engineered a cell model to screen drugs
targeting NP. An NP-GFP plasmid containing a GFP tag fused to
the C-terminus of NP was constructed (Fig. 1A). This plasmid was
integrated into HeLa cells by lentiviral packaging and the cell line
was named HeLa-NP-GFP (Fig. 1B). As shown in Fig. 1C, these
compounds underwent screening and validation. The FDA

compound library containing 1800 compounds was tested in the
first screening using the HeLa-NP-GFP cell line. Approximately
47 compounds with a 1.5-fold decrease in the GFP signal were
selected for drug dose-effect validation. 10 out of the 47 com-
pounds induced a dose-dependent response of GFP activity in
HeLa-NP-GFP cells (Fig. 1D). These 10 compounds were tested
in HeLa-NP cells for their ability to reduce NP expression. Four
compounds (mitomycin C, monensin sodium, ciclopirox, and iri-
notecan) caused a dose-dependent reduction in NP expression
(Fig. 1IE-H). The CCs, of the four compounds was evaluated in
HeLa cells. The CCKS results showed that ciclopirox had a higher
CCsp, while the other three compounds had lower CCsg
(Supporting Information Fig. S1IC-S1F). Thus, we prioritized
ciclopirox for further study.

The chemical structure of ciclopirox is shown in Fig. 1I. The
CCs of ciclopirox in HeLa-ACE2 and Calu3 cells was 52.4 and
96.5 umol/L, respectively (Fig. 1J). Ciclopirox treatment caused a
dose-dependent NP reduction in a transiently transfected NP
system (Fig. 1K) but did not reduce GFP or mCherry expression in
a GFP or mCherry transiently transfected system (Fig. 1L and
Fig. S1G). Immunofluorescence results also showed that ciclo-
pirox specifically reduced the NP expression, but did not affect the
expression of GFP and mCherry (Fig. S1H). We further evaluated
the effects of ciclopirox on the expression of other structural and
non-structural proteins of SARS-CoV-2. The Western blot results
revealed that ciclopirox did not reduce the expression levels of
other structural and non-structural proteins except for NP
(Fig. S11—-S1U), indicating that the ability of ciclopirox to reduce
NP expression was specific.

To analyze how ciclopirox reduced the expression level of NP,
we first examined the effect of ciclopirox on the transcription level
of NP. As shown in Fig. IM and N, ciclopirox did not inhibit the
synthesis of NP mRNA during either transient transfection or
stable expression of NP. Additionally, we also examined whether
ciclopirox degraded NP mRNA. After treatment with actinomycin
D (RNA synthesis inhibitor), the effect of ciclopirox on the half-
life of NP mRNA was detected at the indicated time points. The
RT-gPCR results showed that compared with DMSO treatment,
ciclopirox treatment could not accelerate the degradation of NP
mRNA (Fig. S1V). These results suggested that ciclopirox
inhibited NP expression mainly at the protein level rather than at
the transcriptional level.

3.2.  Ciclopirox induced an abnormal NP aggregation by
indirectly interacting with NP

Since the expression of NP was very strong during both transient
transfection and stable expression, this might partially mask the
efficacy of ciclopirox. To further determine whether ciclopirox
promoted NP degradation, we generated a cell line expressing
tetracycline/doxycycline-inducible NP expression (HeLa-TRE-
NP-tTA) (Supporting Information Fig. S2A). The doxycycline
treatment increased intracellular NP levels in a dose-dependent
manner (Fig. 2A). In this cell line, ciclopirox potently induced
NP degradation, and this phenomenon was most prominent at low
NP expression level (Fig. 2B-D). Consistent with the above re-
sults, we also demonstrated that ciclopirox did not affect the
degradation rate of NP mRNA using the HeLa-TRE-NP-tTA cell
line (Fig. S2B). To study the mechanism by which ciclopirox
induced NP degradation, the interaction between ciclopirox and
NP was analyzed using CETSA. First, the NP thermal stability
was assessed using CETSA. The NP was denatured at different
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Figure 2  Ciclopirox induced an abnormal aggregation of NP by indirectly interacting with NP. (A—D) HeLa-TRE-NP-tTA cells were treated
with doxycycline or ciclopirox for 48 h. Protein levels were determined using Western blotting. (E, F) HeLa-TRE-NP-tTA cells were treated with
0.1 pmol/L doxycycline for 24 h. The cells were lysed with liquid nitrogen and protein samples were collected and incubated with ciclopirox or
DMSO for the CETSA. CETSA results are shown through Western blotting. Gray values were calculated using ImageJ software. (G, H) HeLa-
TRE-NP-tTA cells were first treated with 0.1 pmol/L doxycycline for 24 h and then incubated with ciclopirox for 3 h. The cells were heated and
lysed for CETSA. In (F) and (H), data are presented as mean & SD, n = 3. (I) HeLa cells were transfected with NP-GFP plasmid. 8 h later, the
cells were treated with different concentrations (0, 5, and 10 pmol/L) of ciclopirox for another 48 h or transfected with poly(I:C) for 6 h. The cells
were immunostained. Scale bar, 100 pm. Expanded views are also shown. (J, K) HeLa cells expressing the NP-GFP protein were stimulated by
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temperatures. The results revealed that the NP thermal stability
exhibited a good gradient trend when it was at an interval tem-
perature of 40—65 °C (Fig. S2C). Under these conditions, the cell
lysate CETSA was performed to study the interaction between
ciclopirox and the NP. The NP showed temperature-induced
unfolding, with a mean melting temperature (7},,) of 54 °C. The
addition of ciclopirox increased the Tm of NP in a dose-dependent
manner (Fig. 2E and F) but did not alter the Tm of GAPDH
(Fig. S2D and S2E). These results were similar to the CETSA
results obtained using intact cell samples (Fig. 2G-H,Fig. S2F
and S2G). These findings suggested that ciclopirox interacted
with NP to disrupt NP thermal stability. To further explore
whether ciclopirox was directly bound to NP, the SPR assay was
performed. However, the SPR result showed no direct interaction
between ciclopirox and NP (Fig. S2H). Additionally, the ITC
result also showed no direct interaction between ciclopirox and
NP (Fig. S2I and S2J). These results revealed that ciclopirox
disrupted NP function by indirectly interacting with NP.

Consistent with previous reports, the NP was mainly localized
in the cytoplasm in a diffuse manner®. Interestingly, compared to
the DMSO treatment group, ciclopirox treatment induced NP
aggregation and the formation of punctate condensates. Addi-
tionally, the number and size of punctate condensates gradually
increased with increasing ciclopirox concentration (Fig. 2I).
Multiple teams have previously reported that the liquid—liquid
phase separation (LLPS) of SARS-CoV-2 NP contributes to
viral replication and assembly’>. To evaluate whether SARS-CoV-
2 NP undergoes LLPS in cells, we transfected the plasmid NP-
GFP into HeLa cells and observed that NP formed droplets in
the cytoplasm after poly(I:C) stimulation. Furthermore, the NP-
enriched droplets readily underwent efficient diffusion and
recovered quickly following the FRAP assay (Fig. 2J and K). To
explore the differences between ciclopirox-induced NP conden-
sates and poly(I:C)-induced NP droplets, we analyzed the fluo-
rescence recovery time after the FRAP assay. FRAP results
established that poly(I:C)-induced NP droplets were highly dy-
namic, with 90%—100% fluorescence recovery within 2 min of
photobleaching. However, the ciclopirox-induced NP condensates
exhibited much higher viscosity, with only 30%—50% fluores-
cence recovery (Fig. 2L and M). This suggested that ciclopirox
induced abnormal NP aggregation to form condensates with
increased viscosity and decreased mobility, which was usually
accompanied by reduced solubility. Furthermore, these abnormal
NP condensates were more likely to be degraded and removed by
cellular protein quality control systems.

3.3.  The ciclopirox-induced NP condensates were degraded via
the autophagy—lysosomal pathway

As ciclopirox did not affect the NP mRNA level, it may regulate
NP protein stability. To test this hypothesis, we performed a chase
assay to evaluate the effect of ciclopirox on the protein level of
NP. Western blotting showed that the half-life of NP treated with
DMSO was greater than 48 h, whereas the half-life of NP treated
with ciclopirox was significantly shortened (Fig. 3A and B). This
indicated that ciclopirox degraded NP by attenuating its stability.

Previous studies have shown that aggregated proteins are pri-
marily degraded by the autophagy—lysosomal system®>**. To
investigate the pathway involved in ciclopirox-induced NP
degradation, we treated cells with the proteasome inhibitors
MG132 and bortezomib (Borte) or lysosomal inhibitors, such as
bafilomycin Al (BafAl) and 3-methyladenine (3-MA) in the
presence or absence of ciclopirox. In the ciclopirox-untreated
group, neither proteasome nor lysosomal inhibitors affected the
NP protein expression levels. Nevertheless, in the ciclopirox-
treated group, BafAl, and 3-MA, but not proteasome inhibitors
mostly rescued ciclopirox-induced NP degradation (Fig. 3C and
D). Additionally, we explored whether ciclopirox degraded NP in
a ubiquitin-mediated manner. The ubiquitin pull-down assays
revealed that after MG132 treatment, the ciclopirox-induced NP
reduction still led to a diminished level of NP ubiquitination
(Fig. 3E). In contrast, after 3-MA treatment, ciclopirox-induced
NP degradation was significantly reversed and the NP ubiquiti-
nation level was restored to some extent (Fig. 3F). This indicated
that ciclopirox did not increase the NP ubiquitination after treat-
ment with either MG132 or 3-MA. Furthermore, immunofluo-
rescence assay demonstrated that co-treatment with ciclopirox and
the lysosomal inhibitor 3-MA led to a pronounced accumulation
of NP condensates, whereas no such accumulation was observed
in cells treated with ciclopirox and the proteasome inhibitor
MG132, indicating that ciclopirox-induced NP degradation
occurred through the ubiquitin-independent lysosomal pathway
(Fig. 3G).

Next, to determine whether ciclopirox induced the co-
localization between NP and lysosome, immunofluorescence ex-
periments were performed. The results revealed that ciclopirox
induced the co-localization between NP condensates and the
lysosome-associated membrane protein 1 (LAMPI, a lysosome
marker). After BafAl treatment, the volume and quantity of
ciclopirox-induced NP condensates were increased, and the co-
localized signal between NP condensates and lysosome became
stronger (Fig. 3H). Finally, to analyze whether ciclopirox induced
autophagic degradation of NP, we performed an immunostaining
assay. The results showed that ciclopirox treatment induced the
NP condensates to co-localize with LC3B protein (the autopha-
gosome marker). In contrast, the NP droplets induced by poly(I:C)
stimulation did not co-localize with LC3B (Fig. 3I). These results
collectively supported the hypothesis that ciclopirox-induced NP
condensates were degraded via the autophagy—lysosomal
pathway.

3.4.  Ciclopirox inhibited SARS-CoV-2 replication at a post-
entry step

To investigate whether ciclopirox effectively inhibited SARS-
CoV-2 replication, we performed experiments on three cell lines.
We first evaluated the CCso and ECsq of ciclopirox against the
viral RNA. The ciclopirox CCso for Calu3, HeLa-ACE2, and
Vero-E6 cells was 104.7, 47.2, and 44.9 pmol/L, respectively. The
ciclopirox ECs, against viral RNA for Calu3, HeLa-ACE2, and
Vero-E6 cells was 2.8, 1.7, and 1.3 pmol/L, respectively
(Fig. 4A—D, and G). Next, we examined the effects of ciclopirox

poly(I:C) for 8 h, and then performed the FRAP assay. Scale bar, 5 pm. Expanded views are also shown. (L, M) HeLa cells expressing the NP-
GFP protein were incubated with 10 pmol/L ciclopirox or 1 pg/mL poly(I:C) for 24 h and subjected to FRAP assay. Scale bar, 5 pm. Expanded
views are also shown. Statistical significance was calculated using the two-way ANOVA. *P < 0.05, ***P < 0.001, and ****P < 0.0001. In

(K) and (M), data are presented as mean = SD, n = 6.
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Figure 3

NP-GFP

The Ciclopirox-induced NP condensates were degraded via the autophagy lysosomal pathway. (A) HeLa-NP cells were treated with

DMSO or 5 umol/L ciclopirox for 48 h. After 100 pg/mL CHX treatment, the protein samples were harvested at the indicated time, and the NP
protein levels were determined by Western blotting. (B) NP quantification using Western blotting is shown as relative percentages.
k%P < (0.0001, by the two-way ANOVA, n = 3. (C, D) The HeLa-NP cells were treated with DMSO or 5 pmol/L ciclopirox for 48 h, followed
by treatment with 10 pmol/L MG132, 500 nmol/L. BafA1, 5 pmol/L bortezomib, or 10 mmol/L 3-MA for another 8 h. The cells were lysed and

subjected to Western blotting. The NP levels are presented as percentages. The error bars indicated the mean + SD, n =

3. *¥*¥P < 0.01,
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on other SARS-CoV-2 indicators using Western blotting and IF
assays. Western blotting showed that ciclopirox significantly
inhibited the levels of NP and spike protein (Fig. 4B, C, E, F, H,
and I). The IF assay showed that ciclopirox treatment reduced the
expression of spike protein (Fig. 4J). More importantly, ciclopirox
treatment caused a dose-dependent decrease in NP and induced
NP aggregation to form condensates in the SARS-CoV-2 infected
cells (Fig. 4K).

Next, we investigated the stage of SARS-CoV-2 replication
that was affected by ciclopirox. First, the ciclopirox antiviral po-
tency was assessed using a time of addition assay (Fig. 5A). Viral
RNA and protein levels were determined using RT-qPCR and
western blotting, respectively. The results showed that ciclopirox
treatment during SARS-CoV-2 inoculation did not inhibit the viral
mRNA and protein levels, confirming that ciclopirox did not affect
SARS-CoV-2 infection. However, ciclopirox treatment before and
after viral infection strongly inhibited SARS-CoV-2 replication,
indicating that ciclopirox mainly played a role in the post-entry
step (Fig. 5B—G). To further verify this conclusion, cells were
incubated with ciclopirox or diltiazem (a small molecule com-
pound that has been reported to inhibit the early step of SARS-
CoV-2 infection™) for 1 h, and then infected with SARS-CoV-2.
The levels of viral RNA were determined at 1, 2, and 6 h post-
infection using RT-qPCR. The results showed that diltiazem
treatment decreased the viral RNA level as early as 1 h post-
infection, whereas ciclopirox treatment only slightly decreased
the level of viral RNA at 6 h post-infection, which indicated that
ciclopirox did not inhibit the early step of SARS-CoV-2 infection
(Supporting Information Fig. S3A).

Next, we evaluated whether ciclopirox could combat the
various SARS-CoV-2 variants. Western blotting and viral titer
assays revealed that ciclopirox inhibited the WT (Fig. SH—J),
Omicron (Fig. 5 K—M), and Delta (Fig. SN—P) variants in the cell
lysates and supernatants. This suggested that ciclopirox might
acted as a broad-spectrum inhibitor to against SARS-CoV-2
variants.

3.5.  Ciclopirox attenuated SARS-CoV-2 replication and
ameliorated lung pathology in the SARS-CoV-2 infected mouse
model

To determine whether ciclopirox inhibited SARS-CoV-2 replica-
tion in vivo, an animal assay was performed using a BALB/C-
hACE2 mouse model. BALB/C mice (6—8 weeks old) were first
transduced with ADS5-hACE2. Seven days later, the mice were
intranasally infected with SARS-CoV-2. Simultaneously, the mice
were intraperitoneally injected with 20 mg/kg ciclopirox or
DMSO for five consecutive days (Fig. 6A). In the DMSO-treated
group, infected mice showed reduced vitality and dull fur after
two days. Furthermore, the body weight of the DMSO-treated

mice was reduced by approximately 10%, while the ciclopirox-
treated mice showed a distinct improvement in body weight
(Fig. 6B).

Ciclopirox treatment significantly reduced SARS-CoV-2 titers
and viral gene expression in lung tissues (Fig. 6C and D).
Furthermore, IHC staining of the SARS-CoV-2 protein in the lung
tissue showed that ciclopirox significantly reduced viral protein
expression, which was consistent with the results of viral in-
dicators described previously (Fig. 6E). Lung tissues were
collected for H&E staining to assess the pathological changes.
Compared to the non-infected mock group, the lungs of the
DMSO-treated group showed extensive infiltration of interstitial
inflammatory and endothelial cells into the alveolar space, alve-
olar structure collapse, and alveolar hemorrhage. In contrast, the
lungs of the ciclopirox-treated group showed attenuated patho-
logical damage. After ciclopirox treatment, the infiltration of in-
flammatory and endothelial cells in the alveolar space of the
mouse lungs was markedly reduced. Moreover, the ciclopirox-
treated group showed mild hemorrhage and an intact alveolar
structure (Fig. 6F). Given that ciclopirox reduced pulmonary in-
flammatory lesions, we detected the expression level of cytokines
and pro-inflammatory factors in the lung tissues. The RT-qPCR
results showed that the ciclopirox treatment reduced the mRNA
levels of Ifn-, 1l-18, Tnf, Cxcl9, and CxclI0 in the infected mice,
which suggested that ciclopirox exhibited anti-inflammatory
ability (Fig. 6G-K). Collectively, these results confirmed that
ciclopirox significantly inhibited SARS-CoV-2 replication and
ameliorated lung pathology in vivo.

4. Discussion

The present study demonstrated that ciclopirox, an FDA-
approved drug, significantly inhibited SARS-CoV-2 replication
in vitro and in vivo. Mechanistically, CETSA, SPR, and ITC
experiments confirmed an indirect interaction between ciclo-
pirox and NP. Immunofluorescence results revealed that ciclo-
pirox promoted abnormal NP aggregation. FRAP experiments
indicated that the ciclopirox-induced NP condensates exhibited
distinct protein physiological properties. Unlike the liquid
droplets formed by the NP phase separation, the NP condensates
induced by ciclopirox exhibited higher viscosity and reduced
mobility. Furthermore, Chase assays revealed that ciclopirox
promoted NP degradation by shortening its protein half-life.
Immunostaining results confirmed that the ciclopirox-induced
NP condensates were co-localized with LAMP1 and LC3B,
which suggested that the degradation of ciclopirox-induced NP
condensates was mediated through the autophagy—lysosomal
pathway. Finally, in vitro and in vivo experiments confirmed
that ciclopirox effectively inhibited SARS-CoV-2 replication by
inducing NP degradation.

*#*#%pP < (0.001, by one-way ANOVA. (E, F) NP-Strep plasmid was transfected into HEK293T cells with or without the His-Ub plasmid for 8 h.
The cells were treated with ciclopirox or DMSO for 48 h and then incubated with MG132 or 3-MA for another 8 h. The NP ubiquitination was
analyzed with the His pull-down assay using Ni-NTA agarose and the protein was determined through Western blotting using indicated antibodies.
(G) The HeLa cells transfected with plasmid NP-GFP were treated with DMSO or ciclopirox for 48 h. Subsequently, the cells were incubated with
MG132 or 3-MA for 8 h. The cells were fixed and immunostained. Scale bar, 100 pm. (H) The HeLa cells expressing the NP-GFP protein were
seeded into a 35 mm glass bottom dish and then treated with DMSO or ciclopirox for 24 h, followed by treatment with 500 nmol/L BafA1 for 8 h.
The cells were immunostained for DAPI (blue), NP (green), and LAMPI (red). Scale bar, 10 pm. Expanded views were also shown. (I) The HeLa
cells expressing the NP-GFP protein were treated with DMSO, poly(I:C), or ciclopirox for 24 h. The cells were immunostained. Confocal mi-
crographs showed DAPI (blue), NP (green), and LC3B (red). Scale bar, 10 pm. Expanded views are also shown.



2514

Xiafei Wei et al.

A. B. Calu3 (umol/L) calu3
Calu3 Mock 0 0.5 1 510 20
150 CCs50=104.7 £2.02 umol/L - I PR — o Kkkk
s EC50=2.83 £ 0.03 umol/L hi e s kD 2120 —s £ 120
8 GAPDH |35 3 100] % 100;
51004 2 N 2
> - e 250 @ 804 - 80
2 23 < IS
2 504 Spike e e [ 601 5 60
= 7| ~e-Virus mRNA " 100 5 40 @ 40f
E -e-Cell Viability F70 ELL 201 g 20l
0 T T T T T z ] [=3 —_—
3 2 1 0 1 2 , ol - o e M R
Log (pmol/L) B-Actin |—————ee— - 005 1 5 10 20 005 1 5 10 20
D E CX (umol/L) CX (umol/L)
' ’ HelLa-ACE2 (umol/L)
HelLa-ACE2 -
Mock 0 0.5 1 2 5 10 Hela-ACE?2
1501 CCs50=47.17 £ 1.67 pmol/L ——— 55 - e
S EC50=1.71+0.23 pmol/L NP kD =120 12 —w
2100 EARDE 35 3 2 1008
2 — S ot s 250 @ = 8
) = =
> = o)
= 504 Soik [ 5 6
5 77| -e-Virus mRNA pikel .- 100 %5 & 4 g
o . -O-CIeIIVi?bilityl : . .'- 70 & 2, JW T,‘ .
3 2 1 0 1 2 Ak z S s & c.‘. RIRIET
Log (umol/L) FREH 40 0051 25 10 0051 2 510
G H CX (umol/L) CX (pmol/L)
’ ’ Vero-E6 (umol/L)
Vero-E6 Mock0 0.5 1 2 5 10 bacllasd
_ 1501 cCs0=44.95 + 1.65 pmol/L NP[ e —— . . O
X = + = * % = — Xk %
%,100‘ ECs50=1.32+0.14 pmol/L GAPDH m’_‘_SS %,100‘ 100
[}
3 - k250 3 807 |,, = 80
(] - ° *k
Z 50+ Spike| o bl L1002 o1 T S %9 L
% =e=Virus mMRNA o 401 T o 401
v . -e-Cell Viability .“ F70 & o0 L3 % 20l
3 2 1 0 3 B-Actin| WA ————— z o AL LA o ol 1L ,J.-TT' -
Log(pmoI/L) 40 0 051 2 5 10 0051 2 5 10
CX (u4mol/L) CX (umol/L)
J. K.
HelLa-ACE2(SARS-CoV-2) HeLa~ACE2(SARS»CoV-2)
DAPI Spike Merge DAPI Merge Zoom
Mock DMSO!
200pm 40pm
BHS0 5pmoI/L 4
200pm 40pm
CX
(10 pmoI/L !
200pm ) 40pm
Figure4 Ciclopirox inhibited SARS-CoV-2 replication in multiple cell lines. (A, D, G) Cells treated with DMSO or ciclopirox at the indicated

concentrations were infected with SARS-CoV-2 (MOI =

0.5 for Calu3 and HeLa-ACE2; MOI = 0.05 for Vero-E6). Cell viability was deter-

mined using the CCKS reagent. Total RNA was extracted 24 h post-infection and viral RNA levels were determined through RT-qPCR. Data are
presented as mean + SD, n = 3. (B, C, E, F, H, I) The infected cells were lysed with RIPA buffer at 24 h post-infection, and the protein levels of

NP and spike protein were determined by Western blotting. In (C, F, 1), data are presented as mean + SD, n =

3. Statistical significance was

calculated using the one-way ANOVA, **P < 0.01, ***P < 0.001 and ****P < 0.0001. (J, K) The HeLa-ACE2 cells treated with DMSO or
ciclopirox were infected with SARS-CoV-2 (MOI = 0.5). The cells were fixed and immunostained for spike protein (red), NP (green), and DAPI

(blue). Scale bar, 200 pm.
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Figure 5 Ciclopirox inhibited SARS-CoV-2 replication at a post-entry step. (A) SARS-CoV-2 infected Calu3 and HeLa-ACE2 cells were
treated with ciclopirox in a time of addition assay. (B, C) At 24 hpi, total RNA was extracted and viral mRNA levels were determined by RT-
gPCR. Data are presented as mean + SD, n = 3. (D—G) Cell lysates were harvested at 24 hpi to detect viral proteins by Western blotting (n = 3).
(H, K, N) The levels of NP and spike protein were analyzed by Western blotting in SARS-CoV-2 variants (WT, Delta, and Omicron) infected
Calu3 cells. (I, J, L, M, O, P), viral titers were determined with the FFU assay. In (J, M, P), data are presented as mean + SD, n = 3. Statistical
significance was calculated using the one-way ANOVA, “ns”, no significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001.

As a crucial component of SARS-CoV-2, NP participates not
only in the viral RNA packaging process but also in the regulation
of inflammatory and immune responses'’. Wu et al.'” demon-
strated that SARS-CoV-2 exploits the LLPS property of NP to
recruit TAK1 and IKKg into the RNA-NP aggregates, thereby
hyperactivating the NF-«B pathway. Pan et al.>® discovered that
NP interacts with NLRP3, promoting inflammasome assembly and
leading to cytokines overexpression, which ultimately causes
acute lung inflammation and damage. Therefore, NP degradation

can significantly inhibit viral replication and suppress inflamma-
tory storms. Our findings are similar to those of previous studies,
as we confirmed that ciclopirox not only inhibited viral replication
in infected mice but also effectively ameliorated lung pathology.
Furthermore, the infiltration of the immune cells and the expres-
sion of inflammatory signaling factors were notably suppressed.
There are two possible explanations for this phenomenon. Firstly,
ciclopirox-induced NP degradation weakened the inflammatory
response caused by NP itself. Secondly, ciclopirox exerted anti-
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Figure 6

Ciclopirox attenuated SARS-CoV-2 replication and ameliorated lung pathology in the SARS-CoV-2-infected mouse model. (A)

BALB/C-hACE2 mice were intranasally inoculated with SARS-CoV-2 and intraperitoneally administered 20 mg/kg/day ciclopirox or DMSO for
five days. (B) Mice Body weights were recorded post-infection from Day 0 to Day 5. Statistical significance was calculated using the two-way
ANOVA, **P < 0.01, data are presented as mean & SD, n = 5. (C, D) SARS-CoV-2 titers and viral mRNA levels in infected mice were measured
by the FFA assay and RT-qPCR (n = 5). (E) Expression of SARS-CoV-2 NP in infected mouse lungs treated with ciclopirox or DMSO was
evaluated through immunofluorescence staining with an NP antibody. Scale bar, 100 pm. (F) Representative images of H&E staining of the lungs
of the infected mice. Scale bar, 100 pm. (G—K) The lungs of mice in each group were evaluated for the expression of cytokines and chemokines
using RT-qPCR. Data are presented as mean + SD, n = 5. Statistical significance was calculated using the unpaired Student’s #-test, *P < 0.05,
**P < 0.01, ***P < 0.001.

inflammatory ability. Previous studies have found that ciclopirox
inhibits the activation of NLRP3 inflammasome and regulates the

ciclopirox has dual antiviral and anti-inflammatory effects.
Additionally, previous toxicological studies of ciclopirox have

PGC-1a expression to reduce the production of mitochondrial
ROS. In this case, the mitochondrial biosynthesis was enhanced
while IL-18 release was reduced, ultimately inhibiting the in-
flammatory response’’. Moreover, elF5A hypusination has been
reported to play an important role in the mRNA translation of
inflammatory genes. Ciclopirox, acting as a DOHH inhibitor,
might reduce the translation of inflammatory factors by disrupting
the hypusination modification of eIF5A*®. This suggested that

shown that the lethal dose of 50% in mice and rats is 172—83 mg/
kg/intraperitoneal and 2500—1700 mg/kg/oral®’. Recently, a phase
I clinical study tested the safety of ciclopirox treatment for he-
matological malignancies. Dose-limiting toxicities were not
observed in hematological patients at 40 mg/m? once daily of
ciclopirox treatment, which showed that a good toleration of
ciclopirox in patients and suggested that ciclopirox has a great
potential for human cancer therapy’. Combined with preclinical
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data of ciclopirox and our animal results that ciclopirox has potent
anti-SARS-CoV-2 activity at 20 mg/kg in mice, we believed that
ciclopirox might be a safe drug against SARS-CoV-2.

Ciclopirox has been reported to exert anti-cancer activity by
inhibiting the expression of multiple iron-dependent enzymes or
signaling pathways, such as metalloproteinases®', ribonucleotide
reductase’’, cyclin-dependent kinases™, Wnt/B-catenin®® and
mTOR signal pathways*!. Mechanistically, most of these inhibi-
tory effects caused by ciclopirox are attributed to its iron
chelating®’. Given this, we performed experiments to examine
whether ciclopirox induced NP degradation through its iron
chelating. The results suggested that ferrous sulfate (FeSQO,)
treatment reversed ciclopirox-induced CHK1 degradation, which
was consistent with previous reports*®*’. However, we found that
ferrous sulfate treatment did not reverse the level of NP degra-
dation induced by ciclopirox (Supporting Information Fig. S4A).
Moreover, ferrous sulfate treatment did not affect the ability that
ciclopirox induced NP to form condensates (Fig. S4B). Thus, the
mechanism of ciclopirox-induced NP degradation was different
from the previous mechanism that ciclopirox inhibited host pro-
tein expression as an iron chelator, indicating that it was specific
to SARS-CoV-2 NP. Furthermore, the specificity of ciclopirox-
induced NP degradation at the virus level was also evaluated.
We found that ciclopirox only reduced the expression of NP, but
did not affect other structural and non-structural proteins, as well
as GFP protein or mCherry protein. This suggested that the ability
of ciclopirox to degrade NP is specific at the virus level.

We tried to identify an intermediate protein that mediates the
binding of ciclopirox to NP. Liquid chromatography—mass spec-
trometry (LC—MS) was used to identify differential alterations in
host proteins before and after ciclopirox treatment. The LC—MS
results showed that 81 host proteins were significantly altered after
5 umol/L ciclopirox treatment, among which 46 and 35 proteins
were up-regulated and down-regulated, respectively. After 20
pmmol/L ciclopirox treatment, 191 differentially expressed pro-
teins were identified, of which 92 proteins were up-regulated and
99 proteins were down-regulated (Fig. S4C). Among these pro-
teins, we selected 19 proteins whose expression was down-
regulated after viral infection but up-regulated after ciclopirox
treatment at 5 and 20 pmol/L concentrations. In contrast, 19
proteins whose expression was up-regulated after viral infection
but down-regulated after treatment with different drugs were also
selected (Fig. S4D). Subsequently, we determined whether the
expression of these proteins after ciclopirox treatment was
consistent with the LC—MS results using Western blotting. The
results demonstrated that eight genes could be successfully veri-
fied (Fig. S4E). We then assessed the effects of these genes on the
expression of NP. Unfortunately, none of these genes affected the
expression levels of NP (Data not shown). We next looked for
clues from the signaling pathways affected by ciclopirox treat-
ment. The HIF pathway exhibited a high enrichment index after
ciclopirox treatment (Fig. S4F). Previous studies have reported
that prolyl-hydroxylase (PHD) inhibitors, such as FG-4592 and
roxadustat, activate the HIF pathway and then attenuate SARS-
CoV-2 replication. One potential antiviral mechanism of PHD
inhibitors is interference with ACE2 and TMPRSS2 expres-
sion’™'. Our RT-qPCR results confirmed that ciclopirox indeed
activated HIF pathway indicators, including HIFIA, VEGFA,
EGLN3, NDRGI, and CAIX (Fig. S4G-S4K), but did not affect
the mRNA levels of ACE2 or TMPRSS2 (Fig. S4L and S4M). Our
findings suggested that the antiviral mechanism of ciclopirox was
inconsistent with that of PHD inhibitors. Since no relevant hits

have been found in the differential expressed proteins or signaling
pathways, we speculate that the changes of this intermediate
protein during ciclopirox treatment may not be significant, or it
may require the joint action of multiple proteins to exert its effi-
cacy, which is a common challenge in the field of drug target
identification. As such, this situation significantly increases the
complexity and difficulty of hit finding. Given that we have clearly
explained the mechanism of ciclopirox specifically induced the
NP degradation through the autophagy—lysosomal pathway, we
still believe that this is a meaningful and clinically valuable work.

5. Conclusions

Our findings demonstrated that ciclopirox significantly inhibited
SARS-CoV-2 replication in vitro and in vivo. Mechanistically,
ciclopirox induced abnormal NP aggregation, and specifically
promoted NP degradation in an autophagy—lysosomal manner,
resulting in a shorter NP half-life. Further research is needed in
the future to find the intermediate protein that mediates the
interaction between ciclopirox and NP. Furthermore, due to the
relatively high conservation of NP among highly pathogenic
coronaviruses, it remained to be determined whether ciclopirox
could act as a broad-spectrum inhibitor to disrupt the replication
of other coronaviruses such as SARS-CoV, MERS-CoV, and
HCoV-0C43. Overall, this study offered a promising drug for
controlling the COVID-19 pandemic or potentially future viral
pandemics.
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