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Supplementary Fig. 1. Effect of ciclopirox on pre-assembled HBV capsids.

a Time-dependent in vitro HBV capsid assembly measured by immunoblot analysis. b Pre-assembled
HBV capsids were incubated with various concentrations of ciclopirox, and disruption of capsid
assembly was measured by immunoblot analysis. The data in (a —b) are expressed as means + SDs. The

error bars represent the = SD. Source data are provided as a Source Data file.
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Supplementary Fig. 2. Effect of ciclopirox on intracellular HBV core protein stability.

Effect of ciclopirox on intracellular HBV capsid assembly and total HBV core protein. Huh-7 cells were
transfected with pPCDNA3-Core and exposed after 12 h to the indicated concentrations of ciclopirox for
the indicated times. The cells were lysed and assembled HBV core particles were isolated by sucrose
step-gradient ultracentrifugation, resolved on 1 % agarose gels, and subjected to immunoblot analysis
with anti-HBV core antibody. Total intracellular HBV core protein was also determined by immunoblot
analysis in the cell lysates. Core mRNA levels were measured by quantitative RT-PCR. The data

expressed as means + SDs. The error bars represent the + SD. Source data are provided as a Source

Data file.
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Supplementary Fig. 3. Superposition of the wild-type capsid structures (chains CDCDCD) and
the Cp149-Y132A structures formed in the presence of ciclopirox.

a — b Hexamers (a) and dimers (b) of Cp149-Y132A formed in the presence of ciclopirox (PDB ID
6J10) were superimposed on those of native capsids (PDB ID 1QGT). The black triangle indicates the

icosahedral threefold axis of the HBV capsid. Ciclopirox is shown as a space-filling model.
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Supplementary Fig. 4. Crystal packing of ciclopirox-bound HBV core protein.
The unit cells are drawn as red boxes. The protomers of the hexameric HBV core protein in the

asymmetric unit are colored light orange, orange, light blue, blue, pink, and red, respectively.




Supplementary Fig. 5. Structure alignment of protomers and dimers in the ciclopirox-bound
HBYV core protein hexamer.

a — b The structures of the three dimers (a) and six protomers (b) in the hexamer are superimposed. The
color code is the same as in Supplementary Fig. 4. Notable structural differences are marked with black

arrows.
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Supplementary Fig. 6. Superimposition of the dimer structures in the ciclopirox-bound HBV core
protein on the previously-reported structures of HBV core protein.

a — e The dimers of (a) HBV core protein (apo, PDB code 4BMG) !, complexed to (b) NVR-010-001-
E2 (PDB code 5E0) 2, (c) 4-Methyl HAP (PDB code 5GMZ) 3, (d) SBA_RO01 (PDB code 5T2P) 4, and
(e) HAP_RO01 (PDB code 5WRE) * are superimposed on the ciclopirox-bound HBV core protein. The

compounds are omitted for clarity.
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Supplementary Fig. 7. Stereo view of the ciclopirox binding site in the Cp149-Y132A structure.
Fo-Fc maps (contoured at 2.5 o) of the ciclopirox binding site. The residues involved in ciclopirox
binding are shown as orange stick models. Hydrogen bonds and salt bridges are indicated by dashed

red lines.




Supplementary Fig. 8. Effects of chemical modifications of ciclopirox on its inhibition of HBV
capsid assembly.

Effects of ciclopirox and its chemical derivatives (6-cyclohexyl-4-methylpyridin-2(1H)-one, 6-
cyclohexyl-4-methyl-2-pyrone, and (RS)-2-(3-cyclohexyl-5-methyl-4,5-dihydroisoxazol-5-yl)acetic
Acid) on in vitro HBV capsid assembly. Various concentrations of either ciclopirox or its chemical
derivatives were mixed with Cp149 in reaction buffer. After 1 h the mixtures were subjected to
immunoblot analysis with anti-HBV core antibody. N.A., not available. The data are expressed as means

+ SDs. The error bars represent the = SD. *p < 0.05 by unpaired two-tailed Student’s t-test. Source data

are provided as a Source Data file.
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Supplementary Fig. 9. Comparisons of the binding modes of ciclopirox and other compounds.

a —d The hydrophobic pockets of HBV core proteins bound to (a) NVR-010-001-E2 (light green), (b)
4-Methyl HAP (light purple), (c) SBA_RO1 (light cyan), and (d) HAP_RO1 (gray) are shown and
superimposed on the hydrophobic pockets of the ciclopirox-bound HBV core protein (orange). The
compounds are shown as stick models. Ciclopirox and the other compounds are colored green and

yellow, respectively. The rotations of F23s are marked by red arrows.
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Supplementary Fig. 10. Comparisons of the proline-rich loop 6s in HBV core protein bound to
ciclopirox and to other compounds.

a—d The hydrophobic pockets of HBV protein bound to (a) NVR-010-001-E2-bound (light green), (b)
4-Methyl HAP (light purple), (c) SBA_RO1 (light cyan), and (d) HAP_RO1 (gray) are shown and
superimposed on the hydrophobic pocket of the ciclopirox-free protein (orange). The compounds are
shown as stick models. Ciclopirox and the other compounds are colored green and yellow, respectively.

The movements of proline-rich loop 6 are marked by red arrows.

= < 4-methyl HAP

r— o

O] ( iy @@ mv

11



Supplementary Fig. 11. Effect of FBS serum iron level on Huh-7, HepG2, and HepG2.2.15 cell

viability.

a Cells were maintained in medium supplemented with 2% FBS or 10% FBS for 1 day and treated with

various concentrations of ciclopirox. After 6 days, cytotoxicity was measured. b Cells were treated with

various concentrations of ciclopirox with or without 60 uM deferoxamine. After 6 days, cell

cytotoxicity was measured. The data in (a — b) are expressed as means + SDs. The error bars represent

the £ SD. *p < 0.05 by unpaired two-tailed Student’s t-test. Source data are provided as a Source Data

file.
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Supplementary Fig. 12. Effect of ciclopirox on HBV transcription.

a Schematic depiction of the R1, R2, and R3 regions of the HBV genome that were targeted by
guantitative RT-PCR to quantitate the transcription of pgRNA, two HBV surface RNAs, and HBx RNA.
RNA was extracted 6 days after treatment with various concentration (0.1 — 10 uM) of ciclopirox. b —
¢ Region 3 transcription in ciclopirox-treated (b) HepG2.2.15 cells and (c) HepG2 cells transfected with
the pHBV1.2x plasmid. d The promoter analysis of ciclopirox-treated HepG2 cells transfected with
pGL3/HBV pgRNA promoter or pGL3/HBV sRNA promoter. The data shown in (b — d) represent two
independent experiments and are expressed as means + SDs. The error bars represent the + SD. Source

data are provided as a Source Data file.
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Supplementary Fig. 13. Effects of ciclopirox and TDF on cccDNA levels in HBV-infected cells.
HepG2-NTCP or Huh-7-NTCP cells were infected with HBV and treated with either ciclopirox, TDF,

or both. Quantitative PCR with an HBV DNA primer and probe set was used to measure intracellular
cccDNA. The data are expressed as means = SDs. The error bars represent the £ SD. Source data are

provided as a Source Data file.
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Supplementary Fig 14. T5 nuclease digestion facilitates specific detection of cccDNA

a Intracellular cccDNA was extracted from HBV-infected HepG2-NTCP or -Huh7-NTCP cells by the
Hirt method, and digested with T5 nuclease (10 U per ug for 0.5 h) or left undigested. b Intracellular
HBV DNA extracted from HepG2.2.15 cells and intracellular cccDNA extracted from HBV-infected
HepG2-NTCP or -Huh7-NTCP cells was treated with T5 nuclease (10 U per ug for 0.5 h). EcoRI was
used to linearize the cccDNA. The DNA samples (a-b) were then resolved on an agarose gel, and the

HBV DNAs were detected by southern blotting using biotin-labeled HBV fragments. Source data are

provided as a Source Data file.
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Supplementary Fig. 15. Antiviral activity of ciclopirox in a hydrodynamic injection mouse model.
a Schematic depiction of the experiment. Six-week-old male C57BL/6 mice (n = 5 per group) were
hydrodynamically injected via the tail vein with 25 ng of the HBV replicative plasmid pAAV-HBV 1.2x
in a volume of PBS equivalent to 10 % of mouse body weight. The total volume of HBV DNA was
delivered into the portal vein at high pressure within 4 — 6 seconds. Starting the day after plasmid
injection, the mice were daily injected orally with TDF and/or ciclopirox (both 5 mg per kg, daily), and
serum samples were taken from the orbital sinus. b Immunohistochemical analysis of hepatitis B core
antigen (HBcAg) expression in liver sections obtained 5 days after plasmid injection (200x
magnification). ¢ Serum HBV genomic DNA levels measured by quantitative PCR. d Serum HBsAg
levels determined by ELISA. Protocols were approved by the Institutional Animal Care and Use
Committee of CHA University (IACUC-170049). The data in (c — d) are expressed as means = SDs.
The error bars represent the £ SD. Scale bars, 100 um. *p < 0.05 by unpaired two-tailed Student’s t-test.
Source data are provided as a Source Data file.
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Supplementary Fig. 16. Model of how ciclopirox induces abnormal HBV capsid assembly.
In the absence of ciclopirox, HBV core protein forms dimers, and these assemble into HBV capsids. In
the presence of ciclopirox, normal HBV capsid assembly is blocked. In addition, ciclopirox can induce

disassembly of assembled capsids.

Core protein dimer Abnormally assembled capsid intermediate

Ciclopirox

w

N

Abnormal assembly
(Main mechanism)

Ciclopirox

Disassembly

Ciclopirox ',

Assembled capsid
(PDB ID 1QGT)

17



Supplementary Table 1. List of primers used in this study

Name

HBYV DNA primer and probe set (R2)
HBYV DNA primer and probe set (R2)
HBV DNA primer and probe set
cccDNA primer and probe set
cccDNA primer and probe set
cccDNA primer and probe set
HBx-encoding RNA (R3)
HBx-encoding RNA (R3)

HBV core

HBV core

Human GAPDH

Human GAPDH

pgRNA and precore RNA (R1)

pgRNA and precore RNA (R1)

Sequence

TCCTCTTCATCCTGC TGC TATG
CGT GCT GGT AGT TGATGTTCCT
TATTGGTTCTTCTGG ACT A
TTCTCATCT GCC GGA CCG

CAC AGCTTG GAG GCT TGA AC
CCT AATCATCTCTTGTTC AT
CCGTCT GTG CCTTCT CATCTGC
ACC AAT TTATGC CTA CAG CCT CC
TTC GCACTCCTCCCGCTT AC

GAG GCGAGGGAGTTCTTCTT
GGA GCG AGATCC CTC CAA AAT
GGC TGT TGT CAT ACT TCT CAT G
ATA TCT CGA GGG GAG GAG ACT AGG TTA AAG

GCA GAT CTG AAC ATGAGATGATTAGGC A
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Supplementary Table 2. The 19 FDA-approved compounds that reduced HBV DNA secretion by HepG2.2.15 cells.

Compourds | gpof | COMIMIAION | g4 0f | Reducti | Inibition | Nttps://www drugbank.ca/
Num | SO DY T nibition | @MY | innibition | onof |of HBV Human oral
Drug name Indication initial screened . lal "| Ref
ber screening ETV | compounds | (ETV | PIRNA | capsid | pKavalue | administrati
=100%) =100%) level | assembly on
(3days) (6days)
S#l Ftorafur Cancer 0 130.8 0 64.7 8_'2%%;;2;8’ Capsule 5
Metabolic .
s#2 | Acitretin disease 0 109.9 18 5_'218((""56';'5)’ Capsule i
Nebivolol Cardiovasc 13.52(acidic) 6
SH#3 (Bystolic) ular disease ° 102.9 ° 84 , 8.9(basic) Tablet
sug | Suplatast | Cardiovase 0 125.4 0 76.2 12.7(acidic) _ 7
tosylate ular disease
Sotalol Neurologic 10.07(acidic) 8
$#5 | (Betapace) | al disease 0 1285 0 69.7 9.43(basic) | aplet
Tenoxicam Inflammati 2.21(acidic), 9
S#6 (Mobiflex) on 0 110.4 0 79.4 0 4.26(basic) Tablet
Ciclopirox Infection 6.84(acidic), . 10
S#7 (Penlac) 0 1425 0 88.6 0 -6.2(basic) Solution
Phenytoin Neurologic - Capsule,
S#8 sodium | di 0 124.4 2.4 9.47(aC|Q|c), Tablet, -
aiun al disease -9(basic) .
(Dilantin) Suspension
L-Adrenaline | Cardiovasc 9.69(acidic), X,
S#9 (Epinephrine) | ular disease ° 1526 15 8.91(basic) Injection i
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Compounds | g, | Confirmation |, e | poyicti | Inhibition | _Nttps://www.drugbank.ca/
Num s sel_ec_tgd by inhibition of initially inhibition | onof |of HBV
Drug name Indication initial screened . Human oral | Ref
ber : (ETV (ETV | pgRNA | capsid pKavalue | administrati
sereening =100%) compounds =100%) level | assembly
(3days) (6days) on
Dopamine .
) . 10.01(acidic) X, 1
S#10 hydrochlo_rlde Infection 0 162.3 0 67.9 9.27(basic) Injection
(Inotropin)
Isoconazole
S#11 nitrate Infection 0 147.7 0 414 6.77(basic) - 12
(Travogen)
Econazole Neurologic X, Cream
S#12 nitrate 009 0 147 0 275 0 6.77(basic) ; ’ 13
al disease Aerosol
(Spectazole)
Miconazole Neurologic .
S#13 (Monistat) al disease 0 131.8 -2.8 6.77(basic) Tablet -
Tiotropium . -
s#14 | Bromide | '\eurologic 0 116.9 4.9 10.35(acidic) | e :
al disease , -4.3(basic)
hydrate
Inflammati
S#15 | Amidopyrine on 0 111.6 7.1 3.47(basic) - -
S#16 | Sodium nitrite | T\eurologic 0 152.7 0 83.1 0 3.32(acidic), | X, 14
al disease -3.5(basic) Injection
Neurologic 10.03(acidic) X
. - R . ) 15
S#17 Rotigotine al disease (0] 104.5 0] 65.9 . 10.97(basic) Patch
Procyclidine | Neurologic 13.84(acidic) 16
S#18 HCI al disease ° L7 ° 704 , 9.45(basic) Tablet
. Neurologic 13.2(acidic), 17
S#19 | Terfenadine al Disease 0 100.7 0 83.6 0 9.02(basic) Tablet
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Supplementary Table 3. Mean numbers of blood cells, and parameters for kidney and liver
toxicity induced by treatment with oral ciclopirox at concentrations of 0, 1, 5 mg per kg in daily

for 4 weeks.

Ciclopirox dose

0 mg/kg/day 1 mg/kg/day 5 mg/kg/day

WBC (x 10%uL) 5.6+ 1.4 4.4+ 1.0 591 2.1*
RBC (x 10%uL) 105+0.2 9.6 £ 0.9* 10.6 £ 0.1*
Hemoglobin (g/dL) 16.1+0.5 16.1+1.2* 16.9+£ 0.4*
Platelets (x 10%/uL) 1451.3 £ 30.0 1098.3 + 108.3* 1221.7 + 156.1*
AST (IU/L) 144 + 10.6 146.3 £ 7.8* 135.0 + 17.3*
ALT (IU/L) 86.7+ 115 88.3 + 15.3* 83.3+5.8*
ALP (IU/L) 52.3+ 8.7 46.0 £5.3* 42.0 + 6.2*
Albumin (g/dL) 37+03 43+03* 3.7+03*
Total protein (g/dL) 6.2+03 7.3+0.3* 6.5+ 0.5%
Total cholesterol (mg/dL) 61.7+7.6 713.3+7.6* 58.3 + 7.6*
Triglyceride (mg/dL) 185.7+ 1.5 194.3 + 4.0* 182.0 + 3.6*
Glucose (mg/dL) 155.3+5.0 167.7 £ 10.8* 155.3 + 6.8*
Creatinine (mg/dL) 1.0+0.0 08+0.3* 0.7 + 0.6*
BUN (mg/dL) 20.0+ 0.0 21.7 £ 2.9* 20.0 + 5.0*
Total bilirubin (mg/dL) 0.5+ 0.0 0.8+ 0.3* 0.8 £ 0.3*
Phosphorous (mg/dL) 115+ 0.5 11.3+1.6* 12.2 + 3.4*
Calcium (mg/dL) 27+08 12+1.0* 20+ 1.8*
Na (mmol/L) 1443+ 4.2 145.3 £ 0.6* 143.7 + 1.2*
K (mmol/L) 49+0.2 49+0.1* 49+ 0.1*
Cl (mmol/L) 99.3+2.3 100.0 £ 1.0* 09.0 + 1.0*
Urinalysis

Urobilinogen ) - O

Glucose () -) )

Bilirubin ) ) )

Ketones () - -

S.G 1.06+0 1.06 £ 0* 1.06 £ 0*

Blood -) - -

oH 6.5+ 0 6.5+ 0% 6.5+ 0%

Protein -) -) -

Nitrate () - -

Leukocytes () ) -

Data are expressed as means + standard deviations.

Abbreviations: WBC, white blood cell, AST, aspartate transaminase; ALT, alanine transaminase; ALP,
alkaline phosphatase; BUN, blood urea nitrogen; Na, sodium; K, potassium; CI. Chloride; S.G, specific

gravity.*Not significant (p > 0.05) compared to the 0 mg/kg/day ciclopirox group
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