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Abstract

Inflammatory airway diseases like cystic fibrosis, asthma and COVID-19 are characterized by high levels of pulmonary
cytokines. Two well-established antiparasitic drugs, niclosamide and ivermectin, are intensively discussed for the treatment
of viral inflammatory airway infections. Here, we examined these repurposed drugs with respect to their anti-inflammatory
effects in airways in vivo and in vitro. Niclosamide reduced mucus content, eosinophilic infiltration and cell death in asth-
matic mouse lungs in vivo and inhibited release of interleukins in the two differentiated airway epithelial cell lines CFBE
and BCi-NS1.1 in vitro. Cytokine release was also inhibited by the knockdown of the Ca®*-activated C1~ channel anoctamin
1 (ANOI1, TMEM16A) and the phospholipid scramblase anoctamin 6 (ANO6, TMEM16F), which have previously been
shown to affect intracellular Ca>* levels near the plasma membrane and to facilitate exocytosis. At concentrations around
200 nM, niclosamide inhibited inflammation, lowered intracellular Ca2*, acidified cytosolic pH and blocked activation of
ANOI and ANOG. It is suggested that niclosamide brings about its anti-inflammatory effects at least in part by inhibiting
ANOI and ANOG6, and by lowering intracellular Ca>* levels. In contrast to niclosamide, 1 uM ivermectin did not exert any
of the effects described for niclosamide. The present data suggest niclosamide as an effective anti-inflammatory treatment
in CF, asthma, and COVID-19, in addition to its previously reported antiviral effects. It has an advantageous concentration—
response relationship and is known to be well tolerated.
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Key points

e Inflammatory airway diseases are characterized by high levels
of pulmonary cytokines. Two well-established antiparasitic
drugs, niclosamide and ivermectin, are currently proposed for
the treatment of airway inflammation and viral infections.

e Niclosamide reduced mucus content, eosinophilic infiltration

Introduction

Inflammatory airway diseases are characterized by high lev-
els of pulmonary cytokines. Two antiparasitic compounds,

and cell death in asthmatic mouse lungs in vivo and inhibited

the release of interleukins in airway epithelial cells in vitro at
concentrations that are detected in patients during therapeutic
application.

e Cytokine release was also suppressed by niclosamide-inhibition
or knockdown of the Ca®* activated C1~ channel anoctamin 1
(ANO1, TMEM16A) and the phospholipid scramblase anoctamin
6 (ANO6, TMEM16F).

o The present data suggest niclosamide as an effective anti-
inflammatory treatment in CF, asthma, and COVID-19, in addition
to its previously reported antiviral effects, while ivermectin was
without effects at concentrations up to 1 uM.
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niclosamide and ivermectin, are discussed as repurposed
drugs for the treatment of inflammatory airway disease in
asthma, cystic fibrosis and COVID-19 [12, 21, 55, 61, 83].
Niclosamide is a common anthelminthic effective against
tapeworm. It is also used as a molluscicide and for the treat-
ment of schistosomiasis (bilharziasis) [3]. Uncoupling of
oxidative phosphorylation in worms and snails is discussed
as its main antiparasitic mechanism [27, 80]. We reported
pronounced suppression of intracellular Ca>* signalling by
niclosamide and inhibition of the Ca** activated C1~ channel
anoctamin 1 (ANO1, TMEMI16A) as well as the phospho-
lipid scramblase anoctamin 6 (ANO6, TMEMI16F) [7, 12,
15, 19, 44]. Both may contribute to its anthelminthic effect.
The drug ivermectin is also well established as an antipara-
sitic compound to treat infestations by scabies infection and
many other parasites [46]. Its antiparasitic effect is due to
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the activation of glutamate-activated C1~ channels specific to
nonvertebrates, although it also finds a few additional targets
in vertebrate cells [46].

Both niclosamide and ivermectin have antiviral proper-
ties and are currently evaluated in clinical trials for the use
in coronavirus disease 2019 (COVID-19) (clinicalTrials.
gov) [1, 4, 61, 72]. Niclosamide compromises acidic pH in
endolysosomes and lowers cytosolic Ca** concentrations,
which is thought to contribute to these properties [25, 34,
41, 62, 72, 82]. In contrast, ivermectin reduces viral infec-
tion by inhibiting importins, soluble transport receptors that
are essential for the nucleo-cytoplasmic transit of substrates
[17, 51, 59]. Niclosamide and ivermectin are suggested to
inhibit ANOI1 currents and ANO6-mediated phospholipid
scrambling that is crucial for formation of multinucleated
airway epithelial cells (syncytia) and blood clotting observed
during SARS-CoV-2 infection and after vaccination against
COVID-19 [9, 18, 71].

ANO1 and ANOG are inhibited by niclosamide, which
also inhibits mucus secretion and airway constriction [12,
20, 21, 55, 57]. We therefore asked in the present study
whether ivermectin may equally inhibit anoctamins, affect
lung functions and exert anti-inflammatory effects. Here, we
report anti-inflammatory effects of niclosamide at low con-
centrations comparable to plasma concentrations detected
during oral medication. In contrast, none of these effects,
including the lack of inhibition of anoctamins, was observed
with ivermectin, suggesting a different molecular mecha-
nism of action for ivermectin.

Materials and methods
Animals and treatments

All animal experiments complied with the general guide-
lines for animal research, in accordance with the UK Ani-
mals Act 1986, and associated guidelines, and EU Directive
2010/63/EU for animal experiments. The experiments were
approved by the local Ethics Committee of the Government
of Unterfranken/Wurzburg/Germany (AZ: 55.2-2532-
2-677) and adhered to the ARRIVE guidelines. Allergen
challenge of mice has been described in Schreiber et al.
[68]. In brief, C57BL/6 J mice (n=12) were sensitized to
ovalbumin (OVA; Sigma-Aldrich, St. Louis, MO, USA)
by intraperitoneal (I.P.) injection of 100 ug OVA in 100 pl
aluminium hydroxide gel adjuvant (InvivoGen, San Diego,
CA, USA) on days 0 and 14. From days 21 to 23, mice were
anesthetized and challenged to OVA by intratracheal (I.T.)
instillation of 50 pg OVA in 100 pl saline. Control mice
(n=4) were sham sensitized with the adjuvant aluminium
hydroxide gel and challenged to saline by I.T. instillation.
Thirty micromolar niclosamide or 30 uM ivermectin, both
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dissolved in 100 pl saline, or 100 pl saline only (control) was
applied by L.T. instillation for consecutive 5 days. The mice
were first challenged, and after completing the challenge,
the mice received niclosamide (n=4) or ivermectin (n=4).
After the completed 5th day of receiving the drugs (or con-
trol saline), the animals were humanly killed.

Immunocytochemistry TUNEL-assay, secreted
hCLCA1

Mouse lung tissues were collected for semi-quantitative RT-
PCR analysis of anoctamin expression. Mouse airways were
fixed by transcardial perfusion and lung perfusion by tra-
cheal instillation via tracheostomy of fixative solution con-
taining 4% paraformaldehyde (PFA) in PBS. Tissues were
left in fixative solution overnight and embedded in paraf-
fin the next day. Five-micrometer cuts were deparaffinized,
stained with standard Alcian blue solution, and counter-
stained with Nuclear Fast Red solution (Sigma-Aldrich, St.
Louis, MO, USA). After the dehydration and clearing steps,
whole mouse lungs or sections were mounted in DePeX
mounting medium (SERVA Electrophoresis, Heidelberg,
Germany). Stainings were assessed by light microscopy.
Stitching microscopy was used to analyze whole mouse
lungs. For analysis of eosinophils, sections were dewaxed,
rehydrated, and stained according to Pappenheim [64].

Terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) was performed in a PFA fixed tissue,
embedded in paraffin. The DeadEnd Fluorometrie TUNEL
system (Promega, Mannheim, Germany) was used accord-
ing to the manufacturer’s instructions. To obtain hCLCA1-
conditioned media, HEK293 cells were seeded at 500,000
cells per 6 well and transfected the next day with empty
pcDNA3.1 (mock) or hCLCAI plasmids, using standard
protocols for Lipofectamine 3000 (Invitrogen, Carlsbad,
California, USA). After 6 h, the medium was changed
to serum-free media (Gibco/Thermo Fisher Scientific,
Waltham, Massachusetts USA), and 24 h later the media,
control or enriched in secreted hCLCA1 protein, were col-
lected. hCLCA1-conditioned media were administered to
OVA-challenged animals by I.T. instillation in the absence or
presence of niclosamide or ivermectin. CLCA1 was detected
using rabbit anti-mouse Clca3 antibody (ab46512, Abcam,
Berlin, Germany); Nuclei were counterstained with 5 uM
Hoe33342 (Thermo Fisher Scientific, Darmstadt, Germany).
Immunofluorescence was detected with an Axio Observer
microscope equipped with Axiocams 503 mono, ApoTome.2
and ZEN 3.0 (blue edition) software (Zeiss, Oberkochen,
Germany). Stitching microscopy (image stitching) was used
to combine multiple photographic images with overlapping
fields of view to produce high-resolution images of whole
mouse lungs and airways, using a motorized Axio Observer
and Zen software [63].



Pflligers Archiv - European Journal of Physiology (2024) 476:211-227

213

Cell lines

All cells were grown at 37 °C in a humidified atmosphere
with 5% (v/v) CO2. Culture conditions for CFBE cells
have been described earlier [12]. In brief, CFBE/CFTR and
CFBE/parental cells were grown in MEM with Earle’s Salts
with L-glutamine medium (Capricorn Scientific, Ebsdorfer-
grund, Germany) supplemented with 10% FBS. BCi-NS1.1
cells (kindly provided by Prof. R. Crystal, Weill Cornell
Medical College, New York, USA) were cultured in sup-
plemented bronchial epithelial cell growth medium (BEGM;
Lonza, Basel, Switzerland) [78]. Cells were either grown
on plastic or were grown on permeable supports for up to
30 days (Snapwell #3801, Corning, New York, USA) in an
air/liquid interface (ALI). THP-1 macrophages were grown
in RPMI1640 medium, supplemented with 10% FBS, 1%
penicillin/streptomycin. Jurkat T-cells were cultured in
RPMI1640 supplemented with 10% FBS, 2 mM L-glu-
tamine, and 1% penicillin/streptomycin. U-DCS dendritic
cells were kindly provided by Prof. Dr. Kevin Mellert and
Prof. Dr. Peter Moller (Institute of Pathology, Albert-Ein-
stein-Allee 23, D-89070 Ulm, Germany) [54]. Cells were
grown in Iscove/RPMI medium supplemented with 10%
fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, and insulin—transferrin—sodium
selenite supplement (ITS, Roche, Mannheim, Germany). In
order to study the release of IL-8, U-DCS cells were stimu-
lated for 24 h with 0.5 ml maturation medium (10 ng/ml
TNF-a, 10 ng/ml IL-1p, 15 ng/ml IL-6 and 1 pg/ml PGE2).
Human embryonic kidney 293 (HEK293) cells were grown
in DMEM media supplemented with 2 mM L-glutamine.
HEK?293 cells were transfected with cDNA encoding human
anoctamin 1 or anoctamin 6 [70].

RT-PCR, siRNA, western blot

For semi-quantitative RT-PCR analysis of anoctamin expres-
sion, total RNA was isolated using NucleoSpin RNA 1I
columns (Macherey—Nagel, Diiren, Germany). Total RNA
(1 pg/50 pl reaction) was reverse-transcribed using a ran-
dom primer (Promega, Mannheim, Germany) and M-MLV
reverse transcriptase RNase H Minus (Promega, Mannheim,
Germany). Each RT-PCR reaction contained sense and anti-
sense primers for mouse anoctamins as described earlier [70],
0.5 ul cDNA and GoTaq Polymerase (Promega, Mannheim,
Germany). After 2 min at 95 °C, cDNA was amplified 25
cycles for 30 s at 95 °C, 30 s at 56 °C and 1 min at 72 °C.
PCR products were visualized by loading on Midori Green
Xtra (NIPPON Genetics, Dueren, Germany) containing aga-
rose gels and analyzed using Image] (NIH, Bethesda, MA,
USA). For the knockdown of ANO1 or ANOG6, cells were
transfected with siANO1 (5-CCUGUACGAAGAGUGGGC
ACGCUAU-3) or siANO6 (5-CCUCCAUCAUCAGCUUUA

UAAUUAU-3; both from Invitrogen, Carlsbad, CA?H, USA)
using standard protocols for Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA), scrambled siRNA (Silencer® Select
Negative Control siRNA #1, Ambion, Austin, TX, USA).
Western blots were performed as described in [20].

Cytokine analysis by ELISA

Cytokine release was assessed in CFBE airway epithelial
cells. Release of IL-2, IL-6, IL-8, and CLCA1 was detected
using quantikine colorimetric sandwich ELISA kits (R&D
systems, Wiesbaden-Nordenstadt, Germany) before and after
incubation with LPS or IL-13 (both 24 h) and in the absence
or presence of various concentrations of niclosamide or iver-
mectin. To that end, supernatants were collected, particulates
were removed by centrifugation and assays were performed
immediately according to the protocol of the manufacturer.
Signals were detected using a microplate reader (NOVOstar;
BMG Labtech, Offenburg, Germany).

LDH-release, propidium iodide and FACS

Supernatants were collected from cells and were assessed
using the CytoTox96® non-radioactive cytotoxicity assay
(Promega) at a wavelength of 490 nm. Percentage of LDH
release was calculated as 100 X (experimental LDH-sponta-
neous LDH)/(maximum LDH release-spontaneous LDH).
Cell death was also detected by propidium iodide permea-
bilization. For flow cytometry, cells were collected using
accutase (Capricorn Scientific, Ebsdorfergrund, Germany),
washed with cold Dulbecco’s PBS (DPBS) and centrifuged
at 500 g and 4 °C for 10 min. Subsequently, cells were resus-
pended in a 100-pl annexin binding buffer containing 5 ul
annexin V-FITC and 2.5 pl 7-aminoactinomycin D (7-AAD;
BioLegend, Koblenz, Germany). Fluorescence-activated cell
sorting (FACS) analyses were performed in the Annexin V
standard binding buffer (BioLegend, San Diego, CA, USA)
containing 10 mM Hepes, 140 mM NaCl and 2.5 mM CaCl.
For each measurement, at least 10,000 cells were analyzed
by flow cytometry at 37 °C (BD AccuriTM C6, St. Ives,
UK). 7-AAD, a non-permeant dye, was used to identify
cells with plasma membrane leakage. Freshly isolated mac-
rophages were stained with propidium iodide staining to
detect RSL3/erastin-induced cell death.

Measurements of intracellular pH and intracellular
ca2+

For intracellular pH measurements, cells were mounted
under the microscope and perfused with HCO;7/CO2 solu-
tion (mmol/l, NaCl 118.75; KH2PO4 0.4; K2HPO4 1.6;
glucose 5; MgS0O4 1; Ca-gluconate 1.3, NaHCO3 25; bub-
bled with 95% 02/5% CO2). Transport was stimulated with
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CI™ free HCO;7/CO2 solution (bubbled with 95% 02/5%
CO2). ApH was taken as a measure of CI"/HCO;~ — anti-
port. Experimental procedures, acquisition of images and
data analysis were described recently [8]. Measurement of
cytosolic Ca®* changes was performed as described recently
[16]. In brief, HEK293T, IHKE-1 and cortical primary cells
were loaded with 2 uM Fura-2, AM (BIOZOL, Eching, Ger-
many) in OptiMEM (Gibco, Thermo Fisher Scientific) with
0.02% Pluronic F-127 (Invitrogen, Thermo Fisher Scien-
tific,) in ringer solution (mmol/l, NaCl 145; KH2PO4 0,4;
K2HPO4 1,6; Glucose 5; MgCI2 1; Ca2+—gluc0nat 1,3) for
1 h at room temperature. Fluorescence was detected in cells
perfused with Ringer’s solution at 37 °C using an inverted
microscope (Axiovert S100, Zeiss, Germany) and a high-
speed polychromator system (VisiChrome, Puchheim, Ger-
many). Fura-2 was excited at 340/380 nm, and the emission
was recorded between 470 and 550 nm using a CCD cam-
era (CoolSnap HQ, Visitron Systems, Germany). [Ca2 +],

was calculated from the 340/380 nm fluorescence ratio
after background subtraction. The formula used to calculate
[Ca®*], was [Ca’*],=Kd X (R— R, )/(R,,, — R) X (Sf2/Sb2),
where R is the observed fluorescence ratio. The values R,
and R_;, (maximum and minimum ratios) and the constant
Sf2/Sb2 (fluorescence of free and Ca’*-bound Fura-2 at
380 nm) were calculated using 2 pumol/l ionomycin (Biomol
GmbH, Hamburg, Germany) and 5 mmol/l EGTA to equili-
brate intracellular and extracellular Ca>* in intact Fura-2-
loaded cells. The dissociation constant for the Fura-2eCa**
complex was taken as 224 nmol/l [36]. Control of experi-
ment, imaging acquisition, and data analysis were done with
the software package Meta-Fluor (Universal imaging, USA).

Patch clamp

Cells were patch clamped when grown on coated glass cover-
slips. Coverslips were mounted in a perfused bath chamber on

Fig.1 Niclosamide but not iver-
mectin reduces mucus content,
eosinophilic infiltration and cell
death in asthmatic mouse lungs.
A Airways from a sham-treated
mouse (con), an ovalbumin-
treated asthmatic mouse (OVA),

(4/25-46)
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and asthmatic mice treated with
Niclo or Iver (OVA +drug;
tracheal instillation of 100 pl of
30 uM Niclo or Iver dissolved
in 100 pl saline for 5 days).

Alcian blue positivity
(% cells per section)
5
1
® ..

N
o o
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Alcian blue staining indicates

strong reduction of mucus by

treatment with Niclo but not
Iver. Bars=100 um. B Sum-
mary of Alcian blue stainings.
C Eosinophils (interstitial cells
with a red Pappenheim eosin
staining; yellow arrows) present

in airways of the different

cohorts. Bars=100 ym. D Sum-
mary of eosinophil numbers. E
TUNEL positive cells in DNase
1-treated lung sections (pos.
con.), and in lungs from mice

Eosinophils
(per section)

treated with OVA, OVA + Niclo

and OVA + Iver, respectively
(yellow arrows). Bars =300 pm.
F Number of apoptotic cells was
significantly reduced by Niclo
but not by Iver. Mean + SEM
(number of animals/number of
analyzed sections). Number sign
(#) indicates significant increase
compared with con (p <0.05;
ANOVA). Section sign (§)
indicates significant difference
compared with OVA (p <0.05;
ANOVA)

OVA+Niclo

Apoptotic cells
(per section)
o - N
L 1 1
5 =
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the stage of an inverted microscope (IM35, Zeiss) and kept at
37 °C. Patch pipettes were filled with a cytosolic-like solution
containing (in mM) KCl 30, K-gluconate 95, NaH2PO4 1.2,
Na2HPO4 4.8, EGTA 1, Ca-gluconate 0.758, MgCI2 1.03,
D-glucose 5, and ATP 3; pH 7.2. The intracellular (pipette)
Ca®* activity was 0.1 uM. The bath was perfused continu-
ously with standard bicarbonate-free Ringer’s solution (in mM
NaCl 145, KH2PO4 0.4, K2HPO4 1.6, glucose 5, MgCl 2 1,
Ca**-gluconate 1.3) at a rate of 4 ml/min. Patch pipettes had
an input resistance of 3—5 MQ, and whole-cell currents were
corrected for serial resistance. Currents were recorded using
a patch clamp amplifier EPC9 and PULSE software (HEKA,
Lambrecht, Germany) as well as the Chart software (AD
Instruments, Spechbach, Germany). Cells were stimulated
with 1 uM ATP in the absence and presence of TRAM34.
In regular intervals, membrane voltage (Vc) was clamped in
steps of 20 mV from — 100 to+ 100 mV from a holding voltage
of — 100 mV. The current density was calculated by dividing
whole-cell currents by cell capacitance.

Materials and statistical analysis

Except of special compounds and kits listed above, general
chemicals were from Sigma-Aldrich (St. Louis, Missouri,
USA). BCi-NS1.1 cells were kindly provided by Prof. R.
Crystal, Weill Cornell Medical College, New York, USA.
U-DCS dendritic cells were kindly provided by Prof.
Dr. Kevin Mellert and Prof. Dr. Peter Moller (Institute of

Fig.2 Niclosamide but not A
ivermectin inhibits release of
CLCALI1 from epithelial cells

of mouse lungs. A Staining

of CLCAL in airways (yellow
arrows) of whole lung sections
of con, OVA, OVA + Niclo

and OVA + Iver mice, respec-
tively. Bar=1 mm. B clcal and
smooth muscle a-actin from
con, OVA, OVA + Niclo and
OVA + Iver mice. Nuclei (blue)
were stained by Hoe33342.
Bar=20 um. C Summary of
CLCALI stainings under the dif-
ferent conditions. Mean + SEM
(number of animals/number of
sections analyzed). Number sign
(#) indicates significant increase
in fluorescence intensity when B
compared to con (p <0.05;
ANOVA). Section sign (§)
indicates significant difference
compared with OVA (p <0.05;
ANOVA)

control

control
Clca1

Pathology, Albert-Einstein-Allee 23, D-89070 Ulm, Ger-
many). Data are shown as individual traces/representative
images and/or as summaries with mean values + SEM, with
the respective number of experiments given in each figure
legend. For statistical analysis, paired or unpaired Student’s
t test or ANOVA was used where appropriate. A p-value
of <0.05 was accepted as a statistically significant difference.

Results

Niclosamide but not ivermectin reduced mucus
content, eosinophilic infiltration and cell death
in asthmatic mouse lungs

Effects of niclosamide (Niclo) and ivermectin (Iver) on
inflamed airways were analyzed in vivo by intratracheal
instillation of either compound (30 uM Niclo or 30 uM Iver
dissolved in 100 pl saline applied for 5 consecutive days) to
asthmatic (ovalbumin sensitized; OVA) mice. Sham-treated
animals received 100 pul saline without drugs. No weight
loss was observed during application of the drugs. OVA-
treated mice demonstrated impressive goblet cell metaplasia,
which was significantly attenuated by Niclo, but not by Iver
(Fig. 1A, B). Eosinophilic infiltration in lungs of asthmatic
mice was significantly reduced only by Niclo (Fig. 1C, D).
Cell death of airway epithelial cells was assessed in TUNEL
assays. TUNEL-positive (apoptotic) cells were found in air-
ways of asthmatic mice, but not in healthy control airways,
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similar to a previous report [43]. The number of apoptotic
cells was reduced in Niclo-treated animals but not in Iver-
treated animals (Fig. 1E, F). The data suggest mucostatic
and anti-inflammatory effects by Niclo, which, however, are
not induced by Iver.

Accumulation of CLCA1 in mouse airway epithelial
cells in the presence of Niclo is possibly due
to inhibition of CLCA1-secretion

CLCA1 (chloride channel accessory 1) is an important regu-
lator of the Ca**-activated C1~ channel anoctamin 1 (ANO1)
[42]. An N-terminal fragment resulting from the self-prote-
olysis of CLCA1 is a secreted protein with protease activity,
which directly binds to ANOI, thereby stabilizing ANOI
in the plasma membrane [65]. CLCA1 also drives mucus
production, upregulates proinflammatory genes in Th-2
mediated airway inflammation and CLCA1 itself can act as
a signalling molecule [26, 31, 42]. Previously named mouse

Fig.3 Luminal application of A
hCLCAL induces membrane
expression of Anol in airway
epithelial and smooth muscle
cells. A Anol and a-actin in
mouse airways exposed to
control media (from mock trans-
fected HEK293 cells) or media
containing secreted hCLCA1
(each 100 ul/24 h exposure).
hCLCAT induced pronounced
expression of Anol in mouse
airway epithelial cells and in

the airway smooth muscle.
Nuclei (blue) were stained

by Hoe33342. Bars =20 um.

B, C Gel and summary from
semiquantitative RT-PCR
analysis of expression of the

ten different anoctamin proteins
(Anol-Anol0) in mouse air-
ways exposed to control media B
(con) or hCLCA 1-containing
media. Mean + SEM (number

of reactions). Number sign (#)
indicates significant increase

in expression by hCLCA1

(p <0.05; unpaired ¢ test)

control

hCLCA1

-
N

e
©
1

©
~
1

Ano1

target/GAPDH mRNA

o
L
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Ano1

CLCA3 is now designated CLCA1 as it is the direct ortholog
to human CLCAL [56]. Staining of CLCA1 in mouse whole
lung sections showed upregulation of CLCA1 in asthmatic
mice, which was not reduced by treatment with Niclo or Iver
(Fig. 2A). In contrast, Niclo (but not Iver) enhanced staining
of intracellular CLCA1 (Fig. 2B, C). As shown below, Niclo
inhibits ANO1 and ANOG6 by direct and indirect mechanisms
[12, 55]. It attenuates intracellular Ca>* signalling by affect-
ing receptor-mediated release of Ca** from the endoplasmic
reticulum (ER) store [19], thereby inhibiting exocytosis [7,
12, 20, 67]. Niclo may therefore also compromise cellular
release of CLCA1. To that end, we examined release of
CLCAI from IL-13-exposed CFBE human airway epithe-
lial cells and found that Niclo as well as the knockdown of
ANOI or ANOG inhibited the release of CLCA1 (Fig. S1).
These results are in line with our previous findings, showing
arole of both anoctamins for exocytosis [20]. Along this line,
a pronounced increase in CLCA1-staining was observed pre-
viously in airways of mice lacking expression of ANO1 [13].

a-actin

Overlay+DIC
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Fig.4 Niclosamide and ANO1- A B
knockdown, but not ivermectin,
inhibit release of the inflamma- 2000 (4) 100014y o
tory cytokines IL-6 and IL-8 Q
from CFBE airway epithelial 1600 ‘O%L O ~ 8004 [@ —L o
cells. A, B Release of IL-6 and _E' _EI # ®
IL-8 from filter-grown CFBE S 12004 # S 600
cells in the absence or presence £ —
of Niclo or Iver (each 200 nM), 5 800 $ 400
respectively. C, D Knockdown = 400 = 200
of ANOL1 (siANO1) inhib-
ited release of IL-6 and IL-8 04 — 04 = -
from plastic-grown CFBE Q ) 23 Q 2 o 23
cells, when compared with h¢ \3@"}0 \9\\@ v \?é\c} \3\3}
cells treated with scrambled s S
RNA (scrbld). E High basal KDa ép\ é\ve
release of CLCA1 (not further 1500]ZJAN01 D §
stimulated by 20 ng/ml IL-13) 1000"% 600 PY
was partially inhibited by Niclo [ < Jactin § @
but not Iver. F Demonstration —~ 8004 — — &
that basal CLCA1-release from _El 4) "E" 4004 o ® ﬁ
CFBE cells depends on growth S 6004 >
conditions and independent of — PS # — ’ .
CFTR-expression. Mean + SEM © 40041 o ) 2004 ®
(number of experiments). = 2004 # = [ ] °
Number sign (#) indicates sig- L4 l_'l._l
nificant inhibition by Niclo and 04 S = 04
knockdown of ANO1 (p <0.05; 3¢ o o o O O 2N o
unpaired ¢ test). Section sign (§) ec’{o e’\‘?*e \?é}v \?év§ @0(0 a}ve \?é}c \?(a\\??
indicates significant increase F
of cytokine release by LPS (3-4) # #
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CLCA1 can operate as a cytokine-like signal
molecule whose release is inhibited by niclosamide

Independent of the presence of the metalloprotease domain,
CLCA1 was shown to induce the release of proinflammatory
cytokines such as IL-1p, IL-6, TNF-a and IL-8 [26]. To fur-
ther examine the signalling function of CLCA1, we applied
secreted hCLCAT1 (100 pl for 5 consecutive days) to mouse
airways via intratracheal instillation. Secreted hCLCA1 was
obtained from conditioned supernatant of HEK293 cells het-
erologously expressing hCLCA1. Supernatant from mock
transfected cells served as control [22]. We showed previ-
ously that secreted hCLCA1 augments mucus production
and mucus secretion and induces plasma membrane expres-
sion of Anol in mouse airways and ANO1 currents in air-
way epithelial cells [22]. These results suggest that secreted

human CLCAL is active in mouse tissues. Moreover, we
found evidence that hCLCAI1 activates ANO1 expressed
endogenously in mouse M1 cells [14, 76]. hCLCA1 present
in conditioned media from hCLCA1-expressing HEK293
cells [22] significantly increased Ca’>-dependent whole
cell currents (activated by 1 uM ATP) from 2.04 +0.46 nA
(mock; n=4) to 3.63 +£0.52 nA (hCLCALl; n=5; p<0.05,
unpaired ¢ test).

Here, we show that hCLCA1 induced the pronounced
expression of Anol not only in the airway surface epithe-
lium, but also in submucosal airway smooth muscle (ASM)
cells (Fig. 3A). This finding indeed suggests a signalling
function of CLCAT1 in mouse airways. mRNA was isolated
from mouse airways, and semiquantitative RT-PCR analysis
of the expression of anoctamins was performed. No increase
in Anol-mRNA by CLCA1 could be detected, confirming
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Fig.5 siRNA-knockdown

of ANOI or ANOG inhibits
release of IL-6 and IL-8 by
human airway epithelial cells.

160+

A, D Western blots indicat-

ing knockdown of ANO1 and
ANOG by siRNA. Blots were
performed in triplicates. B, C
Release of IL-6 and IL-8 in the
absence or presence of LPS
(100 ng/ml) (24 h). Knockdown
of ANOI1 (siANO1) inhibits
release of IL-6 and IL-8, but
not scrambled RNA (scrbld).

E, F Release of IL-6 and IL-8
in LPS (100 ng/ml; 24 h)-
stimulated cells. Knockdown

of ANOG6 (siANO6) strongly
inhibits the release of IL-6 and
IL-8. Mean + SEM (number

of experiments). Number

sign (#) indicates significant
inhibition of cytokine release by
knockdown of ANOL1 (p <0.05;
unpaired ¢ test). Section sign (§)
indicates significant increase

of cytokine release by LPS
(p<0.05; unpaired ¢ test)
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the stabilization of ANOI in the plasma membrane, rather
than transcriptional upregulation, as described previously
[65] (Fig. 3B, C). Interestingly, we found that hCLCA1
itself can induce CLCA1 release (Fig. S2). Thus, luminally
applied CLCA1 does induce cytokine release by airway epi-
thelial cells [26], which in turn upregulates Anol in submu-
cosal ASM cells.

Niclosamide and knockdown of ANO1,
but not ivermectin, inhibit release of inflammatory
cytokines in CFBE airway epithelial cells

Due to animal ethics regulations, we were unable to analyze
cytokines by bronchoalveolar lavages. We therefore examined
in filter-grown human CFBE airway epithelial cells stably
expressing wtCFTR (CFBE/CFTR cells) whether Niclo and
Iver affect the release of IL-6, IL-8 and CLCA1 [47]. Basal con-
stitutive release of both IL-6 and IL-8 was surprisingly high and
was not further enhanced by LPS (100 ng/ml; 24 h) (Fig. 4A,
B). Nevertheless Niclo (but not Iver) inhibited the release of
both cytokines (both at 200 nM). We examined the effect of
siRNA-knockdown of ANO1 on LPS-induced cytokine release.
These experiments were performed in plastic-grown CFBE/
CFTR cells, as they show lower basal cytokine release, and
cytokine release could be further enhanced upon LPS stimula-
tion (Fig. 4C, D). Knockdown of ANOI1 significantly reduced
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the release of IL-6 and IL-8 [7]. As shown above for IL-6 and
IL-8, filter-grown CFBE/CFTR cells also showed spontaneous
release of CLCA1, which was not further enhanced by IL-13
(20 ng/ml; 24 h) but was inhibited by Niclo (Fig. 4E). A previ-
ous study reported the impact of growth conditions of CFBE
cells on cytokine release recently [52]. We also found that the
spontaneous release of CLCA1 entirely depends on the growth
conditions of CFBE cells, but independent of the expression of
CFTR (Fig. 4F). Therefore, the inhibition of cytokine release
by Niclo and the role of ANO1 was re-examined in the more
differentiated cell line BCi-NS1.1 (see Fig. 4).

Niclosamide and knockdown of ANO1 and ANO6
inhibit release of inflammatory cytokines
in BCi-NS1.1 airway epithelial cells

We examined whether the release of IL-6 and IL-8 by dif-
ferentiated BCi-NS1.1 human airway epithelial cells depends
on the expression of ANOI and ANOG6 [20, 39]. In fact,
basal and LPS-stimulated release of both cytokines were
inhibited by siRNA-knockdown of ANO1 when compared
to cells treated with scrambled RNA (scrbld) (Fig. SA-C).
Thus, these data suggest a proinflammatory role for ANOI
by supporting the release of cytokines, probably due to the
pronounced impact of ANOI on intracellular Ca** signalling,
which determines exocytic activity (Fig. 10). Inhibition of
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IL-6/IL-8 release was even more pronounced by knockdown
of ANOG6, which is essential for exocytosis [10] (Fig. SD-F).
Thus, the present and previous data [7, 20, 67] suggested a
role of both ANO1 and ANOG6 for exocytosis of cytokines
and mucins. While phospholipid scrambling by ANOG6 is
essential for exocytosis and membrane shedding [10, 30,
73], increase in intracellular sub-membranous Ca>* by ANO1
supports the scrambling activity of ANOG6 and supports acti-
vation of the exocytic SNARE complex [11, 37, 67] (Fig. 10).

Niclosamide but not ivermectin acidifies cell pH
and increases intracellular Ca%* in BCi-NS1.1 cells

Niclosamide was reported to alkalinize endosomal pH
(thereby acidifying cytosolic pH) which could be a central
mechanism for its antiviral effect [33, 41]. We examined
whether therapeutic concentrations of Niclo and Iver also
acidify cytosolic pH in airway epithelial cells. Human BCi-
NSI1.1 cells were loaded with the pH sensitive dye BCECF.
Intracellular pH (pHi) was measured in the presence of
increasing concentrations of Niclo or Iver. Cytosolic pH
started to acidify when Niclo was applied at concentrations

of 100 nM and higher (Fig. 6A, B). In contrast, Iver showed
no effects on intracellular pH. When compared to the acidi-
fication induced by Niclo, intracellular Ca>* ([Ca**],) was
steadily enhanced by Niclo up to a concentration of 100 nM,
while higher concentrations (up to 1 pM) induced a sud-
den Ca** increase (probably by Ca>* release from the ER),
with a subsequent drop in [Ca2+]i [19, 55] (Fig. 6C, D).
Iver had no effects on [Ca®*] ; at lower concentrations, but
slightly increases [Ca®*]; at 1 uM. As a result of ER Ca**
store depletion by 1 uM Niclo [19], acute release of Ca**
from the store by purinergic (ATP) stimulation was strongly
inhibited. Again, Iver showed no effects on ATP-induced
Ca®* release (Fig. 6E—-G). The present data indicate that at
therapeutic concentrations detected in the plasma of treated
patients, Niclo acidifies pHi and compromises Ca** signal-
ling in differentiated airway epithelial cells.

Niclosamide but not ivermectin inhibit ANO1
and ANO6

The present data demonstrate cellular effects of Niclo,
which cannot be reproduced by Iver at concentrations up
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Fig.7 Niclosamide but not

ANO1

ivermectin inhibits activation of
ANO1 or ANO6. A Whole-cell A
current overlays (clamp volt-

ages + 100 mV) indicate activa-
tion of ANOI by ATP (100 uM)

in overexpressing HEK293
cells, which is blocked by Niclo
(1 uM) but not Iver (1 uM). B
Corresponding current/volt-

age (I/V) relationships. C, D
Whole-cell current overlays and
1/V curves of ANOG6 activated
by ionomycin (1 uM) and inhi-
bition by Niclo (1 uM) but not
Iver (1 pM). Mock-transfected
HEK293 cells did not activate a
whole-cell current when stimu-
lated by either ionomycin or
ATP, and Niclo or Iver had no
effects on basal whole-cell cur-
rents (not shown). Mean + SEM
(number of experiments).
Asterisk (*) indicates significant
activation by ATP or ionomycin
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to 1 uM. Inhibition of cytokine release by niclosamide may
be due to the inhibition of the exocytic function of ANOI1
and ANOG6 [10, 20]. Here, we demonstrate that 1 uM Niclo
completely inhibits whole cell currents activated by ATP
or ionomycin in HEK293 cells overexpressing ANO1
and ANOG, respectively. Lower concentrations of Niclo
at~100-200 nM were shown earlier to inhibit anoctamins
partially [12, 55]. Inhibition of anoctamins occurs directly
(via binding to the hydrophobic binding pocket) and indi-
rectly by lowering of intracellular Ca** concentrations [19,
35]. It should be noted that stimulation with ATP rises
intracellular Ca** to levels sufficient for the activation of
ANOI, but not of ANOG6, which requires much higher Ca**
concentrations. Therefore ANOG6-expressing cells were

@ Springer

stimulated by ionomycin instead of ATP. In contrast to
Niclo, Iver did not inhibit the activation of the two anoc-
tamins. It is therefore unlikely that the anti-inflammatory
effects of Iver described earlier [29] are related to the inhi-
bition of ANO1 or ANOG6 (Fig. 7A, B).

Niclosamide inhibits cytokine release at therapeutic
concentrations but could be cytotoxic
at concentrations above 500 nM

When applied locally to mouse or human airways, very
high concentrations of niclosamide (30 uM) did not exert
any obvious toxic effects but reduced inflammatory symp-
toms (Fig. 1) [4]. We also examined how BCi-NS1.1 airway
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epithelial cells respond when exposed to concentrations of
Niclo or Iver higher than 200 nM. To that end, the cells
were incubated for 24 h at increasing concentrations of both
drugs up to a maximal concentration of 1 uM. We found that
at concentrations > 500 nM, Niclo caused propidium iodide
uptake and LDH-release. Moreover, the release of cytokines
was inhibited at therapeutic concentrations of 100-200 nM,
but the release was not inhibited at higher concentrations.
These results are explained by the fact that Niclo transiently
increases cytosolic [Ca®*] at concentrations of > 500 nM,
which further stimulates cytokine release. Again, Iver did
not show any effects (Fig. 8A-C).

Only high concentrations of niclosamide inhibit
cytokine release from immune cells

In the present study, we show that Niclo (but not Iver) inhib-
its cytokine release by airway epithelial cells through inhi-
bition of ANO1 and ANOG6, and lowering cytoplasmic Ca**

LPS + Niclo (nM) LPS + lver (nM)

concentrations, which is likely to suppress lung inflamma-
tion. However, as these drugs may also inhibit the release
of cytokines by immunologically active cells, we examined
the effects of Niclo and Iver in THP-1 macrophages [24, 79],
Jurkat T-cells [2], and U-DCS dendritic cells [54]. These
cells express high levels of ANO6 but no ANOI (https://
www.proteinatlas.org (Fig. S3). Release of IL-6 by THP-1
macrophages was induced by LPS (24 h), release of IL-2 by
Jurkat T-cells was induced by PMA/PHA (24 h), and release
of IL-8 by U-DCS dendritic cells was induced by matura-
tion medium (Mat.Med.; 24 h, see “Materials and methods”)
(Fig. 9). Niclo (24 h) inhibited IL-6 release from THP-1 mac-
rophages at concentrations > 500 nM, while cytokine release
by Jurkat T-cells and U-DCS dendritic cells was inhibited
only at 1 pM niclosamide. Cell viability was only affected
at high (1 uM) concentrations of Niclo (Fig. 9). Cell num-
bers were assessed before and after measurements in order
to detect a possible loss of cells during the assay. Ivermectin
did neither inhibit cytokine release nor decrease viability.
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Fig. 9 Inhibition of cytokine release by niclosamide but not ivermec-
tin. A-L Concentration-dependent effects of Niclo and Iver on the
release of cytokines and on cell viability of THP-1 macrophages, Jur-
kat T-cells, and U-DCS dendritic cells. Cytokine release was induced
by LPS (24 h) in THP-1 cells (IL-6), by PMA/PHA (see “Materials
and methods”; 24 h) in Jurkat cells (IL-2), and by maturation medium
(Mat.Med.; see “Materials and methods”; 24 h) in U-DCS cells. A-F
Only higher concentrations of Niclo above the typical therapeutic

In conclusion, Niclo and Iver did not show toxic effects
when applied directly in vivo to mouse airways at a high
local concentration (30 uM). Airway mucus, the number
of eosinophils and apoptotic cells were attenuated by Niclo
but not by Iver. Cytokine release by airway epithelial cells
in vitro was inhibited by Niclo at therapeutic concentrations
of 100-200 nM, which is typically achieved as plasma con-
centrations during oral application. Higher concentrations
of Niclo showed cytotoxic effect on cultured airway epithe-
lial cells. Cytokine release by immune cells was inhibited
only at>500 nM, and cell viability was affected only at the
highest concentration of 1 uM. These results support the use
of niclosamide as an anti-inflammatory drug in airways of
patients with asthma, cystic fibrosis and COVID-19.
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‘Mat. Med. +Iver (nM) Mat. Med. +lver (nM)

plasma concentrations inhibited cytokine release, or compromised
cell viability. G-L Iver had no effects on cytokine release and did not
show cytotoxic effects, even at concentrations far beyond therapeutic
plasma concentrations. Mean+SEM (number of assays). Number
sign (#) indicates significant increase by LPS, PMA/PHA and Mat.
Med. Section sign (§) indicates significant difference to LPS, PMA/
PHA, and Mat.Med. (p <0.05; unpaired ¢ test)

Discussion

Niclosamide but not ivermectin inhibits ANO1
and ANO6 and attenuates airway inflammation

The present data confirm our previous findings showing
inhibition of ANO1 and ANOG6 by niclosamide, and clearly
indicate suppression of inflammatory symptoms. It has
been argued that niclosamide directly reduces intracellu-
lar Ca®* and thereby only indirectly inhibits ANO1 [28,
35]. However, in several previous studies, we and others
demonstrated that (i) anoctamins, especially ANO1 sup-
ports Ca>" release from the ER as well as reloading of the
Ca®* store by store operated Ca** entry (SOCE) [11, 38,
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Niclosamide

Fig. 10 Proposed concept how ANO1 and ANO6 support cytokine
release, which is inhibited by niclosamide. Toll-like receptors (TLR)
sense bacterial lipopolysaccharides (LPS) which activate transcrip-
tion of interleukins via nuclear factor kappa-B (NFyB) [77]. Interleu-
kins are constitutively secreted by epithelial cells using the vesicular/
target SNARE (soluble-N-ethylmaleimide—sensitive-factor accessory-
protein receptor) machinery including the Ca** sensor synaptotag-
min (STGM) and the Ca“—binding protein Munc13 [74, 75]. ANO1
tethers the endoplasmic reticulum (ER) near the plasma membrane
via binding to the Inositol trisphosphate receptor (IP;R), which
enhances the sub-membranous Ca’* concentration [11], thereby sup-

45], (ii) ANOI1 knockout mice show strongly attenuated
GPCR-induced Ca** signals in various tissues [7, 12, 69],
(iii) niclosamide also inhibits ANO1, when intracellular
Ca?* is clamped to high concentrations [19, 55], (iv) in
cells in which ANO1 was knocked out, niclosamide had no
additional attenuating effect on intracellular Ca** signals
[19], (v) the most specific ANOI1 inhibitor Ani9 also inhib-
ited GPCR-induced intracellular Ca>* signals [19] and (vi)
Ani9 had a similar inhibitory effect like niclosamide or
benzbromarone, on renal cyst growth in polycystic kidneys
in vivo, which is due to augmented Ca* signalling [15].
Further evidence for a direct role of ANO1 and ANOG6 in
exocytosis was provided in a recent report [20]. Figure 10
summarizes direct and circumstantial evidence for the role
of ANOI and ANOG6 in exocytosis and cytokine release,
and the effects of niclosamide.

Appropriate therapeutic concentrations
of niclosamide and potential toxicity

The use of high (>1 uM) concentrations of niclosamide in
cell culture experiments appears inappropriate and leads
to the inhibition of the SERCA pump as well as Orai Ca>*
influx channels [19, 28, 35]. Artefactual inhibition of
SERCA/Orai is often observed for amphipathic drugs and
was also reported for the CFTR inhibitor CFTRinh-172,
shown recently to compromise intracellular Ca** signal-
ling [50]. When taken orally at the established and well-
tolerated standard dose of 2 g/day niclosamide leads (in

Nucleus

v-SNARE

porting Ca**-dependent activation of synaptotagmin and phospho-
lipid (PL) scrambling by ANOG6 [58]. ANO1 was shown to interact
within a network of SNARE, Munc and syntaxin proteins [60] and is
regulated by extended synaptotagmin-1 (ESYT-1) [48]. Removal of
negatively charged phospholipids (PL) from the inner plasma mem-
brane leaflet supports vesicular fusion by lowering repulsive forces
[30]. Niclosamide inhibits ANO1 and reduces ANOI1 expression [15].
Niclosamide also directly lowers ER-Ca** content by inhibiting the
sarcoplasmic endoplasmic reticulum Ca**-ATPase (SERCA) and
store-operated Ca®* entry (SOCE) by inhibiting Orai channels [19],
and inhibits PL scrambling by ANO6

humans) to a variable peak plasma concentration of ~250
up to 6000 ng/ml (~700-18000 nM) [3, 72]. The effects
of niclosamide in vitro described here were detected at
concentrations ~ 10-50 times lower, which suggest oral
dosages well below 2 g/day in order to dampen pulmonary
inflammation. Analogues of niclosamide are currently
developed with improved antiviral efficacy, lower cyto-
toxicity and improved pharmacokinetics [49]. Delivery
to airways of nebulized niclosamide is currently explored
and was found to be well tolerated in clinical trials. Local
delivery of niclosamide allows higher concentrations in
the airway surface liquid, improves pharmacokinetic pro-
files and lowers systemic concentrations, thereby reducing
toxicity [4, 57, 81]. The present data show positive effects
of niclosamide and no toxicity even when applied at high
concentrations to asthmatic mouse airways (Fig. 1). In
contrast to niclosamide, ivermectin (maximal therapeu-
tic plasma concentration ~50 nM [66]) did neither inhibit
anoctamins nor reduce cytokine release even at 1 uM.

Pleotropic effects of niclosamide

Inflamed airways show high levels of IL-13 (asthma [53,
55]), IL-8 (CF, [6, 40]) or IL-6 (COVID-19; cytokine
storm, [32]). Niclosamide may be useful in lowering air-
way cytokine levels without compromising local immune
defence. Moreover, enhancing endosomal pH and lowering
intracellular Ca>* levels by niclosamide may both reduce
viral uptake [23, 25, 84]. Finally, niclosamide inhibits the
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formation of pneumocyte syncytia and thrombus formation
induced by the spike protein of SARS-CoV-2, which is due
to the inhibition of ANOG6 and possibly ANO1 [5, 9, 18, 71].
Taken together, these findings support further evaluation of
niclosamide for the use in inflammatory airway diseases.
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