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Abstract: Ivermectin was first approved for human use as an endectocide in the 1980s. It remains
one of the most important global health medicines in history and has recently been shown to exert
in vitro activity against SARS-CoV-2. However, the macrocyclic lactone family of compounds has not
previously been evaluated for activity against SARS-CoV-2. The present study aims at comparing
their anti-viral activity in relevant human pulmonary cell lines in vitro. Here, in vitro antiviral
activity of the avermectins (ivermectin and selamectin) and milbemycins (moxidectin and milbemycin
oxime) were assessed against a clinical isolate from a CHU Montpellier patient infected with SARS-
CoV-2 in 2020. Ivermectin, like the other macrocyclic lactones moxidectin, milbemycin oxime and
selamectin, reduced SARS-CoV-2 replication in vitro (EC50 of 2-5 uM). Immunofluorescence assays
with ivermectin and moxidectin showed a reduction in the number of infected and polynuclear
cells, suggesting a drug action on viral cell fusion. However, cellular toxicity of the avermectins and
milbemycins during infection showed a very low selectivity index of <10. Thus, none of these agents
appears suitable for human use for its anti-SARS-CoV-2 activity per se, due to low selectivity index.

Keywords: SARS-CoV-2; in vitro drug screening; ivermectin; anti-parasite drugs; antiviral speci-
ficity index

1. Introduction

In December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in Wuhan, China [1,2]. SARS-CoV-2 is a betacoronavirus, which are enveloped
viruses containing single-strand, positive-sense RNA. No effective treatment or treatment
regimen has been established for coronavirus disease-2019 (COVID-19) to date and al-
though success has been achieved with vaccination modalities, there remains a need for
therapeutic approaches for the unvaccinated and for vaccine escape mutants. Screening
existing, regulatory approved medicines for potential activity against SARS-CoV-2 offers
the potential to reduce unnecessary animal and clinical evaluations. Repurposing requires
a comprehensive understanding of the pharmacokinetic/pharmacodynamic relationship of
the product and changes from the approved posology result in potentially significant data
generation requirements. Several candidates have emerged from this strategy, although
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a convincing antiviral therapy has yet to emerge. The directly antiviral remdesivir has
conflicting efficacy data, and lopinavir/ritonavir, hydroxychloroquine and ivermectin have
been successively ruled out in randomized clinical trials [3-6]. Dexamethasone for oxygen-
requiring patients has evidence of clinically relevant efficacy in the RECOVERY trial [7],
through a reduction of the inflammatory response in the latter phase of the infection.
Therefore, the therapeutic arsenal is still limited and further options are needed [8].

Ivermectin (IVM) is a widely used antiparasitic drug targeting the gamma aminobu-
tyric acid and glutamate-gated chlorine channel in invertebrates, causing flaccid paralysis
of parasites and becoming one of the world’s most important global heath medicines, a
discovery awarded a Nobel Prize in 2015. Apart from its antiparasitic effect against filariae
and ectoparasites, there is evidence of anti-inflammatory and antiviral properties on RNA
viruses, mostly of the flaviviridae family (including dengue (DNV), zika, yellow fever) [9].
A study by Caly et al. [10] reported that IVM inhibited SARS-CoV-2 in vitro using the Vero-
hSLAM assay. However, the concentration resulting in 50% inhibition (IC50, 2 to 2.5 uM,
ie., 1750 to 2190 ng/mL) was several times higher than the maximal plasma concentration
(Cmax) that can be reached after the oral administration of the FDA-approved dose for
onchocerciasis (200 pg/kg, e.g., 14 mg for 70 kg) [11-13]. Human lung exposure is thought
to reach a maximum of 772 ng/mL [14]. IVM doses up to 120 mg have been administered
and appeared well tolerated, but with limited experience; the in vitro IC50 by Caly et al.
was >9-fold and >21-fold higher than the day 3 plasma and lung tissue simulated Cmax,
respectively, following a higher dose IV regimen of 600 ug/kg dose daily for 3 days. This
dose scenario exceeds the highest regulatory approved dose of IVM of 200 pg/kg single
dose for the treatment of strongyloidiasis.

IVM is generally well tolerated [15], except for potential neurotoxicity that could be
linked to GABA-gated channel in the central nervous system of mammals if the blood-brain
barrier (BBB) integrity is damaged, a possible mechanism of COVID-19 encephalopathy
during the cytokine storm. This neurotoxicity in enhanced in the case of mutations of the
P-glycoprotein (P-gp), one of the main BBB efflux pumps, for which IVM is a substrate.

Put together, these results highlight the importance of pharmacokinetic considerations,
acknowledging that discrepancies between in vitro and in vivo results have been observed.
For instance, DNV’s (dengue virus) IC50 is even higher (17 uM) [16].

SARS-CoV-2 enters host cells by binding to angiotensin-converting enzyme 2 (ACE2)
receptors, widely distributed in human tissue but predominantly in human alveolar ep-
ithelial cells [17,18]. Mechanisms underlying the possible antiviral effect of IVM include
its ability to bind to the host’s importin (IMP) «, leading to dissociation of the IMP o/ 31
heterodimer and modifying the interaction of IMP with viral proteins therefore hampering
nuclear import [19,20]. Other hypothesis include allosteric modulation of the «7 nicotinic
acetylcholine receptor (nAChR) [21,22].

IVM belongs to the wider family of macrocyclic lactones, being synthesized through a
semi-fermentation pathway through bacteria of the Streptomyces genus. The macrocyclic
lactones are divided into two classes: avermectins (ivermectin, doramectin, selamectin)
and milbemycins (moxidectin and milbemycin oxime) depending on the substitution at
the position 13 of the macrolide ring, also common to macrolide antibiotics (also inves-
tigated as potential antiviral molecules in SARS-CoV-2 infection). IVM and moxidectin
(MOX, achieved FDA approval for onchocerciasis [23-25]) are the only macrocyclic lac-
tones approved for human use by a regulatory authority, while selamectin, doramectin
and milbemycin oxime are approved for veterinary use only. Similarities across these
drugs include mode of action and lipophilic properties leading to preferential deposition in
adipose tissues, but they differ in the degree they are substrates for transporters, GABA and
glutamate gated chloride channel binding, and their respective absorption, distribution,
metabolism and excretion (ADME) profiles. Moxidectin’s human elimination half time
(t/2) reaches >20 days following oral administration [26,27]. MOX is also a weak substrate
of P-gp, and has demonstrated lower neurotoxicity in models of neurotoxicosis.
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To explore the potential of this class of compounds against SARS-CoV-2, we screened
avermectins and milbemycins for their antiviral efficacy in vitro.

2. Materials and Methods
2.1. Cell Lines and Culture

Vero E6 cells (African green monkey kidney cells) were obtained from ECACC (Sigma-
Aldrich, Merck, Darmstadt, Germany) and maintained in Dulbecco’s minimal essential
medium (DMEM) supplemented with 10% heat inactivated fetal bovine serum (FBS,
Thermo Fisher, Waltham, MA, USA) 50 U/mL of penicillin (Ozyme, Saint-Cyr-1'école,
France), 50 pg/mL of streptomycin (Ozyme, France) and 25 mM of HEPES at 37 °C with 5%
CO,. The human pulmonary alveolar A549-hACE2 cells were engineered using a lentiviral
vector from Flash Therapeutics (Toulouse, France) to express the human receptor ACE2.
A549 cells obtained from ECACC (#86012804, Sigma-Aldrich, Merck, Darmstadt, Germany)
were transduced and maintained in RPMI (Ozyme, France) supplemented with 10% heat
inactivated fetal bovine serum (FBS), 50 U/mL of penicillin, 50 pg/mL of streptomycin,
25 mM of HEPES and 1 mM of sodium pyruvate at 37 °C with 5% CO,. Cells were then
sorted by FACS in order to obtain an A549-hACE2 population stably expressing hACE2.
Calu-3 cells (epithelial lung adenocarcinoma cells) were obtained from Elabscience (#EP-CL-
0054, Tebu-Bio, Le Perray-en-Yvelines, France) and maintained in DMEM supplemented
with 10% heat-inactivated FBS, 50 U/mL of penicillin, 50 ng/mL of streptomycin and 25
mM of HEPES at 37 °C with 5% CO,.

2.2. SARS-CoV-2 Virus

SARS-CoV-2/CHU Montpellier/France was isolated from CPP Ile de France III,
n°2020-A00935—34 and “Centre de Ressources Biologiques” collection of the University
Hospital of Montpellier (France). The virus was propagated in Vero E6 cells with DMEM
containing 2.5% FBS and 25 mM HEPES at 37 °C with 5% CO; and was harvested 72 h
post inoculation. Virus stocks were stored at —80 °C. All work with infectious SARS-CoV-2
was performed in an approved biosafety level 3 (BSL3) facility by trained personnel at the
CEMIPAI UAR3725.

2.3. Virus Titration

Virus titration from infected cell culture supernatant was monitored using plaque
assays on a monolayer of Vero E6 cells, as previously described [28]. Briefly, Vero E6 cells
were inoculated with 10-fold serial dilutions (10~1,1072,1073,10~4, 10~°) of a SARS-CoV-2
stock and incubated for one hour at 37 °C with regular rocking. Inoculum was removed
and replaced with 500 pL/well of agar overlay (MEM; 0.1% sodium bicarbonate, 0.2%
BSA, 20 mM HEPES, 0.6% oxoid agar) (Fisher Scientific, France). Once the overlay had
solidified, plates were incubated at 37 °C for 72 h prior to fixing with 4% PFA (Euromedex,
Souffelweyersheim, France) and staining with crystal violet (Sigma, France) to visualize
plaques. Plaques were quantified and viral titer of the stock sample was determined as
plaque-forming units (PFU)/mL by taking the average number of plaques for a dilution
and the inverse of the total dilution factor.

2.4. Assessment of Antiviral Activity

Drugs were purchased from Sigma Aldrich (France): moxidectin (#Y0000772), do-
ramectin (#33993), milbemycin oxime (#Y0001893), selamectin (#Y0000814), ivermectin
(#18000010). Drug structures are presented in Figure la. Remdesivir (#282T7766) was
purchase from Tebu (France). Drugs were prepared at a concentration of 10 mM in DMSO
(Sigma, France). Antiviral activity was assessed by a cytopathic effect (CPE) reduction
assay on Vero E6 cells or by RT-qPCR on A549-hACE2 or Calu-3 cells. Briefly, 30,000 cells
per well were cultured in 96-well culture plates (Dutscher, BERNOLSHEIM, France) for 24
h. Drugs were diluted from stock to 50 uM in DMEM or 25 pM RPMI for testing antiviral
activity on Vero E6 cells or A549-hACE2 cells, respectively. Cells were incubated with
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Normalized activity %

Normalized activity %

100 pL of the compounds diluted in DMEM/0.5% DMSO (v/v) (Vero E6) or RPMI1/0.25%
DMSO (A549hACE2) or DMEM/0.25% DMSO (Calu-3) at the indicated concentrations
and the plate were incubated for 2 h. Subsequently, cells either were mock infected (for
analysis of cytotoxicity of the compound) or were infected with 400 PFU of virus per well
(MOI of 0.01) in a total volume of 110 pL of medium with compound. In that context, the
experiments were performed in an on-going viral replication in the treated cells.

Avermectins Milbemycins
Tk o ol i
wo, O A O o. |
/Q o~ 0 ‘ OO/"\/\ \/\\V\Lo(\’/;\“
[ ‘
gizdtg 5 050
o
A SEN
Ivermectin (IVM) e

GHy PN

o\/\o 0.

e
o.

L\r%,c \ ~

\l/ _CHy B Y o 7
HsC” o !

OH o— e

"

GHs
N
|

CHa {
OH JHo

Q (O
E
HO
v on ™ ow oo o f :
e G e Moxidectin (MOX)
W~ o !
CHy ¢ ‘ o
(?N 0
@ o CHy
o

Selamectin (SEL)

Doramectin (DOR)

B £ Cell survival
-l ToxGlo
150 150 150 200 150 200
-- MTS
] Y
N 150 £ 150
100+ 100 2 100 ° 2 1004 o
] 2 2 2 B
o : F1oo 2 d r1oo €
e H 2 K 2
< N < N <
50 50 2 s 50+ 2 :_Eu 50 Eﬂ
® ® =
§ [s0 ° 5 [50 °
z z
[ t_corr SO Lo 04 Lo [V .

1504

100+

50

r 200 150+ 3 - 150 150 200
~ [ 150 £ 0 T 0 ° N e
2. 100 - > 100
g 2 s 8 f
* 3 » 3 E @
100 & s b s 100
3 I 3 H 2
ES k] < 2 =
Ea = 50 50 = S 50 e
= = I 2
[s0 ° E ° § 1 Fso =
E s Y
v
Lo 0+ e Wwe T b0 5 SRR weyevoho
T T T T T T T T T
01 1 10 100 0.01 01 1 10 100 0.01 01 1 10 100
SELAMECTIN [uM] MOXIDECTIN [uM) MYLBEMYCIN [uM]

Figure 1. Antiviral and cytotoxic activities of selected compounds against SARS-CoV-2 infection in
Vero E6 cells. (a) Structure of avermectins and milbemycins drugs used in this study. (b) Vero E6
cells were infected with SARS-CoV-2 at a MOI of 0.01 with 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 10 and 50 uM
of the indicated compounds and incubated for 72 h. The cytotoxicity of the drugs to Vero E6 cells
was measured by MTS assay. Inhibition of virus replication was either quantified by MTS (black)
or ToxGlo (purple) assays. The left and right Y-axes of the graphs stand for mean % inhibition vs.
DMSO control and mean % cell survival (red), respectively. Data points are mean values and bars are
the standard deviation of experiments performed in duplicate.
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Cell viability was assessed 3 days post-infection by MTS assay using a Cell Titer 96
aqueous cell proliferation kit (Promega, Charboniéres-les-Bains, France) or Viral ToxGlo™
(ToxGlo assay, Promega, France). Absorption at 495 nm (MTS) or luminescence (ToxGlow)
were measured with an EnVision multilabel plate reader (PerkinElmer, Villebon S/ Yvette,
France). The 50% effective concentration (EC50, the concentration required to inhibit virus-
induced cell death by 50%) and the 50% cytotoxic concentration (CC50, the concentration
that reduces the viability of uninfected cells to 50% of that of untreated control cells) were
determined using 4-parameter nonlinear regression with GraphPad Prism v8.0, based on
the following calculations:

drug

Cell cytotoxicity, %TOX = (1 — ~ll DMSO

) % 100 1)

Percentage of viral replication inhibition, %Inhibit =

( drug—infected cells ) % 100 (2)
cell DMSO—infected cells

Data are mean = SD of three biological replicates, each of which consisted of duplicate
samples. Data were normalized as the relative efficiency or cell viability of inhibitor-treated
cells compared with those of untreated cells (set to 100%).

2.5. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

Viral particles were collected from virus-infected A549 hACE2 cell supernatants at
72 h post-infection (100 uL) and viral RNAs were isolated from the supernatants using the
Quick RNA Viral 96 Kit (Zymo Research, Ozyme, France) according to the manufacturer’s
instructions. Viral RNAs were isolated from Calu-3 infected cells 48 h post-infection
using the Luna Cell Ready Lysis Module (New England Biolabs, UK). Viral RNA were
quantified by qRT-PCR in triplicate as described in [29], using primers targeting the E
gene of SARS-CoV-2 (E_Sarbeco ACAGGTACGTTAATAGTTAATAGCGT; E_Sarbeco-R
ATATTGCAGCAGTACGCACACA) (Sigma, France) and Luna Universal One-Step qRT-
PCR Kit (New England Biolabs) on a Roche Light Cycler 480. The calibration of the assay
was performed with a nCoV-E-Sarbeco-Control Plasmid (Eurofins Genomics, Germany)
during PCR. However, the Ct values of the RT-qPCR in function of drug concentrations,
normalized to the GAPDH housekeeping gene, were also assessed given the same results
(see Supplemental Dataset, i.e., Supplemental Figures S1 and S2).

2.6. Immunofluorescence and Confocal Microscopy Infected Cell Imaging

A549-hACE2 cells seeded on glass coverslips were infected with SARS-CoV-2 at a MOI
0.01. At 45 h post-infection, cells were washed with PBS (Eurobio, France) and fixed in 4%
paraformaldehyde in PBS for 15 min at room temperature, followed by permeabilization
with 0.2% Triton X-100 (Sigma, Lezennes, France) in PBS for 4 to 5 min and blocking
in 2% BSA in PBS for 15 min. Cell supernatants for each condition were used for virus
quantification by RT-qPCR. Incubation with primary rabbit antibodies anti-SARS-CoV-2
membrane (M) protein (Rockland, MA, USA, 100-401-A55) (1:100) was performed for 2 h at
room temperature. After washing with PBS, cells were incubated with secondary antibodies
AF568-labeled goat-anti-rabbit (Invitrogen, Paris, France, A11011) (1:1000) for 2 h at room
temperature. The coverslips were sealed with Prolong Diamond Antifade reagent (Fisher
Scientific). Epifluorescence and confocal fluorescence images were generated using a
Cell-Discoverer 7 LMS900 confocal laser-scanning microscope (Zeiss, Germany). DAPI-
stained nuclei surfaces were analyzed using ZEN software (Otsu threshold method) from
a grid of 8 x 8 images taken at 20x magnification. The percentage of polynuclear cells
was quantified manually for a total of 1000-1200 cells. For intensity analysis, cells were
imaged as Z stack with 0.3 um sections, then Z projection images were processed for
total intensity per cell using Image] /Fiji. Statistical tests were performed using Origin 8.5
software. Statistical significance was evaluated using one-way ANOVA tests, p < 0.05.
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3. Results
3.1. In Vitro Antiviral Activity of Avermectins or Milbemycins in Simian Vero E6 Cells

To determine if avermectins or milbemycins could protect cells from SARS-CoV-2
infection and to evaluate their toxicity, a cytopathic effect (CPE) reduction assay was first
performed on African green monkey kidney-derived cell line Vero E6, which presents an
ACE2 receptor and is widely used as an infection model for SARS-CoV-2 and for antiviral
screening. We compared two commercial assays for determining cell viability, both based
on quantitation of cellular metabolism, i.e., MTS and ToxGlo assays. Vero E6 cells were
pretreated with serial dilutions of the drugs, then infected with SARS-CoV-2, and were
kept in the medium with compounds for 72 h. Table 1 and Figure 1b recapitulate the main
features of the evaluated compounds, including the dose-response curves for both assays
and estimation of the 50% cytotoxic concentration (CC50).

Table 1. Antiviral activities of selected compounds against SARS-CoV-2 in Vero E6 cells, A549-hACE2
cells and Calu-3 cells. EC50 MTS, EC50 ToxGlo and EC50 RT-qPCR correspond to the 50% effective
concentration determined by CPE reduction, using MTS or ToxGlo assay, or RT-qPCR, respectively.
CC50: 50% cytotoxic concentration, SI: selectivity index.

EC50 (uM)  EC50 (uM)  EC50 (uM)

COMPOUND MTS ToxGlo RT-qPCR CC50 (uM) SI
VERO Eé6 cells
REMDESIVIR 0.55 1 >50 >49
MOXIDECTIN 53 3.5 8.8 1.66
DORAMECTIN 24 11 8.3 3.45
SELAMECTIN 3.9 2.3 8.3 2.1
IVERMECTIN 3.6 3 8 22
MILBEMYCIN 3.8 2.6 7.8 2.05
A549 hACE2 cells
REMDESIVIR 0.15 0.31 >10 >30
MOXIDECTIN 1.3 1.27 6.2 4.7
IVERMECTIN 2.1 2.36 6.2 2.8
MILBEMYCIN 2.7 2.8 6.1 22
Calu-3 cells

REMDESIVIR 0.35 >25 >70
MOXIDECTIN 5.55 26 4.7
IVERMECTIN 3.36 22 5

MILBEMYCIN 6.78 23 3.3

As expected from previous studies [30,31], calculated EC50 values for our positive
control, remdesivir, were in the low micromolar range (EC50 rgpm mts = 0.55 pM and EC50
REM TOXGLO = 1.02 pM). Remdesivir showed a very favorable selectivity index (SI) (>50
with MTS, >100 with ToxGlo), in agreement with previous reports [30,31]. We found that
avermectins and milbemycins protected infected cells from SARS-CoV-2-induced cell death
in a dose-dependent manner (Figure 1b). Both MTS and ToxGlo assays provided similar
results. The compounds, however, showed important toxicity, causing CC50 to drop to
around 8 puM with SI, which hindered the numerical treatment of the dose-response curves
that lacked a clear plateau for the highest concentration. In addition, cell survival curves
showed a reproducible increase for all the tested molecules in the 1 to 5 uM range, before a
dramatic drop in cell viability. Indeed, similar CC50 values have been reported for HeLa
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cells treated with IVM, which has been proposed to induce cell cycle arrest, apoptosis and
autophagy, presumably through mitochondrial pathways [32,33].

This effect was not seen upon treatment with remdesivir. Nevertheless, EC50 could be
broadly estimated from the data and showed antiviral activity for IVM with EC50 1vm mTs
=36 LLM and EC50 IVM TOXGLO = 3 }/LM, DOR with EC50 DOR MTS = 24 LLM and EC50
DOR TOXGLO = 1.1 uM, and SEL with EC50 gg1, mTs = 3.9 uM and EC50 sgr. toxgrLo = 2.3 utM.
MIL and MOX show antiviral activities within the same concentration range, with EC50
MIL MTS = 3.8 },LM and EC50 MIL TOXGLO of 2.6 LLM and EC50 MOX MTS = 5.3 HM and EC50

MOX TOXGLO = 3.5 UM, respectively.

3.2. In Vitro Antiviral Activity of IVM, MOX and MIL in Human Pulmonary Alveolar
Ab49-hACE2 Cells

To assess the antiviral effect of IVM, MOX and MIL in a more relevant model, human
pulmonary alveolar A549 cells, expressing the human ACE2 receptor thanks to a selected
A549-hACE2 cellular clone upon transduction with a hACE2-containing lentiviral vector,
were infected with SARS-CoV-2, following the same procedure as the Vero E6 cells. Cell
viability /CPE was measured with the MTS assay. Additionally, viral RN As were isolated
from cell supernatant 72 h post-infection and quantified by RT-qPCR (Table 1, Figure S1).
Cytotoxicity assays were performed in parallel in non-infected A549-hACE2 cells. The
results are reported in Table 1 and Figure 2. Consistent with the data obtained with Vero E6
cells, we observed a strong dose-dependent reduction of infectivity and of the extracellular
viral RNA levels in remdesivir-treated samples (EC50 rgm mts = 0.15 pM; EC50 rem RTqPCR
=0.31 uM), again associated with low cytotoxicity. The EC50 ps49-nacp2 for MOX, IVM and
MIL were comparable both by MTS and by RT-qPCR and matched the EC50 measured
in Vero E6 cells, in the range of 2 pM. Cellular toxicity was similar for the three tested
compounds, close to ~6 uM. MOX appeared as the best compound with EC50 pox = 1.3
and Sl slightly increased, from 1.6 in Vero E6 cells to 4.7 in A549hACE2 cells. In addition,
the increase in cell proliferation was not seen in the A549-hACE2 cells. Together, these
results suggest that IVM, MOX and MIL provide inhibitory effects against SARS-CoV-2
infection in human pulmonary cells, albeit associated with poor selectivity.

3.3. In Vitro Antiviral Activity of IVM, MOX and MIL in Human Bronchial Calu-3 Cells

The cellular response to virus infection can differ depending on the infected cell
type; therefore, we used the human bronchial epithelial Calu-3 cell lines, which express
SARS-CoV-2 receptor ACE2 [34] and might better reflect physiological conditions than
Ab549 cells ectopically expressing ACE2. In addition, Calu-3 cells, as with the airway
epithelium, express low amounts of the cysteine protease cathepsin L (CTSL), which
mediates SARS-CoV-2 entry into these cells by a pH-independent pathway. In contrast,
entry of SARS-CoV-2 into Vero cells is CTSL-dependent and thus uses a pH-dependent
pathway [35]. As SARS-CoV-2 infection does not produce evident CPE when infecting the
Calu-3 cells, we monitored virus replication upon drug addition by quantifying intracellular
viral RNA by RT-qPCR (Table 1, Figure S2). Toxicity of the compounds was evaluated by
MTS assay. The results are reported in Figure 3 and Table 1. The control remdesivir was
again found to be a potent SARS-CoV-2 inhibitor with EC50 = 0.35 uM and a SI greater than
70. Interestingly, cell viability was less affected upon incubation with IVM, MOX and MIL
with CC50 estimated in the range of 22-26 uM. Consequentially, the antiviral activity of the
three compounds could be defined more precisely and raised EC50 yjox = 5.55 tM (SI = 4.7),
EC50 ym = 3.36 uM (SI = 5) and EC50 pyp, = 6.8uM (SI = 3.3). In summary, avermectins
and milbemycins did efficiently block the infection of Calu-3 cells with SARS-CoV-2. The
calculated EC50 were found in the same range than those found in Vero E6 and A549hACE2
cells, thus being cell-line independent, suggesting drug mechanistic effects that do not alter
virus entry pathways [36].
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Figure 2. Antiviral and cytotoxic activities of selected compounds against SARS-CoV-2 infection in
A549-hACE2 cells. A549-hACE2 were infected with SARS-CoV-2 at a MOI of 0.01 with 0.025, 0.05, 0.1,
0.25,0.5,1, 2.5, 5, 10 and 25 pM of the indicated compounds and incubated for 72 h. (a) Cytotoxic
activity is shown in red curves and antiviral activity is shown in the black curves. The cytotoxicity
of the drugs to A549-hACE2 cells was measured by MTS assay. Inhibition of virus replication was
quantified by ToxGlo assay. The left and right Y-axes of the graphs stand for mean % inhibition vs.
DMSO control (black) and mean % cell survival (red), respectively. The dashed lines are indicative of
the baseline. (b) Viral RNA quantification by RT-qPCR from viral supernatant at 72 h. Data points are
mean values and bars are the standard deviation of three independent experiments performed in

duplicate.
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Figure 3. Antiviral and cytotoxic activities of selected compounds against SARS-CoV-2 infection in
Calu-3 cells. Calu-3 cells were infected with SARS-CoV-2 at a MOI of 0.01 with 0.025, 0.05, 0.1, 0.25,
0.5,1,2.5,5,10 and 25 uM of the indicated compounds and incubated for 72 h. The cytotoxicity of
the drugs to Calu-3 cells was measured by MTS assay. Inhibition of virus replication was quantified
through viral RNA quantification by RT-qPCR from viral supernatant at 72 h. Cytotoxic activity
is shown in red curves and the percentage of viral genome copies against the infected control is
shown in the black curves. Data points are mean values and bars are the standard deviation of three

independent experiments performed in duplicate.

3.4. In Vitro Activity of IVM and MOX on SARS-CoV2 Shows a Reduction in Virus-Induced Cell
Syncytia

We finally confirmed MOX and IVM antiviral activities by in cellulo monitoring in
A549 hACE?2 cells after 45 h incubation in the presence of 4 uM of drugs (Figure 4a). The
viral S/ cellular ACE2 interaction has been shown to be responsible for the cell-cell fusion
induced by SARS-CoV-2 infection [37]. As reported in Figure 4b, cell fusion was clearly
visible in our assay using A549-hACE2 cells, where typical cells with multiple nuclei were
detected using DAPI after infection with SARS-CoV-2. In contrast, non-significant cell
fusion could be observed in non-infected cells (Figure 4c). We thus quantified the number
of nuclei/cells (Figure 4c) or nucleus surface on a cell population in mock and infected
cells and compared the results with infected cells treated with 4 uM IVM or 4 uM MOX.
Both results unambiguously showed a strong limitation of cell fusions in drug-treated cells,
confirming the properties of IVM and MOX to reduce viral dissemination in cell culture.

We also monitored the SARS-CoV-2 infection level by immunofluorescence labelling of
SARS-CoV-2 M proteins. M is a transmembrane glycoprotein, one of the main structural pro-
tein of SARS-CoV-2 involved in particle formation and required for virion assembly [38—41].
M is found associated with intracellular compartments, where fluorescence of an anti-M
antibody was detected on membranes of infected cells, and the endoplasmic Reticulum-
related compartment (see Figure 4e). Quantification by confocal microscopy of M intensity
per cell was used to compare virus production in infected and in IVM- or MOX-treated
cells (Figure 4f), which showed a 2-3-fold decrease in the presence of MOX and IVM as
compared to the wild-type. Overall, these results suggest that MOX and IVM interfere with
virus induced cell syncytia and propagation in vitro.
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Figure 4. Cell monitoring and quantification of MOX and IVM antiviral activities. A549-hACE2
cells were infected with SARS-CoV-2 at MOI 0.01 in the presence of MOX (4 uM) or IVM (4 uM).
A549-hACE?2 cells were fixed at 48 h post infection, stained with DAPI and processed for immunoflu-
orescence confocal microscopy using a SARS-CoV-2 membrane protein anti-M rabbit antibody and
a secondary goat antibody anti-rabbit labelled with Alexa Fluor 568. (a) Viral RNA quantification
from cell supernatant at 48 hpi. (b) Epifluorescence images of mock (NI) and infected cells (INF),
the cells nuclei are shown in blue and the M protein in red. The arrow points towards giant cells
containing multiple nuclei. The number of cell fusions observed in mock and in absence or presence
of drugs in infected cells has been quantified by measuring the number of polynuclear cells (c) or
the surface of nuclei in the cell population (d). In (d), p values are indicated and were computed by
using two-sided independent t-tests and comparing the results to those for the untreated sample.
(e,f) Changes in total intensity of virus («M) per cell of SARS-CoV-2-infected A549-hACE2 cells with
and without drugs IVM and MOX. (e) Images for intensity of virus («M) with or without IVM and
MOX 48 hpi. Scale bar is 25 um. (f) Data for virus intensity per cell with or without drugs. A number
of 40 < n < 50 cells were analyzed from at least 3 independent experiments. Statistical significant
analysis were evaluated using one-way ANOVA tests and t-test. ** p < 0.01.

4. Discussion

Using SARS-CoV-2-infected A549-hACE2 cells, we evidenced EC50 measured by RT-
qPCRof 1.3 uM, 2.4 uM and 2.8 uM for MOX, IVM and MIL, respectively. These results were
consistent with those obtained using CPE in Vero E6 cells, with EC50 ranging from 2.4 uM
(with MTS) or 1.1 uM (with ToxGlo) for DOR, to 5.3 uM (with MTS) or 3.5 uM (with ToxGlo)
for MOX. These results were reproducible on bronchial epithelial cell culture (Calu-3),
which is recognized as a classical model for studying human respiratory function [42].

We included IVM and remdesivir as controls for our screening procedure to compare
our results to previously published data. For IVM, we found similar EC50 (2.1-2.36 pM
on A549-hACE?2 cells, 3-3.6 uM on Vero E6 cells, 3.36 pM on Calu-3 cells) to that reported
by Caly et al. (2 uM). For remdesivir, we also found similar EC50 (0.15-0.31 pM) on A549-
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hACE2 cells, 0.55-1 pM on Vero E6 cells, 0.35 uM on Calu-3 cells) to that reported by Wang
etal. (0.77 uM).

Although IVM was thought to be a promising antiviral drug due to evidence of inhibi-
tion of SARS-CoV-2 replication in vitro, translating this activity in vivo is obviously subject
to pharmacokinetics/pharmacodynamics issues, as recent apropos articles underlined.
Repurposing drugs need to be accompanied by the evaluation of target plasma and lung
concentrations following approved dosing in humans, for instance evaluating the lung
Cmax:EC50. We chose this approach to provide estimates comparable to those by Arshad
et al., who reviewed the largest panel of candidate molecules [43], although one must keep
in mind that it is overestimating the potency of drugs that require EC90% to be lower than
Chin to be truly qualifiable for further investigation.

In our study, MOX EC50 was found to range between 1.3 and 5.55 uM (equivalent
to 832-3552 ng/mL or ng/g). As compared to IVM, higher C,x values were generally
observed for MOX, with studies showing Cmax 70.4 ng/mL following 400 ng/kg admin-
istration in horses [26] and as high as 234 ng/mL following 250 pg/kg administration in
dogs [27]. Nonetheless, the observed Cpax varies widely across studies, with one study in
sheep finding plasmatic Cpax of 28 ng/mL following administration of MOX 0.2 mg/kg
orally [44]. The study by Lifschitz et al. is, to our knowledge, the only one documenting
lung distribution of MOX. The subcutaneous administration of MOX 200 pg/kg to cattle
(expected to lead to lower Cpax as compared to the oral route) gave plasma Cpax of 36 ng/g
and lung Cyax of 63.7 ng/mL, indicating a possible lung to plasma ratio of around 2:1 for
MOX distribution [45].

Cotreau et al. conducted the first safety study of MOX in humans as an ascending-
dose study. In cohorts with higher doses, a slight increase in central neurological system
grade 1-2 adverse events (nausea, vomiting and somnolence) was noticed; therefore, the
enrollment was closed before the planed 5 mg cohort, given that pharmacokinetics is
deemed the lowest posology for human use. Plasmatic Cpnax was found to be 141 ng/mL
in the 18 mg cohort (~250 pg/kg) and 289 ng/mL in the 36 mg cohort (~500 ug/kg).
Administration to subjects fed with a high-fat meal is thought to enhance Cppax and AUC
by >1/3 when compared to fasting subjects [46].

MOX has been FDA-approved for a single posology of 8 mg, even though it is usually
used in veterinary medicine at the posology of 200 ug/kg. The recent phase 3 clinical
trial [25] used the 8 mg posology for subjects weighing 50 kg on average, resulting in a
posology of 160 pg/kg and showing a suitable tolerance profile on the largest cohort so far
(n = 978 patients in the MOX group), as it had been shown in previous healthy volunteer
studies [46-50].

Altogether, these data suggest that even an optimistic hypothesis (posology of 36 mg,
lung to plasma ratio 2:1, high-fat feeding x1.3) would still lead to expected lung Cmax <
750 ng/mg after administration of 5x the currently approved dose, for a predicted lung
Cmax/EC50 ratio < 0.2.

Very limited data on pharmacokinetics of other macrocyclic lactones (MIL, DOR and
SEL) exist, mostly coming from isolated studies in animals.

SEL is exclusively used as a topical formulation of 6 mg/kg in cats and dogs, generally
well tolerated [51]. Pharmacokinetic studies after IV (200 ng/kg) and oral (24 mg/kg) ad-
ministration to cats/dogs showed plasma Cinax of 874/636 ng/mL and 11,929/7630 ng/mL,
respectively, without raising any tolerance issue [52]. With an EC50 of 3.9 uM in our study
(e.g., 3000 ng/mL), the hypothesized plasma Cmax:EC50 vero-g¢ for SEL at the posology of
24 mg/kg could therefore be close to 1.

DOR is used as an injectable form in ruminants, pigs and cattle, at the posology of
200 pg/kg and had equivalent plasma Cpmax 32-52 ng/mL in cattle and horse as compared
to IVM. Terminal t; /, was ~5 days in both studies [53,54]. With an EC50vero-gs of 2.4 M in
our study (e.g., 2158 ng/mL), the hypothesized plasma Cpax:EC50 vero-gs for DOR at the
posology of 200 pg/kg would therefore be ~0.02.
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MIL is administered at the higher posology of 0.5 mg/kg in dogs and 2 mg/kg in cats
for heartworm prevention. A mean Cpax 0of 353 ng/mL following 920 ng/kg administration
was observed in dogs [55]. The lung to plasma ratio could also be around 2:1, as evidenced
in rats in the original description of the drug by Ide et al. [56]. With an EC50549.nacE2 Of
3.6 uM in our study (e.g., 1998 ng/mL), the hypothesized plasma Cmax:EC50 as49-nacE2 for
MIL at the posology of 920 ug/kg would therefore be ~0.34.

Along with encephalopathies following IVM administration in individuals with high
Loa loa microfilaremia densities [57], the description of hypersensitivity reactions due to
ABCBI1 (formerly MDR1) mutations (encoding P-gp) following IVM administration has
been recently evidenced [58]. This has been long known for animals, as those with the P-gp
gene defect experience such adverse events for doses reaching 5 to 10 mg/kg for MIL and
for DOR. SEL has a greater margin of safety than IVM in P-gp mutated dogs [59-61]. MOX
is minimally metabolized and has low affinity for P-gp [62], which might convert into a
lower rate of adverse events, but still requires cautious attitude when considering wide use.

Immunofluorescence imaging showed fewer infected cells upon IVM or MOX treat-
ment, shown by the antibodies labelling (infected red cells), compared to the control, as
well as the restoration of cell shapes, suggesting the interference of IVM/MOX on viral
replication complexes, directly or indirectly. Infected MOX/IVM-treated cells showed
an accumulation of the viral M proteins near or surrounding the nucleus (Figure 4). In
addition, SARS-CoV-2-infected MOX/IVM-treated cells present a reduction of S-dependent
syncytia in vitro (Figure 4), suggesting a prevention of syncytia formation by an unknown
mechanism that could only be due to the reduction of viral replication. These results,
although indirectly, are also compatible with a mechanism implying the ability of those
drugs to bind to the importin (IMP) & hampering nuclear import [19,20], thus impairing
viral replication in general or by interfering with the SpikeRBD-hACE2 complex formation,
as suggested previously [63].

Our study is the first to examine antiviral parameters of macrocyclic lactones other
than IVM on SARS-CoV-2; nevertheless, the data we provide here are only in vitro data,
and the recent developments encourage us to emphasize that they should therefore be taken
cautiously, and that many steps are to be completed before any result can be translated
into clinical practice. Clinical risk/benefit balance is not in favor of the use of any of these
molecules at this early stage. In order to try to approach the pharmacokinetic parameters
of the molecules concerned, we used the data available for avermectins and milbemycins,
often obtained from animal data, which do not directly allow an extrapolation to humans.
Nevertheless, the concordance of all the data suggesting the impossibility of reaching even
an imperfect pharmacological target of Cnax:EC50 and therefore even less able to reach
Chnin:EC90 seemed important to us to avoid inappropriate conclusions being drawn from
these data.

5. Conclusions

Altogether, our results clearly show that none of these agents are suitable for human
use for their anti-SARS-CoV-2 activity per se. Our data show that DOR, MIL and SEL are
not clinically relevant candidates. They are not approved for human use and therefore
should not be used, and there is no rationale in our data to conduct the extensive studies
that this would require (toxicology, impurity profile, thorough ADME evaluation).

Further steps could include in silico or in vivo studies, with the development of a
pharmacokinetic model to stimulate lung exposure to MOX similarly to what was carried
out by Jermain et al. [14] for IVM, or the translation of this research towards animal models
of SARS-CoV2 infection to detect if there could paradoxically be some in vivo efficacy,
even though pharmacokinetics profiles might not be as favorable as those observed for
remdesivir, despite the latter showing no clear clinical benefit, at least in mortality [64]. An
interesting option may also lie in other routes of administration, if tolerated, to enhance
local lung delivery, as the proof-of-concept study on nebulized IVM by Chaccour et al.
investigated [65]. However, another recent study also shows that in in vitro cell culture
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of human primary airway epithelium, there is no inhibition of SARS-CoV2 replication
at high doses of IVM or MOX, reinforcing the idea that this drug might have no effect
on virus replication in vivo [66]. On the other hand, from the physio-pathological point
of view of COVID-19, including the inflammatory variable to the disease, a very recent
study reveals that IVM can moderate type I interferon responses and modulate several
other inflammatory pathways due to SARS-CoV-2 infection, reducing secondary effects of
the disease in infected hamster models [67]. Thus, this study supports the use of IVM as
immunomodulatory drugs in the context of the late phases of SARS-CoV-2 infection but
not by directly targeting the virus.

Finally, in the current context of new virus mutations [68], as well as the loss of
post-vaccination immunization and the fact that some people cannot be vaccinated, the
antiviral evaluation of old drugs as well as the development of new molecules is still of great
interest, especially for the early phase of the disease, corresponding to the pre-inflammatory
viral phase.
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Calu-3 cells.

Author Contributions: C.C.-B. set up the assays and performed infections and antiviral assays; M.H.
and N.G. performed cell culture and produced viral stocks; PM. established the A549-hACE2 cell line;
C.C.-B. and S.L. performed data analysis and calculations; A.N. performed RT-qPCR and analysis;
J.S. performed the immunofluorescence sample preparation and confocal microscopy acquisitions
with S.L.; J.S. and S.L. performed image analysis; S.L., C.C.-B. and D.M. edited the figures; C.B.,
S.L., C.C.-B, C.C. and D.M. wrote the manuscript; C.B., A.M. and C.C. proposed the screening of
avermectins and milbemycins family molecules; D.M. raised funding and directed the study with
C.B. and C.C. All authors have read and agreed to the published version of the manuscript.

Funding: ].S. is a recipient of an Infectiopole Méditerranée fellowship. This study was supported
by the CNRS and Montpellier University through a Montpellier Université d"Excellence (MUSE—
COVID19M-FRS29-COVIDCEM) support, the IRD (UMI233 TransVIHMI), the REDSAIM Montpellier
Metropole (2017-2021) project and the French Agency for Research (ANR COVID19—FRM Nucleo-
CoV2 #159522).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Edouard Tuaillon and Vincent Foulongne for the provision
of the SARS-CoV-2 strain from the Centre de Ressources Biologiques collection of the University
Hospital of Montpellier, France, and to Monsef Benkirane (IGF, Montpellier, France) for providing the
first amplification of this virus on Vero E6 cells. We are grateful to Inés Arfa for initial provision of
MOX from Elanco Pharmaceutical Company. We also thank David Bracquemond for careful control
check of the RT-qPCR data and figures of the supplemental data.

Conflicts of Interest: The authors declare no conflict of interest.

1. Wu, F; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y,; et al. A New Coronavirus
Associated with Human Respiratory Disease in China. Nature 2020, 579, 265-269. [CrossRef]

2. Zhou, P; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y,; Li, B.; Huang, C.-L.; et al. A Pneumonia
Outbreak Associated with a New Coronavirus of Probable Bat Origin. Nature 2020, 579, 270-273. [CrossRef]

3. Cao, B.; Wang, Y.; Wen, D.; Liu, W.; Wang, J.; Fan, G.; Ruan, L.; Song, B.; Cai, Y.; Wei, M.; et al. A Trial of Lopinavir-Ritonavir in
Adults Hospitalized with Severe COVID-19. N. Engl. J. Med. 2020, 382, 1787-1799. [CrossRef]

4. The RECOVERY Collaborative Group Effect of Hydroxychloroquine in Hospitalized Patients with COVID-19. N. Engl. |. Med.
2020, 383, 2030-2040. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/covid2010005/s1
https://www.mdpi.com/article/10.3390/covid2010005/s1
http://doi.org/10.1038/s41586-020-2008-3
http://doi.org/10.1038/s41586-020-2012-7
http://doi.org/10.1056/NEJMoa2001282
http://doi.org/10.1056/NEJMoa2022926
http://www.ncbi.nlm.nih.gov/pubmed/33031652

COVID 2022, 2 73

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

Self, WH.; Semler, M.W.; Leither, L.M.; Casey, ].D.; Angus, D.C.; Brower, R.G.; Chang, S.Y.; Collins, S.P.; Eppensteiner, ].C.; Filbin,
M.R;; et al. Effect of Hydroxychloroquine on Clinical Status at 14 Days in Hospitalized Patients With COVID-19: A Randomized
Clinical Trial. JAMA 2020, 324, 2165. [CrossRef]

Lopez-Medina, E.; Lopez, P; Hurtado, I.C.; Davalos, D.M.; Ramirez, O.; Martinez, E.; Diazgranados, J.A.; Ofate, ].M.; Chavarriaga,
H.; Herrera, S.; et al. Effect of Ivermectin on Time to Resolution of Symptoms Among Adults with Mild COVID-19: A Randomized
Clinical Trial. JAMA 2021, 325, 1426. [CrossRef]

The RECOVERY Collaborative Group. Dexamethasone in Hospitalized Patients with COVID-19—Preliminary Report. N. Engl. ].
Med. 2021, 384, 693-704. [CrossRef]

Tsatsakis, A.; Calina, D.; Falzone, L.; Petrakis, D.; Mitrut, R.; Siokas, V.; Pennisi, M.; Lanza, G.; Libra, M.; Doukas, S.G.; et al.
SARS-CoV-2 Pathophysiology and Its Clinical Implications: An Integrative Overview of the Pharmacotherapeutic Management
of COVID-19. Food Chem. Toxicol. 2020, 146, 111769. [CrossRef]

Heidary, F.; Gharebaghi, R. Ivermectin: A Systematic Review from Antiviral Effects to COVID-19 Complementary Regimen. J.
Antibiot. 2020, 73, 593-602. [CrossRef]

Caly, L.; Druce, ].D.; Catton, M.G.; Jans, D.A.; Wagstaff, K M. The FDA-Approved Drug Ivermectin Inhibits the Replication of
SARS-CoV-2 in vitro. Antiviral Res. 2020, 178, 104787. [CrossRef]

Schmith, V.D.; Zhou, ]J.J.; Lohmer, L.R.L. The Approved Dose of Ivermectin Alone Is not the Ideal Dose for the Treatment of
COVID-19. Clin. Pharmacol. Ther. 2020, 108, 762-765. [CrossRef]

Chaccour, C.; Hammann, F; Ramén-Garcia, S.; Rabinovich, N.R. Ivermectin and COVID-19: Keeping Rigor in Times of Urgency.
Am. |. Trop. Med. Hyg. 2020, 102, 1156-1157. [CrossRef]

Bray, M.; Rayner, C.; Noél, F; Jans, D.; Wagstaff, K. Ivermectin and COVID-19: A Report in Antiviral Research, Widespread
Interest, an FDA Warning, Two Letters to the Editor and the Authors” Responses. Antiviral Res. 2020, 178, 104805. [CrossRef]
Jermain, B.; Hanafin, P.O.; Cao, Y.; Lifschitz, A.; Lanusse, C.; Rao, G.G. Development of a Minimal Physiologically-Based
Pharmacokinetic Model to Simulate Lung Exposure in Humans Following Oral Administration of Ivermectin for COVID-19
Drug Repurposing. J. Pharm. Sci. 2020, 109, 3574-3578. [CrossRef] [PubMed]

Campillo, ].T.; Boussinesq, M.; Bertout, S.; Faillie, J.-L.; Chesnais, C.B. Serious Adverse Reactions Associated with Ivermectin: A
Systematic Pharmacovigilance Study in Sub-Saharan Africa and in the Rest of the World. PLoS Negl. Trop. Dis. 2021, 15, €0009354.
[CrossRef]

Wagstaff, K.M.; Sivakumaran, H.; Heaton, S.M.; Harrich, D.; Jans, D.A. Ivermectin Is a Specific Inhibitor of Importin ¢/ 3-Mediated
Nuclear Import Able to Inhibit Replication of HIV-1 and Dengue Virus. Biochem. J. 2012, 443, 851-856. [CrossRef]

Hamming, I.; Timens, W.; Bulthuis, M.L.C.; Lely, A.T.; Navis, G.J.; Van Goor, H. Tissue Distribution of ACE2 Protein, the
Functional Receptor for SARS Coronavirus. A First Step in Understanding SARS Pathogenesis. J. Pathol. 2004, 203, 631-637.
[CrossRef]

Zhang, H.; Penninger, ] M.; Li, Y.; Zhong, N.; Slutsky, A.S. Angiotensin-Converting Enzyme 2 (ACE2) as a SARS-CoV-2 Receptor:
Molecular Mechanisms and Potential Therapeutic Target. Intensive Care Med. 2020, 46, 586-590. [CrossRef]

Yang, S.N.Y,; Atkinson, S.C.; Wang, C.; Lee, A.; Bogoyevitch, M.A.; Borg, N.A_; Jans, D.A. The Broad Spectrum Antiviral
Ivermectin Targets the Host Nuclear Transport Importin «/B1 Heterodimer. Antiviral Res. 2020, 177, 104760. [CrossRef]

Jans, D.A.; Wagstaff, K.M. Ivermectin as a Broad-Spectrum Host-Directed Antiviral: The Real Deal? Cells 2020, 9, 2100. [CrossRef]
Krause, RM.; Buisson, B.; Bertrand, S.; Corringer, PJ.; Galzi, ].L.; Changeux, ].P.,; Bertrand, D. Ivermectin: A Positive Allosteric
Effector of the Alpha7 Neuronal Nicotinic Acetylcholine Receptor. Mol. Pharmacol. 1998, 53, 283-294. [CrossRef]

Changeux, J.-P.; Amoura, Z.; Rey, EA.; Miyara, M. A Nicotinic Hypothesis for COVID-19 with Preventive and Therapeutic
Implications. Comptes Rendus. Biol. 2020, 343, 33-39. [CrossRef] [PubMed]

Awadzi, K.; Opoku, N.O.; Attah, S.K.; Lazdins-Helds, J.; Kuesel, A.C. A Randomized, Single-Ascending-Dose, Ivermectin-
Controlled, Double-Blind Study of Moxidectin in Onchocerca Volvulus Infection. PLoS Negl. Trop. Dis. 2014, 8, €2953. [CrossRef]
Kuesel, A.C. Research for New Drugs for Elimination of Onchocerciasis in Africa. Int. |. Parasitol. Drugs Drug Resist. 2016, 6,
272-286. [CrossRef] [PubMed]

Opoku, N.O.; Bakajika, D.K.; Kanza, E.M.; Howard, H.; Mambandu, G.L.; Nyathirombo, A.; Nigo, M.M.; Kasonia, K.; Masembe,
S.L.; Mumbere, M; et al. Single Dose Moxidectin versus Ivermectin for Onchocerca Volvulus Infection in Ghana, Liberia, and
the Democratic Republic of the Congo: A Randomised, Controlled, Double-Blind Phase 3 Trial. Lancet 2018, 392, 1207-1216.
[CrossRef]

Pérez, R.; Cabezas, I.; Garcia, M.; Rubilar, L.; Sutra, ].F; Galtier, P.; Alvinerie, M. Comparison of the Pharmacokinetics of
Moxidectin (Equest) and Ivermectin (Eqvalan) in Horses. J. Vet. Pharmacol. Ther. 1999, 22, 174-180. [CrossRef] [PubMed]
Al-Azzam, S.I.; Fleckenstein, L.; Cheng, K.-J.; Dzimianski, M.T.; McCall, ].W. Comparison of the Pharmacokinetics of Moxidectin
and Ivermectin after Oral Administration to Beagle Dogs. Biopharm. Drug Dispos. 2007, 28, 431-438. [CrossRef] [PubMed]
Lyonnais, S.; Hénaut, M.; Neyret, A.; Merida, P; Cazevieille, C.; Gros, N.; Chable-Bessia, C.; Muriaux, D. Atomic Force Microscopy
Analysis of Native Infectious and Inactivated SARS-CoV-2 Virions. Sci. Rep. 2021, 11, 11885. [CrossRef] [PubMed]

Corman, V.M,; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K,; Bleicker, T.; Briinink, S.; Schneider, J.; Schmidt, M.L.;
et al. Detection of 2019 Novel Coronavirus (2019-NCoV) by Real-Time RT-PCR. Eurosurveillance 2020, 25, 2000045. [CrossRef]
[PubMed]


http://doi.org/10.1001/jama.2020.22240
http://doi.org/10.1001/jama.2021.3071
http://doi.org/10.1056/NEJMoa2021436
http://doi.org/10.1016/j.fct.2020.111769
http://doi.org/10.1038/s41429-020-0336-z
http://doi.org/10.1016/j.antiviral.2020.104787
http://doi.org/10.1002/cpt.1889
http://doi.org/10.4269/ajtmh.20-0271
http://doi.org/10.1016/j.antiviral.2020.104805
http://doi.org/10.1016/j.xphs.2020.08.024
http://www.ncbi.nlm.nih.gov/pubmed/32891630
http://doi.org/10.1371/journal.pntd.0009354
http://doi.org/10.1042/BJ20120150
http://doi.org/10.1002/path.1570
http://doi.org/10.1007/s00134-020-05985-9
http://doi.org/10.1016/j.antiviral.2020.104760
http://doi.org/10.3390/cells9092100
http://doi.org/10.1124/mol.53.2.283
http://doi.org/10.5802/crbiol.8
http://www.ncbi.nlm.nih.gov/pubmed/32720486
http://doi.org/10.1371/journal.pntd.0002953
http://doi.org/10.1016/j.ijpddr.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27693536
http://doi.org/10.1016/S0140-6736(17)32844-1
http://doi.org/10.1046/j.1365-2885.1999.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/10447828
http://doi.org/10.1002/bdd.572
http://www.ncbi.nlm.nih.gov/pubmed/17847063
http://doi.org/10.1038/s41598-021-91371-4
http://www.ncbi.nlm.nih.gov/pubmed/34088957
http://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://www.ncbi.nlm.nih.gov/pubmed/31992387

COVID 2022, 2 74

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Wang, M.; Cao, R.; Zhang, L.; Yang, X.; Liu, J.; Xu, M.; Shi, Z.; Hu, Z.; Zhong, W.; Xiao, G. Remdesivir and Chloroquine Effectively
Inhibit the Recently Emerged Novel Coronavirus (2019-NCoV) in Vitro. Cell Res. 2020, 30, 269-271. [CrossRef] [PubMed]

Choy, K.-T.; Wong, A.Y.-L.; Kaewpreedee, P; Sia, S.E; Chen, D.; Hui, K.PY,; Chu, D.K.W,; Chan, M.C.W,; Cheung, PP-H.; Huang,
X.; et al. Remdesivir, Lopinavir, Emetine, and Homoharringtonine Inhibit SARS-CoV-2 Replication in Vitro. Antivir. Res. 2020,
178,104786. [CrossRef]

Zhang, P; Ni, H.; Zhang, Y.; Xu, W.; Gao, J.; Cheng, J.; Tao, L. Ivermectin Confers Its Cytotoxic Effects by Inducing AMPK/MTOR-
Mediated Autophagy and DNA Damage. Chemosphere 2020, 259, 127448. [CrossRef]

Zhang, P; Zhang, Y.; Liu, K,; Liu, B.; Xu, W.; Gao, J.; Ding, L.; Tao, L. Ivermectin Induces Cell Cycle Arrest and Apoptosis of HeLa
Cells via Mitochondrial Pathway. Cell Prolif. 2019, 52, €12543. [CrossRef]

Shang, J.; Wan, Y,; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell Entry Mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117,11727-11734. [CrossRef]

Murgolo, N.; Therien, A.G.; Howell, B.; Klein, D.; Koeplinger, K.; Lieberman, L.A.; Adam, G.C.; Flynn, J.; McKenna, P;
Swaminathan, G.; et al. SARS-CoV-2 Tropism, Entry, Replication, and Propagation: Considerations for Drug Discovery and
Development. PLoS Pathog. 2021, 17, €1009225. [CrossRef]

Hoffmann, M.; Mésbauer, K.; Hofmann-Winkler, H.; Kaul, A.; Kleine-Weber, H.; Kriiger, N.; Gassen, N.C.; Miiller, M.A.; Drosten,
C.; Péhlmann, S. Chloroquine Does Not Inhibit Infection of Human Lung Cells with SARS-CoV-2. Nature 2020, 585, 588-590.
[CrossRef]

Buchrieser, J.; Dufloo, J.; Hubert, M.; Monel, B.; Planas, D.; Rajah, M.M.; Planchais, C.; Porrot, E; Guivel-Benhassine, F.; Van der
Werf, S.; et al. Syncytia Formation by SARS-CoV-2-Infected Cells. EMBO J. 2020, 39, €106267. [CrossRef]

Swann, H.; Sharma, A.; Preece, B.; Peterson, A.; Eldridge, C.; Belnap, D.M.; Vershinin, M.; Saffarian, S. Minimal System for
Assembly of SARS-CoV-2 Virus like Particles. Sci. Rep. 2020, 10, 21877. [CrossRef]

Xu, R.; Shi, M; Li, J.; Song, P; Li, N. Construction of SARS-CoV-2 Virus-Like Particles by Mammalian Expression System. Front.
Bioeng. Biotechnol. 2020, 8, 862. [CrossRef]

Plescia, C.B.; David, E.A ; Patra, D.; Sengupta, R.; Amiar, S.; Su, Y.; Stahelin, R.V. SARS-CoV-2 Viral Budding and Entry Can Be
Modeled Using BSL-2 Level Virus-like Particles. J. Biol. Chem. 2020, 296, 100103. [CrossRef] [PubMed]

Boson, B.; Legros, V.; Zhou, B.; Siret, E.; Mathieu, C.; Cosset, F.-L.; Lavillette, D.; Denolly, S. The SARS-CoV-2 Envelope and
Membrane Proteins Modulate Maturation and Retention of the Spike Protein, Allowing Assembly of Virus-like Particles. J. Biol.
Chem. 2020, 296, 100111. [CrossRef]

Zhu, Y.; Chidekel, A.; Shaffer, T.H. Cultured Human Airway Epithelial Cells (Calu-3): A Model of Human Respiratory Function,
Structure, and Inflammatory Responses. Crit. Care Res. Pract. 2010, 2010, 394578. [CrossRef]

Arshad, U.; Pertinez, H.; Box, H.; Tatham, L.; Rajoli, R.K.R.; Curley, P.; Neary, M.; Sharp, J.; Liptrott, N.J.; Valentijn, A.; et al.
Prioritization of Anti-SARS-Cov-2 Drug Repurposing Opportunities Based on Plasma and Target Site Concentrations Derived
from Their Established Human Pharmacokinetics. Clin. Pharmacol. Ther. 2020, 108, 775-790. [CrossRef]

Alvinerie, M.; Escudero, E.; Sutra, ].-F.; Eeckhoutte, C.; Galtier, P. The Pharmacokinetics of Moxidectin after Oral and Subcutaneous
Administration to Sheep. Vet. Res. 1998, 29, 113-118.

Lifschitz, A.; Virkel, G.; Imperiale, F; Sutra, ].F.; Galtier, P.; Lanusse, C.; Alvinerie, M. Moxidectin in Cattle: Correlation between
Plasma and Target Tissues Disposition. J. Vet. Pharmacol. Ther. 1999, 22, 266-273. [CrossRef] [PubMed]

Korth-Bradley, ].M.; Parks, V.; Chalon, S.; Gourley, I.; Matschke, K.; Cailleux, K.; Fitoussi, S.; Fleckenstein, L. The Effect of a
High-Fat Breakfast on the Pharmacokinetics of Moxidectin in Healthy Male Subjects: A Randomized Phase I Trial. Am. J. Trop.
Med. Hyg. 2012, 86, 122-125. [CrossRef]

Cotreau, M.M.; Warren, S.; Ryan, J.L.; Fleckenstein, L.; Vanapalli, S.R.; Brown, K.R.; Rock, D.; Chen, C.-Y.; Schwertschlag, U.S.
The Antiparasitic Moxidectin: Safety, Tolerability, and Pharmacokinetics in Humans. J. Clin. Pharmacol. 2003, 43, 1108-1115.
[CrossRef]

Korth-Bradley, ].M.; Parks, V.; Chalon, S.; Gourley, I.; Matschke, K.; Gossart, S.; Bryson, P.; Fleckenstein, L. Excretion of Moxidectin
into Breast Milk and Pharmacokinetics in Healthy Lactating Women. Antimicrob. Agents Chemother. 2011, 55, 5200-5204. [CrossRef]
Korth-Bradley, ].M.; Parks, V.; Patat, A.; Matschke, K.; Mayer, P.; Fleckenstein, L. Relative Bioavailability of Liquid and Tablet
Formulations of the Antiparasitic Moxidectin. Clin. Pharmacol. Drug. Dev. 2012, 1, 32-37. [CrossRef]

Korth-Bradley, ].M.; Parks, V.; Wagner, F.; Chalon, S.; Gourley, I.; Matschke, K.; Gossart, S.; Ripp, S.L.; Fleckenstein, L. Effect of
Moxidectin on CYP3A4 Activity as Evaluated by Oral Midazolam Pharmacokinetics in Healthy Subjects. Clin. Pharmacol. Drug
Dev. 2014, 3, 151-157. [CrossRef] [PubMed]

Vercruysse, J.; Rew, R.S. Macrocyclic Lactones in Antiparasitic Therapy; CABI Publishing: Oxon, UK; New York, NY, USA, 2002;
ISBN 978-0-85199-617-2.

Sarasola, P.; Jernigan, A.D.; Walker, D.K,; Castledine, J.; Smith, D.G.; Rowan, T.G. Pharmacokinetics of Selamectin Following
Intravenous, Oral and Topical Administration in Cats and Dogs. J. Vet. Pharmacol. Ther. 2002, 25, 265-272. [CrossRef] [PubMed]
Toutain, P.L.; Upson, D.W.; Terhune, T.N.; McKenzie, M.E. Comparative Pharmacokinetics of Doramectin and Ivermectin in
Cattle. Vet. Parasitol. 1997, 72, 3-8. [CrossRef]

Pérez, R.; Cabezas, I.; Godoy, C.; Rubilar, L.; Mufioz, L.; Arboix, M.; Castells, G.; Alvinerie, M. Pharmacokinetics of Doramectin
and Ivermectin After Oral Administration in Horses. Vet. J. 2002, 163, 161-167. [CrossRef] [PubMed]


http://doi.org/10.1038/s41422-020-0282-0
http://www.ncbi.nlm.nih.gov/pubmed/32020029
http://doi.org/10.1016/j.antiviral.2020.104786
http://doi.org/10.1016/j.chemosphere.2020.127448
http://doi.org/10.1111/cpr.12543
http://doi.org/10.1073/pnas.2003138117
http://doi.org/10.1371/journal.ppat.1009225
http://doi.org/10.1038/s41586-020-2575-3
http://doi.org/10.15252/embj.2020106267
http://doi.org/10.1038/s41598-020-78656-w
http://doi.org/10.3389/fbioe.2020.00862
http://doi.org/10.1074/jbc.RA120.016148
http://www.ncbi.nlm.nih.gov/pubmed/33214224
http://doi.org/10.1074/jbc.RA120.016175
http://doi.org/10.1155/2010/394578
http://doi.org/10.1002/cpt.1909
http://doi.org/10.1046/j.1365-2885.1999.00222.x
http://www.ncbi.nlm.nih.gov/pubmed/10499239
http://doi.org/10.4269/ajtmh.2012.11-0415
http://doi.org/10.1177/0091270003257456
http://doi.org/10.1128/AAC.00311-11
http://doi.org/10.1177/2160763X11432508
http://doi.org/10.1002/cpdd.81
http://www.ncbi.nlm.nih.gov/pubmed/27128460
http://doi.org/10.1046/j.1365-2885.2002.00415.x
http://www.ncbi.nlm.nih.gov/pubmed/12213114
http://doi.org/10.1016/S0304-4017(97)00070-8
http://doi.org/10.1053/tvjl.2001.0624
http://www.ncbi.nlm.nih.gov/pubmed/12093191

COVID 2022, 2 75

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Holmstrom, S.D.; Totten, M.L.; Newhall, K.B.; Qiao, M.; Riggs, K.L. Pharmacokinetics of Spinosad and Milbemycin Oxime
Administered in Combination and Separately per Os to Dogs. . Vet. Pharmacol. Ther. 2012, 35, 351-364. [CrossRef] [PubMed]
Ide, J.; Okasaki, T.; Ono, M. Milbemycin: Discovery and Development. Annu. Rep. Sankyo Res. Lab. 1993, 45, 1-98.

Gardon, J.; Gardon-Wendel, N.; Demanga-Ngangue; Kamgno, J.; Chippaux, ].P.; Boussinesq, M. Serious Reactions after Mass
Treatment of Onchocerciasis with Ivermectin in an Area Endemic for Loa Loa Infection. Lancet 1997, 350, 18-22. [CrossRef]
Baudou, E.; Lespine, A.; Durrieu, G.; André, F; Gandia, P; Durand, C.; Cunat, S. Serious Ivermectin Toxicity and Human ABCB1
Nonsense Mutations. N. Engl. J. Med. 2020, 383, 787-789. [CrossRef] [PubMed]

Bishop, B.E,; Bruce, C.I,; Evans, N.A.; Goudie, A.C.; Gration, K.A.F,; Gibson, S.P,; Pacey, M.S.; Perry, D.A.; Walshe, N.D.A.; Witty,
M.]. Selamectin: A Novel Broad-Spectrum Endectocide for Dogs and Cats. Vet. Parasitol. 2000, 91, 163-176. [CrossRef]

El-Saber Batiha, G.; Algahtani, A.; Ilesanmi, O.B.; Saati, A.A.; El-Mleeh, A.; Hetta, H.F.; Magdy Beshbishy, A. Avermectin
Derivatives, Pharmacokinetics, Therapeutic and Toxic Dosages, Mechanism of Action, and Their Biological Effects. Pharmaceuticals
2020, 13, 196. [CrossRef] [PubMed]

Merola, V.M.; Eubig, P.A. Toxicology of Avermectins and Milbemycins (Macrocylic Lactones) and the Role of P-Glycoprotein in
Dogs and Cats. Vet. Clin. N. Am. Small Anim. Pract. 2012, 42, 313-333. [CrossRef]

Prichard, R.; Ménez, C.; Lespine, A. Moxidectin and the Avermectins: Consanguinity but Not Identity. Int. |. Parasitol. Drugs
Drug Resist. 2012, 2, 134-153. [CrossRef] [PubMed]

Lehrer, S.; Rheinstein, P.H. Ivermectin Docks to the SARS-CoV-2 Spike Receptor-Binding Domain Attached to ACE2. In Vivo 2020,
34, 3023-3026. [CrossRef]

WHO Solidarity Trial Consortium; Pan, H.; Peto, R.; Henao-Restrepo, A.-M.; Preziosi, M.-P.; Sathiyamoorthy, V.; Abdool Karim,
Q.; Alejandria, M.M.; Hernandez Gazrcia, C.; Kieny, M.-P.; et al. Repurposed Antiviral Drugs for COVID-19—Interim WHO
Solidarity Trial Results. N. Engl. J. Med. 2020, 384, 497-511. [CrossRef]

Chaccour, C.; Abizanda, G.; Irigoyen-Barrio, A.; Casellas, A.; Aldaz, A.; Martinez-Galan, F.; Hammann, F.; Gil, A.G. Nebulized
Ivermectin for COVID-19 and Other Respiratory Diseases, a Proof of Concept, Dose-Ranging Study in Rats. Sci. Rep. 2020, 10,
17073. [CrossRef]

Dinesh Kumar, N.; Ter Ellen, B.M.; Bouma, E.M.; Troost, B.; Van De Pol, D.PI.; Van Der Ende-Metselaar, H.H.; Van Gosliga, D.;
Apperloo, L.; Carpaij, O.A.; Van Den Berge, M.; et al. Moxidectin and Ivermectin Inhibit Sars-Cov-2 Replication in Vero E6 Cells
But Not in Human Primary Airway Epithelium Cells. Antimicrob. Agents Chemother. 2021, AAC0154321. [CrossRef]

De Melo, G.D.; Lazarini, F.; Larrous, F; Feige, L.; Kornobis, E.; Levallois, S.; Marchio, A.; Kergoat, L.; Hardy, D.; Cokelaer, T.; et al.
Attenuation of clinical and immunological outcomes during SARS-CoV-2 infection by ivermectin. EMBO Mol. Med. 2021, 13,
e14122. [CrossRef]

Tellez, D.; Dayal, S.; Phan, P.; Mawley, A.; Shah, K.; Consunji, G.; Tellez, C.; Ruiz, K.; Sabnis, R.; Dayal, S.; et al. Analysis of
COVID-19 on Diagnosis, Vaccine, Treatment, and Pathogenesis with Clinical Scenarios. Clin. Pract. 2021, 11, 309-321. [CrossRef]
[PubMed]


http://doi.org/10.1111/j.1365-2885.2011.01333.x
http://www.ncbi.nlm.nih.gov/pubmed/21895692
http://doi.org/10.1016/S0140-6736(96)11094-1
http://doi.org/10.1056/NEJMc1917344
http://www.ncbi.nlm.nih.gov/pubmed/32813957
http://doi.org/10.1016/S0304-4017(00)00289-2
http://doi.org/10.3390/ph13080196
http://www.ncbi.nlm.nih.gov/pubmed/32824399
http://doi.org/10.1016/j.cvsm.2011.12.005
http://doi.org/10.1016/j.ijpddr.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24533275
http://doi.org/10.21873/invivo.12134
http://doi.org/10.1056/NEJMoa2023184
http://doi.org/10.1038/s41598-020-74084-y
http://doi.org/10.1128/AAC.01543-21
http://doi.org/10.15252/emmm.202114122
http://doi.org/10.3390/clinpract11020044
http://www.ncbi.nlm.nih.gov/pubmed/34069418

	Introduction 
	Materials and Methods 
	Cell Lines and Culture 
	SARS-CoV-2 Virus 
	Virus Titration 
	Assessment of Antiviral Activity 
	Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) 
	Immunofluorescence and Confocal Microscopy Infected Cell Imaging 

	Results 
	In Vitro Antiviral Activity of Avermectins or Milbemycins in Simian Vero E6 Cells 
	In Vitro Antiviral Activity of IVM, MOX and MIL in Human Pulmonary Alveolar A549-hACE2 Cells 
	In Vitro Antiviral Activity of IVM, MOX and MIL in Human Bronchial Calu-3 Cells 
	In Vitro Activity of IVM and MOX on SARS-CoV2 Shows a Reduction in Virus-Induced Cell Syncytia 

	Discussion 
	Conclusions 
	References

