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A B S T R A C T   

Sublineages of SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) Omicron variants continue to 
amass mutations in the spike (S) glycoprotein, which leads to immune evasion and rapid spread of the virus 
across the human population. Here we demonstrate the susceptibility of the Omicron variant BA.1 (B.1.1.529.1) 
to four repurposable drugs, Methylene blue (MB), Mycophenolic acid (MPA), Posaconazole (POS), and Niclo
samide (Niclo) in post-exposure treatments of primary human airway cell cultures. MB, MPA, POS, and Niclo are 
known to block infection of human nasal and bronchial airway epithelial explant cultures (HAEEC) with the 
Wuhan strain, and four variants of concern (VoC), Alpha (B.1.1.7), Beta (B.1.351), Gamma (B.1.1.28), Delta 
(B.1.617.2) (Weiss et al., 2021, Murer et al., 2022). Our results here not only reinforce the broad 
anti-coronavirus effects of MB, MPA, POS and Niclo, but also demonstrate that the Omicron variant BA.1 
(B.1.1.529.1) sheds infectious virus from HAEEC over at least 15 d, and maintains both intracellular and 
extracellular viral genomic RNA without overt toxicity, suggesting viral persistence. The data emphasize the 
potential of repurposable drugs against COVID-19.   

Introduction 

The causative agent of COVID-19, SARS-CoV-2 evolves in the human 
population at high circulation frequency despite increasing natural and 
vaccine-induced immunity. Variants of concern (VoC) emerge and 
continue to turn over. For example, the Alpha and Beta VoC were first 
reported in the UK and South Africa in Summer 2020, and were replaced 
by the Delta VoC, first reported in India October 2020. Delta soon 
became the dominant VoC by mid 2021 (World Health Organization, 
2022, European Centre for Disease Prevention and Control (ECDC), 
2022, Nextstrain, 2022). Recently, the Omicron variant emerged, as first 
reported in South Africa in November 2021, and became abundant 
worldwide from December 2021 onward, replacing Delta in the begin
ning of 2022 (Wei et al., 2021). Omicron variants feature up to at least 
30 amino acid substitutions, several deletions and also insertions in the 

spike protein (S) open reading frame (ORF). Remarkably, many of the 
substitutions are directly localized within the receptor-binding domain 
(RBD) (Centers for Disease Control And Prevention, 2021), possibly the 
result of immune pressure upon infection and vaccination (Iketani et al., 
2022, Allen et al., 2022, Rössler et al., 2022, Lauring et al., 2022). 
Accordingly, neutralizing antibody titers against Omicron are lower 
than against earlier VoC, as suggested in a preprint study from 23 lab
oratories (Netzl et al., 2022). Nonetheless, Omicron appears to cause less 
severe disease than Delta, possibly because the immune status of 
vaccinated or previously infected people at least partially protects 
against Omicron and its VoC. However, Omicron continues to cause 
death notably of non-vaccinated or incompletely vaccinated individuals 
(Lauring et al., 2022, Nyberg et al., 2022). 

A growing body of evidence suggests that the multiple amino acid 
substitutions in the S-protein reduce the dependency of the virus on the 
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serine protease TMPRSS2, compared to the Delta VoC (Meng et al., 
2022). The altered usage of TMPRSS2 by Omicron appears to make the 
virion more dependent on low-pH in endosomes and the cathepsin entry 
pathway (Meng et al., 2022, Zhao et al., 2022, Hui et al., 2022). This 
highlights the considerable genetic flexibility of SARS-CoV-2 to adapt to 
different cell entry pathways, and renders the S-protein dependent entry 
a rather difficult target for powerful pan-interference strategies against 
SARS-CoV-2. 

By engaging a multicycle drug repurposing screen against corona
viruses we previously identified and validated several broadly acting 
compounds against SARS-CoV-2 infection of human nasal and bronchial 
airway epithelial explant cultures (HAEEC) grown at air liquid interface, 
namely, Methylene blue (MB), Mycophenolic acid (MPA), and Pos
aconazole (POS) (Murer et al., 2022). These compounds have been used 
in the clinics for unrelated applications, and can be considered for 
repurposing against SARS-CoV-2. Here we report that these compounds 
strongly inhibit SARS-CoV-2 Omicron post exposure, along with the 
anti-helminthic drug niclosamide (Niclo). Finally, we provide evidence 
for SARS-CoV-2 persistent infection of HAEEC. 

MB, MPA and POS reduce extracellular SARS-CoV-2 Omicron progeny 
levels 

The partial immunity against circulating Omicron subvariants BA.1 
and BA.2 and continuous evolution of SARS-CoV-2 necessitate the 
development of an arsenal of broad acting antiviral compounds. To 
address this need we tested the repurposing potential of several previ
ously identified anti-SARS-CoV-2 compounds against the Omicron 
variant BA.1 (B.1.1.529.1), a close relative to the currently circulating 
Omicron B.1.1.529 VoC, which includes BA.1, BA.2, BA.3, BA.4, BA.5 
and descendent lineages (https://www.who.int/activities/tracking- 
SARS-CoV-2-variants). Notably, most of the amino acid changes in 
Omicron lineages are in the S-protein. For example, The BA.1 S-protein 
differs from the BA.2 one by 19 changed and five deleted amino acids, 
whereas BA.2 has three amino acids deleted and one inserted compared 
to BA.1 (Kumar et al., 2022). 

We assessed the anti-Omicron potential of three compounds previ
ously identified for their broad anti-coronavirus activity in cell culture 
and primary human airway epithelial cells, MB, MPA and POS (Murer 
et al., 2022). MB, MPA, and POS inhibit infection of primary human 
nasal airway epithelial explant cultures (HAEEC) by the Wuhan strain, 
as well as Alpha, Beta, Gamma, and Delta VoC. Although their 
mode-of-inhibition is not known, these compounds do not inhibit 
SARS-CoV-2 cell entry, and have little effects on viral genome replica
tion, but strongly inhibit the release of infectious progeny to the apical 
medium, indicating that they affect one or several post replication steps, 
such as particle formation or egress (Murer et al., 2022). 

Nasal HAEEC (Epithelix, MucilAir™) grown at air-liquid interface 
(ALI) were inoculated with Omicron BA.1 (1,000 TCID50 per tissue) from 
the apical side, followed by treatment with compounds in the baso
lateral medium one day (d) post infection (pi). Following five consecu
tive days of daily drug treatment and apical sampling, infectious virus 
titer was determined with TCID50 assays (50% tissue culture infectious 
dose). Treatments with MB, MPA, and POS strongly inhibited the release 
of Omicron progeny (Fig. 1A), similarly as previously described for the 
Alpha, Beta, Gamma, and Delta VoC (Murer et al., 2022). The baso
lateral medium had no detectable virus titer. The Omicron titers on the 
apical side, however, were in the range of 4.5 to 4.9-log10 TCID50/ml, as 
early as 1 d pi (Suppl Fig. 1). MB, MPA, and POS reduced the average 
SARS-CoV-2 Omicron titers, but not the release of viral genomes, in 
contrast to Remdesivir, albeit with different kinetics and efficiencies 
(Suppl Fig. 2). Compared to the DMSO-treated control cells, MB, MPA or 
POS reduced the infection to 6.8 (±2.3), 44.0 (±12.8), and 50.6 
(±21.6)%, respectively, at 1 d post treatment, and to 5.8 (±3.9), 21.0 
(±8.9) 4.8 (±2.2)% at 5 d post treatment, notably without apparent 
tissue lesion, basolateral medium leakage or cell toxicity (Fig. 1B and 

1C). Importantly, there was no evidence that MB, MPA, and POS induced 
phospholipidosis (Suppl. Fig. 3). Phospholipidosis manifests itself by a 
foamy appearance of cytoplasmic membranes, likely owing to dis
regulated membrane signalling, sorting or transport (Shayman and Abe, 
2013). It was reported that cationic amphiphilic drugs may have un
specific antiviral activity correlated with phospholipidosis, for example 
compounds such as chloroquine, that had been discussed for repurpos
ing in the early days of COVID-19 (Tummino et al., 2021). 

Comparable growth of SARS-CoV-2 Omicron in nasal and bronchial 
HAEEC 

We next compared the susceptibility of human primary epithelial 
explant cells of nasal and bronchial origin to Omicron BA.1 infection. 
Our results indicate that Omicron similarly infected both nasal and 
bronchial lung epithelial cells (non-significant difference, multiple T- 
test) yielding apical titers in the range of 103 to 106 TCID50/ml (Fig. 2). 
These results suggest that bronchial cells can be used as a model for drug 
assessment against SARS-CoV-2 Omicron, in agreement with a report 
using ex vivo cultures, where Omicron exhibited higher replication in 
bronchial cells than in lung parenchymal cells mimicking alveoli of the 
lower respiratory tract (Hui et al., 2022). 

Niclosamide inhibits SARS-CoV-2 Omicron infection of bronchial HAEEC 

To further address the need of acute medical treatment options with 
broadly available, safe and effective antivirals, we tested if Niclo 
inhibited Omicron infection of bronchial HAEEC. Niclo is FDA-approved 
for the treatment of tapeworm infections. It acts as a protonophore and 
has broad anti-helminthic and antiviral activity owing to its ability to 
neutralize acidic cytoplasmic membrane compartments, and effects on 
membrane trafficking and cell signaling processes (Andrews et al., 1982, 
Jurgeit et al., 2012, Fonseca et al., 2012, Xu et al., 2020). Recently, Niclo 
was shown to inhibit infection of primary human bronchial epithelial 
cells with SARS-CoV-2 Alpha, Beta, and Delta VoC (Weiss et al., 2021). 

To test if Niclo affected SARS-CoV-2 Omicron infection, we inocu
lated Omicron onto bronchial HAEEC, and treated the cells with 
different concentrations of Niclo (20, 10, 5, and 1 µM) 1 d pi, for up to 8 
d, followed by TCID50 titration of infectious progeny production, and 
virus RNA genome measurements by RT-qPCR. While 1 µM of Niclo had 
no effect on Omicron, and 20µM was toxic for the cells, a daily treatment 
with intermediate concentrations of 5 or 10 µM reduced the infectious 
titer of Omicron from 2-8 d by up to 2 log10, but not the release of viral 
genomes, in contrast to Remdesivir (Fig. 3 and Suppl Fig. 2). To note a 
concentration of 10 µM Niclo has been toxic for half of the tested inserts 
at d 4 of daily treatment, although we could not detect evidence that 
Niclo induced phospholipidosis (Suppl. Fig. 3). These results were 
similar to those with the Alpha, Beta, and Delta VoC reported earlier 
(Weiss et al., 2021). Notably, our effective concentrations of Niclo were 
slightly higher than those used by Weiss et al., namely 5-10 µM versus 
1.25-5 µM. This difference possibly reflects the post-exposure treatment 
in our case, versus the preexposure treatment by Weiss and colleagues, 
or alternatively, donor-to-donor variability of the HAEEC. Cell-to-cell 
and donor-to-donor variability can have a significant influence on the 
infection outcome both in vivo and in vitro (Kaidashev et al., 2021, 
Suomalainen and Greber, 2021, Pereira et al., 2021). Taken together, 
Niclo may be considered as a potential inhibitor of SARS-CoV-2 with 
broad effects on VoC. Not surprisingly though considering the low sys
temic availability of Niclo (Hang et al., 2022), a recent phase 2 ran
domized clinical trial with per oral application of Niclo did not 
significantly reduce the contagious period of SARS-CoV-2 infection in a 
small cohort of 33 patients compared to a placebo cohort of 34 patients 
(Cairns et al., 2022). However, aerosolized formulations of Niclo may be 
worth testing against COVID-19, as they can be safely applied to human 
airways (Cairns et al., 2022, Backer et al., 2021). 
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Fig 1. MPA, MB, and POS inhibit SARS-CoV-2 Omicron variant infection of nasal HAEEC. Antiviral effects of drug treatment represented as means ± SEM of two 
independent biological replicates including three and two independent technical replicates, respectively. Nasal HAEEC grown at ALI were inoculated apically with 
1,000 TCID50 units of SARS-CoV2 Omicron variant (day 0) and subjected to drug treatments in the basolateral medium, in a post-infection regimen starting at 1d pi. 
MB (10 μM), MPA (10 μM), and POS (20 μM) were administered daily until 6 d. Remdesivir (10 μM) and DMSO served as drug treatment controls. SARS-CoV-2 
released at the apical side was collected daily by apical washing and quantified by TCID50 titration. A) Global fold change in virus titer. The baseline levels 
represent the apical means ± SEM of virus titer from the DMSO control sample at one d pi (prior treatment). B) Relative change in virus titers of the treated inserts 
compared to the DMSO control. C) Microscopic images of infected / treated nasal HAEEC at 6 d pi. Pictures were taken through an inverted light microscope 
(Axiovert 135) at 100X magnification using CellF software (Olympus Soft Imaging Solutions GmbH, version 3.0). 
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Persistent infection of nasal HAEEC by SARS-CoV-2 

Although the origin of Omicron variant is still debated, there is 
increasing evidence for chronic infections. An early report of the COVID- 
19 Genomics Consortium UK (Rambaut et al., 2020) hypothesized that 
chronic infections may have played a role in the origin of the Alpha 
variant (B.1.1.7). This may not be far-fetched because human corona
viruses have been long known to establish and maintain persistent in
fections in vitro. For example, the alpha coronavirus CoV-229E 
maintains a persistent infection of human fetal lung cells (L132) for up to 
300 passages over a period of two years and produces infectious progeny 
(Chaloner Larsson and Johnson-Lussenburg, 1981). The beta CoV-OC43 
persists in infected neurons, astrocytes, microglial, and oligodendro
cytes cell lines and was shown to release infectious particles for up to 25 
passages and more than one hundred days (Arbour et al., 1999). 

The question if SARS-CoV-2 persists in vivo has been debated, partly, 
because it is difficult to discriminate between a persistent infection and a 
follow-up infection. A case report from South Africa, however, provided 
evidence that a 22 years old, HIV-positive woman under anti-retroviral 
therapy was persistently infected with SARS-CoV-2 (Maponga et al., 
2022). Over the course of 9 months, the virus acquired 21 nucleotide 
mutations, including 10 in the spike coding sequence leading to the 
substitution of six amino acids in the receptor binding domain (RBD), 
the deletion of three amino acids in the N-terminal domain, and the 
substitution of two amino acids in the S2 subunit. In addition, a 45 years 
old immunocompromised man produced infectious SARS-CoV-2 for up 
to 150 d, and was monitored by whole-virus genome sequencing 
revealing evidence for fast continuous viral evolution (Choi et al., 2020). 

Yet another example for long term intra-host evolution and SARS-CoV-2 
persistence was reported with a diabetic male patient with Non-Hodgkin 
lymphoma (Bianco et al., 2022). Additionally, a study with 203 
post-symptomatic patients showed evidence for SARS-CoV-2 persis
tence, as indicated by RT-qPCR in pharyngeal samples from 26 in
dividuals at 15-44 d and from 5-individuals at 85-105 d post recovery 
(Vibholm et al., 2021). 

We took apical samples from the Omicron infected, DMSO control 
nasal HAEEC (presented in Fig. 1) for up to 15 d, and found a continuous 
titer between about 104 and 105 TCID50/ml in the apical milieu 
(Fig. 4A). The RT-qPCR genome equivalents were between about 107 

and 109 copies / ml, indicating continued production and release of viral 
components over several weeks. In accordance, infected nasal HAEEC 
cells fixed at 7 d and 21 d pi followed by RNA FISH staining demon
strated the presence of intracellular SARS-CoV-2 ORF1ab RNA(+) 
fluorescent puncta predominantly in the cell layer near the apical side of 
the pseudo-tissue (Fig. 4B). Similarly, the 21 d infected HAEEC cells also 
exhibited a clear staining of the SARS-CoV-2 ORF1ab RNA(+), albeit to a 
lesser extent. 

Together, these results support the notion that HAEEC can be 
infected with SARS-CoV-2 for periods of at least several weeks. This 
gives rise to a situation that resembles a persistent infection, where virus 
is steadily released without overt tissue damage. Persistence in vivo may 
enhance the chance for viral recombination, which requires that two or 
more different infectious agents are present in the same cell. A survey of 
SARS-CoV-2 genomes from UK initially observed mosaic structures of 
Alpha VoC and other co-circulating variants, possibly the result of 
recombination (Jackson et al., 2021). Other potentially recombinant 

Fig 2. SARS-CoV-2 Omicron infection of nasal and bronchial HAEEC. Duplicate samples of nasal and bronchial HAEEC grown at ALI were inoculated apically with 
1,000 TCID50 units of SARS-CoV2 Omicron. Virus released at the apical side was collected daily and quantified by TCID50 titration (left y-axis), and RT-qPCR using 
the SARS-CoV-2 M-gene (right y-axis). Data are represented as means ± SD of virus titers of five independent replicates. 
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Fig 3. Niclo inhibits SARS-CoV-2 Omicron 
infection of bronchial HAEEC. Bronchial 
HAEEC grown at ALI were inoculated apically 
with 1,000 TCID50 units of SARS-CoV2 Omicron 
(0 d), and treated daily with Niclo in the 
basolateral medium starting at 1 d pi. Remde
sivir (10 μM) and DMSO served as positive and 
negative controls, respectively. A) The antiviral 
effects of Niclo are represented as means ± SEM 
fold change in virus titers of two independent 
biological replicates and two independent 
technical replicates, respectively. Reference 
level (dotted line) represents the apical means 
± SEM of virus titer in the DMSO control sam
ple at 1 d pi. B) Microscopic images of infected 
/ treated bronchial HAEEC at 6d pi. Pictures 
were taken through an inverted light micro
scope (Axiovert 135) at 100X magnification 
using CellF software (Olympus Soft Imaging 
Solutions GmbH, version 3.0).   
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Fig 4. Persistent infection of nasal HAEEC by SARS-CoV-2. A) SARS-CoV-2 Omicron collected at the apical side of a duplicate (TCID50 means ± SD). Virus titers 
(TCID50) are shown by bars (left y-axis) and virus genome copy numbers from RT-qPCR measurements are represented by blue dots (right y-axis). The virus genome 
copy numbers at 12 d and 15 d pi were not tested (nr). B) Intracellular presence of SARS-CoV-2 RNA (+) genome in HAEEC fixed at 7 d and 21 d pi, respectively. 
SARS-CoV-2 genomes (+) were stained by RNA fluorescence in situ hybridization (FISH) using oligonucleotide probes targeting the viral ORF1ab. The scale bar 
represents 30 µm. A 3D projection computed by Fiji software is shown at 7 d pi. Mock infected insert fixed at 21 d pi and stained as the infected cells served as a 
negative control. 
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SARS-CoV-2 lineage sequences were deposited in genome databases, as 
currently labelled XA to XL by the PANGO lineage nomenclature 
(Rambaut et al., 2020). As both the Delta and the Omicron VoC have 
been massively co-circulating in many countries across the world, it is 
not surprising that Delta and Omicron recombinants appear. In fact, this 
has recently been suggested in several independent preprints (Lacek 
et al., 2022, Bolze et al., 2022, Colson et al., 2022), acknowledged by the 
WHO with the BA.1 x AY.4 recombinant, nicknamed ‘Deltacron’, and 
labelled XD in the PANGO lineage nomenclature (Rambaut et al., 2020). 
Although it is presently unknown, if these recombinants will outcompete 
the known SARS-CoV-2 variants, virus recombinants raise concerns 
about increased transmission and pathogenicity. This issue requires 
continued monitoring, drug and vaccine development and explorations 
of repurposable drugs against COVID-19. 

Material and methods 

Viruses and chemicals 

SARS-CoV-2 Omicron (B.1.1.529.1, BA.1; NH-RIVM-71076/2021) 
variant was obtained from the RIVM (Netherlands) through European 
Virus Archive global and expanded on VeroE6 cells grown in DMEM 
(Sigma Aldrich, Cat #D6429) supplemented with 4% of FCS (Gibco, Cat 
#10270-106), and 1X nonessential amino acids (NEAA, Sigma Aldrich, 
Cat #M7145). Virus titers were determined by TCID50 titration on 
VeroE6 cells according to the Spearman-Kärber method. Niclo was 
purchased to Sigma Aldrich (cat#N3510-50G; lot #BCBD3349V) and 
solubilized according to manufacturer’s instructions. The other anti- 
viral compounds were purchased as described in Murer et al (Murer 
et al., 2022). 

Nasal and bronchial HAEEC 

Human nasal HAEEC (MucilAir™, Epithelix SA, Geneva, 
Switzerland) cultured on transwell inserts (24-well plate) were main
tained at air-liquid interface according to the supplier’s instructions and 
cell culture medium (Epithelix SA, Geneva, Switzerland, cat#EP05MM). 
Nasal HAEECs were from a pool of fourteen healthy donors (Batch nr: 
MP010). Human bronchial cells were obtained from an individual donor 
(Donor 793, Epithelix SA, Geneva, Switzerland). Cells were seeded on 
Type IV collagen (Sigma Aldrich, cat#C5533) coated inserts (24-well 
plate) and expanded with PneumaCult™-Ex Basal Medium (Stemcell 
cat#05009) supplemented 1X with PneumaCult™-Ex 50X-Supplement 
(Stemcell, cat#05019) and hydrocortisone (Stemcell, cat#07925). 
They were differentiated with PneumaCult™-ALI Base medium (Stem
cell, cat#05002) supplemented with 1X PneumaCult™-ALI (10X stock 
supplement, Stemcell, cat#05003), hydrocortisone (Stemcell, 
cat#07925), heparin (Stemcell, cat#07980), and 150 ng/mL of retinoic 
acid (Sigma Aldrich, cat#R2625). SARS-CoV-2 infection of nasal and 
bronchial HAEEC tissue, drug treatments, RNA extraction and RT-qPCR 
were carried out as described in Murer et al (Murer et al., 2022). 

RNA FISH with branched DNA signal amplification 

Inserts were fixed with 4% PFA in PBS for 30 min at RT, washed 
twice with PBS, dehydrated and permeabilized with absolute methanol 
overnight at -20◦C. Samples were rehydrated by incubation with 75%, 
50%, 25%, 0% of ice-cold methanol and PBST (0.1% Tween-20 in PBS) 
for 5 min each. Rehydrated samples were washed on ice with a vol/vol 
solution of 5XSSCT / PBST for 5 min, afterwards 5XSSCT alone for 5 
min. Samples were FISH-stained against SARS-CoV-2 ORF1a mRNA 
using ViewRNA mRNA FISH assay according to the manufacturer’s in
structions (ThermoFisher) with some modifications. Samples were hy
bridized with the SARS-CoV-2 targeting probes overnight at 40◦C. The 
subsequent pre-amplifier, amplifier, and Alexa Fluor 546 labeled probe 
hybridization steps were carried out for 2 h each at 40◦C. SARS-CoV-2 

targeting probes custom-made #6007037-01 (ThermoFisher) were 
directed against the ORF1a sequences between positions 401-1327. 
Subsequently, cells were incubated in PBS containing DAPI for 10 min 
at RT. Finally, the stained inserts were detached from their plastic 
support,mounted on a coverslip and imaged using a SP8 confocal mi
croscope (Leica). 

Phospolipidosis assay 
Phospolipidosis assay was performed as described by Tummino and 

colleagues (Tummino et al., 2021). Briefly, VeroE6 cells were seeded on 
a 96-well black imaging plate at a density of 15,000 cells per well and 
grown overnight in DMEM supplemented with 10% FCS and 1X NEAA. 
Then the medium was replaced with DMEM supplemented with 10% 
FCS, 1X NEAA, 7.5 µM NBD-PE (ThermoFisher, cat#N360), and three 
concentrations of MB, MPA, Niclo, NH4Cl, and Amiodarone and incu
bated for 24 h at 37◦C. Water and DMSO were used as solvent controls. 
Finally, cells were stained for 20 min at 37◦C with a solution of DMEM 
supplemented with 100 mM sodium pyruvate, 200 mM L-Glutamine, 
10% FCS, 1X NEAA, 10 µg/mL Hoechst, and 2 µM Ethidium 
homodimer-2 (EthD-2), and imaged by onfocal microscopy (ImageX
press Micro; Molecular Devices). 
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