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Fluticasone propionate suppresses the SARS-CoV-2 
induced increase in respiratory epithelial permeability 
in vitro*

Abstract
Background: Disruption of the nasal epithelial barrier is believed to play a role in Coronavirus Disease-2019 (COVID-19) outcomes. 

Fluticasone propionate has been shown to restore the nasal epithelial barrier in allergic rhinitis to the level of healthy controls. The 

therapeutic potential of nasal steroid sprays in COVID-19 has recently been reported. However, further insight into the mode of 

action is warranted. 

Objectives: To explore the in vitro mechanisms of the preventive potential of fluticasone propionate in SARS-CoV-2 infection. 

Methods: Human air liquid interface cultures of Calu-3 cells and primary nasal epithelial cells isolated from healthy donors were 

used to investigate the preventive effect of fluticasone propionate on SARS-CoV-2 induced barrier disruption, virus replication and 

ACE2 expression. 

Results: 48 hours pre-treatment with fluticasone propionate prevented the SARS-CoV-2 induced increase in fluorescein isothio-

cyanate-dextran 4 kDa permeability and reduced infection with SARS-CoV-2. Pre-treatment with fluticasone propionate also 

decreased ACE2 expression in SARS-CoV-2 infected Calu-3 cells. 

Conclusion:  Fluticasone propionate pre-treatment prevented SARS-CoV-2 increased epithelial permeability, reduced ACE2 ex-

pression and SARS-CoV-2 infection, underscoring the therapeutic potential of fluticasone propionate in the context of COVID-19.
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Introduction
Coronavirus Disease-2019 (COVID-19) has caused a substantial 

pandemic, posing a serious threat to international health care 

systems (1,2). The several vaccines that have already been ap-

proved or that are currently under development, seem insuf-

ficient to halt the spread of newly arising SARS-CoV-2 variants (3) 

and will most likely not be sufficient to prevent future waves of 

SARS-CoV-2 infection worldwide. In addition, the lack of specific 

treatment strategies for SARS-CoV-2 is a risk that should not 

be underestimated (4,5). The identification of new and effective 

compounds against SARS-CoV-2 is therefore highly warranted 
(1,2), with a clear distinction between the preventive and curative 

potential of the antivirals at the different stages of disease.

The respiratory tract is continuously exposed to various environ-

mental substances, making it a primary target for SARS-CoV-2 

to enter and infect the human body (6). The integrity of the 

epithelial barrier towards environmental insults is preserved by 
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tight junctions (TJs), adherens junctions (AJs) and desmosomes 

that contribute to sealing intracellular spaces, among other 

functions (7). These junctions consist of a complex architecture 

of polymorphic transmembrane proteins (e.g., occludin) that 

through adaptor proteins (e.g., zonula occludens 1) interact with 

the cytoskeleton (7). Consequently, exposure to harmful agents 

can lead to a leaky epithelial barrier and induction of airway 

inflammation. Furthermore, disruption of the epithelial barrier 

by viral infection is believed to be an important driver of respira-

tory exacerbations (8-10). For instance, in vitro and in vivo studies 

have shown that respiratory syncytial virus infection can disrupt 

airway epithelial barrier integrity (9-11). In addition, Hao et al. de-

monstrated that long-term infection of human airway epithelial 

cells with SARS-CoV-2 resulted in dispersed zonula occludens-1 

expression without clear tight junctions and partial loss of 

cilia, which lead to damage of the human airway epithelium (8). 

The importance of the epithelium as entry site for SARS-CoV-2 

infection has also been documented by several reports showing 

enriched angiotensin-converting enzyme 2 (ACE2) expression, 

the main receptor for this virus, in nasal epithelial cells (12,13). 

Indeed, SARS-CoV-2 relies heavily on ACE2 and transmembrane 

protease serine 2 (TMPRSS2) expression for cell entry (14). More 

specifically, SARS-CoV-2 binds to ACE2 expressed on human 

airway epithelial cells, followed by cleavage and activation of 

the viral spike protein by the serine protease TMPRSS2. These 

cellular receptors ultimately facilitate virus-cell fusion and cell 

entry (14). Very recently, ACE2 has been reported to have different 

expression levels in airways under distinct chronic inflammatory 

airway diseases, such as chronic obstructive pulmonary disease 

(COPD), allergic asthma and chronic rhinosinusitis, which may 

be associated with COVID-19 risk (15). Altogether, these findings 

further highlight the important role of the nasal mucosa in the 

infection process of SARS-CoV-2. 

A recent study by Strauss et al. has pointed towards the benefits 

of nasal corticosteroid sprays in COVID-19 infected individuals, 

with a significant reduction of severe illness, hospitalization 

rates and intensive care unit administrations (16). Inhaled cor-

ticosteroids (ICS) are a standard anti-inflammatory therapy to 

treat a wide range of chronic airway diseases, such as chronic 

rhinosinusitis, respiratory allergies, and asthma (17). Our research 

group has previously demonstrated that nasal corticosteroid 

molecules, such as fluticasone propionate (FP), can protect the 

airway epithelium from external and internal damage (18,19). It 

is hypothesized that ICS may reduce expression of the ACE2 

receptor in epithelial cells, through suppression of Type-I interfe-

ron response, and thus contribute to altered susceptibility to 

infection with SARS-CoV-2 (20). 

In this study we aim to demonstrate the preventive effect of FP 

on SARS-CoV-2 infection. Using human air-liquid interface (ALI) 

cultures of Calu-3 cells and primary nasal epithelial cells (pNECs) 

isolated from healthy donors, we demonstrated that a 48 hours 

pre-treatment with FP suppresses SARS-CoV-2 induced barrier 

disruption, and, was associated with downregulation of ACE2 

expression.

Methods
Study approval

All experiments were approved by the Medical Ethical Commit-

tee of the University Hospitals Leuven (S65483).

Cell lines and viruses

Cell lines

African green monkey kidney cells (Vero E6 cells) were obtained 

from ATCC (CRL-1586) (Manassas, VA, USA) as mycoplasma-free 

stocks and were grown in Dulbecco’s Modified Eagle Medium 

(DMEM, Thermo Fisher Scientific (TFS), Merelbeke, Belgium) sup-

plemented with 10% fetal bovine serum (FBS), 2 mM L-gluta-

mine (TFS) and 0.075% sodium-bicarbonate (TFS). End-point 

titrations on Vero E6 cells were performed with medium contai-

ning 2% FBS instead of 10%. Cells were maintained at 37°C in a 

humidified environment with 5% CO
2
 and were passaged every 

3 to 4 days.

Viruses

All virus-related work was conducted in the high-containment 

biosafety level 3 facilities of the Rega Institute from the KU 

Leuven (Leuven, Belgium), according to institutional guideli-

nes. Severe Acute Respiratory Syndrome coronavirus 2 isolates 

(SARS-CoV-2) were recovered from nasopharyngeal swabs of 

RT-qPCR-confirmed human cases obtained from the University 

Hospital Leuven (Leuven, Belgium).

SARS-CoV-2 viral stock was prepared by inoculation of conflu-

ent Vero E6 cells as described in detail in a recent puplished 

article (21). Recombinant SARS-CoV-2-GFP virus (Wuhan strain), as 

described in (22), was a kind gift from Dr. Volker Thiel (University 

of Bern, Switzerland). 

Isolation of primary nasal epithelial cells from inferior 

turbinate

Inferior turbinate of patients (n=4) undergoing aesthetic and/or 

functional rhinoplasty for an anatomical problem and not mu-

cosal disease, was used for isolation of primary epithelial cells. 

Patient demographics are depicted in Table E1. A highly purified 

epithelial cell population was obtained as reported previously 
(18). In brief, inferior turbinates were enzymatically digested in 

0.1% pronase (Protease XIV, Sigma, Hoeilaart, Belgium) solution 

in DMEM-F12 culture medium supplemented with 100 U/ml 

penicillin, 100 μg/ml streptomycin, and 2% Ultroser G (Pall Life 

Sciences, Merelbeke, Belgium). After overnight incubation at 

4°C while shaking, the protease reaction was stopped by the 

addition of fetal bovine serum (FBS) (10%). Cells were washed 
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in culture medium and pelleted by centrifugation for 5 min at 

100 g. Cells were then resuspended in 10 ml culture medium 

and incubated in a plastic culture flask for one hour at 37°C to 

remove fibroblasts. The cell suspension was mixed with 2 x 107 

prewashed CD45- and CD15-magnetic beads (Dynabeads®, Invi-

trogen) and epithelial cells were purified by negative selection 

following the manufacturer’s instructions.

Air-liquid interface cultures

Primary nasal epithelial cells

Primary nasal epithelial cells from healthy controls (n=4) were 

grown in bronchial epithelial basal medium (Lonza, Basel, 

Switzerland) supplemented with the SingleQuot Kit, in a T75 

culture flask at 37°C. Once cells reached 75-80% confluency, cells 

were detached and were seeded on 6.5 mm diameter poly-

ester transwell inserts (Costar; Corning, Corning, NY, USA) at a 

density of 100.000 cells/well. Cells were grown submerged for 7 

days until a confluent monolayer was formed. Afterwards, cells 

were placed in ALI for 21 days to further differentiate the cells. 

Primary nasal epithelial cells were cultured in DMEM-F12 culture 

medium supplemented with 100 U/ml penicillin, 100 μg/ml 

streptomycin, and 2% Ultroser G (Pall Life Sciences). Medium of 

the primary nasal epithelial cells was changed every other day.

Calu-3 cells

Calu-3 cells (n=4) were grown in EMEM medium (Lonza), 

supplemented with 10% FBS, 1% L-glutamine and 100 U/ml 

penicillin, 100 μg/ml streptomycin in a T75 culture flasks. Calu-3 

cells between passages 10-15 were used. Once cells reached 

75-80% confluency, cells were detached and were seeded on 6.5 

mm diameter polyester transwell inserts (Costar; Corning) at a 

density of 100.000 cells/well. Cells were grown submerged for 7 

days until a confluent monolayer was formed. Afterwards, cells 

were placed in ALI for 21 days to further differentiate the cells. 

Medium of the Calu-3 cells was changed every other day.

Paracellular flux measurements

Fluorescein isothiocyanate dextran 4 kDa (FD4) (Sigma-Aldrich, 

St Louis, MI, USA) was used to measure epithelial permeability. 

FD4 (2 mg/mL) was added apically to the ALI cultures 24 hours 

post infection and the fluorescein isothiocyanate intensity of 

basolateral fluid was measured using a fluorescence reader 

(FLUOstar Omega; BMG Labtech, Ortenberg, Germany). FD4 

concentration was calculated and is relatively expressed.

Stimulation experiments of primary nasal and Calu-3 epi-

thelial cell cultures

Fluticasone propionate (FP 0,1 µM) was applied basolaterally to 

ALI cultures of primary nasal epithelial cells and Calu-3 cells 48 

hours and 24 hours prior to SARS-CoV-2 infection. On day zero, 

ALI cultures were infected apically with Recombinant SARS-CoV-

2-GFP virus (Wuhan strain; 100 µl, MOI of 0.2). After 2 hours of 

infection, inoculum (virus) was removed, and inserts were then 

washed apically with PBS to remove remaining virus. At different 

timepoints post infection (24, 48 and 72 hours), 150 µl of basola-

teral medium was collected to determine viral yield basolaterally 

and inserts were also apically washed with PBS to determine 

viral yield. In addition, FD4 (2 mg/ml) was added 24 hours after 

infection, apically to evaluate permeability. 48 hours and 72 

hours post infection, 100 µl of basolateral medium was collected 

to determine FD4 permeability.

mRNA isolation and RT-qPCR ACE2 expression 

RNA from Calu-3 cells and pNECs was isolated with the Qiagen 

Mini RNeasy kit (Germantown, MD, USA) and 1 µg of total RNA 

was reversed transcribed into cDNA with the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems) according 

to manufacturer’s protocol. cDNA plasmid standards, consisting 

of purified plasmid DNA specific for each individual target, were 

used to quantify the target gene in the unknown samples. The 

housekeeping genes to normalize ACE2 expression in ALI cultu-

res were PPIA and RACK1. The primer and probe sequences for 

the specific genes were determined in the laboratory of Clinical 

Immunology using Primer Express (Applied Biosystems). RT-

qPCR was performed in an CFX Connect (Bio-Rad Laboratories 

Inc, Hercules, CA, USA) for all genes with specific Taqman probes 

and primers and using Platinum® Quantitative PCR SuperMix-

UDG w/ROX (TFS). Sequences for the probes and primers can be 

found in Table E2.

Viral RNA extraction and RT-qPCR SARS-CoV-2 

Total RNA was extracted from both apical washes and from 

basolateral medium collections using QIAamp viral RNA mini kit 

(Qiagen) following manufacturer’s instruction.

The duplex RT-qPCR assay used for the detection of SARS-CoV-2 

envelope (E) and nucleocapsid (N) gene has been described in 

detail before (21).  

Briefly, all primers and probes were obtained from Integrated 

DNA Technologies (IDT, Leuven, Belgium). Final concentration 

of combined primer/probe mix consist of 500 nM forward 

and reverse primer and 250 nM probe. Viral E and N genes are 

simultaneously amplified and tested using a multiplex RT-qPCR. 

All the procedures follow the manufacturer’s instructions of 

the Applied Biosystems TaqMan Fast Virus one-step mastermix 

(TFS). qPCR plate was read in the FAM and HEX channels using a 

QuantStudio™ 5 Real-Time PCR system (TFS) under the following 

cycling protocol: 50°C for 5 min, 95°C for 20 seconds, followed 

by 45 cycles of 95°C for 3 seconds and 55°C for 30 seconds. A 

stabilized in vitro transcribed universal synthetic single stranded 

RNA of 880 nucleotides in buffer with known copy number con-

centration (Joint Research Centre, European Commission, Cat. 

n° EURM-019) was used as a standard to quantitatively measure 
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viral copy numbers.

Immunofluorescence microscopy

ALI cultures of both primary nasal epithelial and Calu-3 cells 

were infected with a GFP gene-coupled SARS-CoV-2 variant 

for 2 hours and microscopic images were taken at different 

time points post infection (24, 48 and 72 hours). At designated 

timepoints, these ALI cultures were imaged with a Primovert 

iLED inverted immunofluorescence microscope employing a 4X 

Plan-Achromat objective coupled to a Axiocam 202 mono mi-

croscope camera (Zeiss NTS Ltd). Representative images of four 

different experiments were captured in the green channel of the 

microscope. GFP expression was then quantified, and images 

were further processed and analyzed using the open-source 

image analysis software Fiji (23). In brief, images were added to 

a stack and converted to 8-bit. A threshold was set to separate 

background from GFP positive signal. GFP+ area was measured 

as a percentage of the total cell area (24).

Statistics

Data were analyzed using Graphpad Prism software version 10 

(La Jolla, CA, USA). Differences were considered significant at p 

value < 0.05. Differences between two groups were evaluated 

by using a student’s t-test or the Mann-Whitney U test depen-

ding on normality. For differences between multiple groups, 

One-Way ANOVA or Kruskal-Wallis test with post hoc.

Results
Fluticasone propionate suppresses SARS-CoV-2 induced 

increase in FD4 permeability

Firstly, we evaluated the impact of SARS-CoV-2 infection on 

cell barrier integrity and tested the preventive effect of FP on 

permeability of SARS-CoV-2 infected cell cultures. Two different 

cell cultures were investigated in parallel, i.e., primary nasal 

epithelial cells (pNECs) of healthy individuals, and, the bronchial 

epithelial cell line, Calu-3 cells (19). Patient characteristics are 

depicted in Table E1 in this article’s Online repository. Briefly, 

Calu-3 cells and pNECs were cultured in ALI on transwell inserts 

for 21 days, as described previously (18). Next, cells were treated 

basolaterally with FP for 48 hours prior to SARS-CoV-2 infection, 

and FITC-dextran 4kDa (FD4) permeability was evaluated 48 and 

72 hours post infection. Our results showed that SARS-CoV-2 

infection of ALI cultures induced a significant increase in epithe-

lial permeability, as measured by FD4 transport, both in Calu-3 

cells (Figure 1A) as in pNECs (Figure 1B). Importantly, basolateral 

pre-treatment with FP significantly suppressed the SARS-CoV-2 

induced increase in FD4 passage at 72 hours post infection in 

Calu-3 cells (Figure 1A). In pNECs, FP clearly reduced the SARS-

CoV-2 induced increase in FD4 levels reaching significance for 

the samples taken at 48 hours post infection (Figure 1B). As the 

permeability of the epithelial barrier towards environmental 

insults is preserved by tight junctions (TJ), among others, we 

investigated the effect of SARS-CoV-2 infection on TJ expres-

sion (i.e., occludin, zonula occludens-1, claudin-1, -3 and -4) in 

Calu-3 cells 72 hours post infection. We found that SARS-CoV-2 

infection did not significant alter TJ mRNA expression (data not 

shown).

SARS-CoV-2 productively infects the bronchial epithelial cell 

line, Calu-3, and pNECs from healthy controls

We further investigated the impact of FP on SARS-CoV-2 

infection. Therefore, infection efficiency of SARS-CoV-2 was first 

determined on ALI cultures of both Calu-3 cells and pNECs. Api-

cal washes at one- and three-days post infection were collected 

and subjected to RNA extraction and RT-qPCR analysis of viral 

nucleocapsid (N) copies. Virus yield analysis showed that ALI cul-

tures of Calu-3 cells were successfully infected with SARS-CoV-2 

(Figure 2A), as evidenced by the high viral RNA copy numbers in 

the apical washes at 72 hours post infection that exceeded the 

amount of virus input at time of infection. Microscopic images 

were taken at subsequent days post infection to verify that there 

was indeed a successful infection of the ALI Calu-3 cell cultures 

Figure 1. FP treatment prevents SARS-CoV-2 induced barrier disruption in vitro. A-B: FD4 levels were quantified at 48 hours and 72 hours post infec-

tion. Data are shown as mean±SD. Bars show FD4 values, expressed as % relative to medium control. Significance was calculated by using two-way 

ANOVA with post-hoc analysis. *P<0.05, **P<0.01,***P<0.001, ns = not significant. 
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with a GFP-expressing SARS-CoV-2 variant (Figure 2B). As the 

GFP gene is introduced in the viral genome of the recombinant 

SARS-CoV-2, only infected cells that replicate virus do express 

GFP. In Calu-3 cells, a profound infection with SARS-CoV-2 was 

obtained within 24 hours, and levels of GFP further increased 

over time (Figure 2C), confirming a productive viral replication 

Figure 2.  SARS-CoV-2 successfully infects Calu-3, and pNECs from healthy controls. A: Apical viral release over time of Calu-3 cells (left) and pNECs 

(right). B: Representative fluorescent microscopy images (4X objective) of viral infection in Calu-3 cells (left) and pNECs (right) at 24, 48 and 72 hours 

post infection with a GFP-expressing SARS-CoV-2 variant. C: Quantification of viral infection in Calu-3 cells (left) and pNECs (right) showing the per-

centage of the GFP+ area to the total cell area over time. Data are mean±SD from four independent experiments. Images are representative of four 

independent experiments.
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difference of 0.51 log10 viral RNA copy numbers/µL, P < 0.02) 

decrease of virus release in the apical washes of Calu-3 cells 

at 24 hours post infection (data not shown). At this early time 

point post infection, no productive virus release was obtained 

in the basolateral medium. Also, at three days post infection 

(endpoint measurement of experiment), decreased levels of 

GFP expression was observed in FP-treated SARS-CoV-2 infected 

Calu-3 cells, not only microscopically (Figure 3A), but also the 

GFP quantification revealed a significant reduced GFP expres-

sion of 48.32% (P < 0.05) in the FP-treated samples compared to 

the non-treated control infected condition (Figure 3B). Of note, 

pre-treatment with FP did not alter the apical nor basolateral 

release of SARS-CoV-2 viral particles produced by pNECs (data 

not shown). Although, FP clearly reduced the rather weak GFP 

expression in pNECs at three days post infection (Figure 3A, B), it 

did not reach significance (P > 0.05).

Fluticasone propionate suppresses ACE2 expression in 

SARS-CoV-2 infected Calu-3 cells

The respiratory tract is continuously exposed to various environ-

mental substances, making it a primary target for SARS-CoV-2 

to enter and infect the human body. Indeed, SARS-CoV-2 relies 

heavily on ACE2 and TMPRSS2 expressed on nasal epithelial cells 

for cell entry (11). Therefore, we next compared the basal expres-

sion of ACE2 between ALI-cultures of Calu-3 cells and pNECs 

(Figure 4A). Interestingly, we measured a significant higher 

expression of ACE2 in Calu-3 cells compared to pNECs (Figure 

4A), which might explain that, in our experimental setting, Calu-

in the Calu-3 cells. SARS-CoV-2 infection of pNECs was less ef-

ficient, though, active viral replication could be observed at 72 

hours post infection, as evidenced by progressively increasing 

levels of GFP expression (Figure 2C) and by detectable viral RNA 

copies in the apical washes (Figure 2A, right panel). In paral-

lel, virus release in the basolateral medium was analyzed, and 

confirmed that the differentiated Calu-3 cells were more prone 

to SARS-CoV-2 infection then the pNECS (Figure E1). 

Fluticasone propionate shows anti-viral effects against 

SARS-CoV-2 infection of ALI cultures

We then tested the preventive effect of FP on SARS-CoV-2 

infection in our ALI cultures. Cells were pre-treated with FP 

for 48 hours before exposure to SARS-CoV-2. Pre-treatment of 

ALI cultures with FP resulted in a modest but meaningful (a 

Figure 3.  FP shows anti-viral effect against SARS-CoV-2 infection in 

vitro. Cells were basolaterally pretreated with FP (0,1 µM) for 48 hours 

and subsequently apically exposed to a GFP-expressing SARS-CoV-2 

variant for 2 hours. A:. Representative fluorescent microscopic images 

(4X objective) of ALI cultures of Calu-3 cells (upper panels) and pNECs 

(lower panels) from healthy controls at three days post infection (n=4). 

ALI cultures were either non-treated (medium/SARS-CoV-2; left panels) 

or pre-treated with FP for 48 hours (FP/SARS-CoV-2; right panels). As 

the GFP gene is introduced in the viral genome of the recombinant 

SARS-CoV-2, only infected cells that replicate virus do express GFP. 

pNECs = primary nasal epithelial cells; FP = fluticasone priopionate. B: 

Quantification of non-treated (Medium/SARS-CoV-2) or pre-treated (FP/

SARS-CoV-2) conditions, showing the percentage of the GFP+ area com-

pared to non-treated infected control condition. Data are mean±SD (n = 

4). Statistical analysis was performed using paried t test; * P < 0.05, ns = 

not significant. 

Figure 4. FP suppresses ACE2 expression in SARS-CoV-2 infected Calu-3 

cells. A: mRNA expression of ACE2 in ALI-cultures of Calu-3 cells (n=4) 

and pNECs (n=4). Relative mRNA expression versus the housekeeping 

genes encoding hRACK1 and hPPIA are shown. B: mRNA expression of 

ACE2 in ALI cultures of Calu-3 cells (n=4) after pre-treatment with FP (for 

48 hours) and infection with SARS-CoV-2. Samples were collected at 72 

hours post infection. Data are shown as mean±SD. Significance was cal-

culated using one-way ANOVA. *P<0.05. pNECs = primary nasal epithe-

lial cells; FP = fluticasone propionate. hpi = hours post infection.



167

FP suppresses SARS-CoV-2 induced barrier disruption

3 cells can be more easily infected with SARS-CoV-2 compared 

to pNECs (Figure 2B). Next, we investigated the effect of FP pre-

treatment on ACE2 expression in SARS-CoV-2 infected Calu-3 

cells. FP treatment of infected Calu-3 cells significantly reduced 

the expression of ACE2 (Figure 4B). 

Discussion
The ongoing COVID-19 pandemic has stimulated to quickly 

increase our scientific knowledge about the pathophysiology 

and potential means of prevention and treatment. Research has 

shown that the human respiratory epithelium is the primary 

target of SARS-CoV-2 (6). Moreover, the direct and indirect effects 

of SARS-CoV-2 on the respiratory epithelium, and the severity of 

such process can lead to detrimental anatomical and structural 

damages, respiratory distress syndrome and even death (24). As 

such, understanding the regulation of SARS-CoV-2 cell entry is 

important, as it can directly lead to the study and development 

of preventive and therapeutic strategies against COVID-19 (2). 

Initial focus has been mainly on the lower airways, rather than 

on the upper airways (25-2). However, since the sinonasal cavity is 

an interface between the environment and the respiratory tract, 

and high SARS-CoV-2 viral loads can be detected in nasal swabs 

from infected patients, we focused in our current study on the 

effect of SARS-CoV-2 infection (Wuhan strain) on the upper 

respiratory tract (28). Here, we show that SARS-CoV-2 can succes-

sfully infect pNECs from healthy controls as well as Calu-3 cells. 

This successful infection is potentially due to ACE2 expression 

on various cell types present in both the upper and lower air-

ways (29). Indeed, our data showed expression of ACE2 on Calu-3 

cells as wells as on pNECs. However, the expression of ACE2 in 

pNECs from healthy controls was rather low compared to Calu-3 

cells, which can explain the lower SARS-CoV-2 infection effici-

ency in pNECs. The later might also explain why FP did not alter 

the apical nor basolateral release of SARS-CoV-2 viral particles 

produced by pNECs. The lower SARS-CoV-2 infection efficiency 

in pNECs is as such a limitation of this study. Additionally, in the 

study of Bezara et al., the authors demonstrated that the expres-

sion of ACE2 in the upper respiratory tract can vary regionally, 

based on the characteristics of the epithelium. More specifically, 

they showed ACE2 mRNA transcripts in 2-6% of epithelial cells, 

by means of scRNA-sequencing, with rare detection in thicker 

ciliated pseudostratified epithelium, and more abundant ACE2 

proteins in thinner epithelium (29). These findings might also 

explain the lower expression of ACE2 in our pNECs. 

Another highlight of this study was the suppressive effect of 

FP on SARS-CoV-2 infection in ALI cultures of Calu-3 cells and 

pNECs. Moreover, FP pretreatment was able to suppress SARS-

CoV-2 induced increase in epithelial permeability in Calu-3 cells. 

From a clinical point of view, controversy remains for the use of 

corticosteroids for COVID-19 (30,31). Although clinical evidence 

does not support systemic corticosteroid treatment for CO-

VID-19 (30), cliclesonide and momethasone, two widely used ICS, 

showed beneficial effects against SARS-CoV-2 replication in 

vitro (32). As for intra-nasal corticosteroids, Strauss and colleagues 

demonstrated that usage of intra-nasal corticosteroids was 

associated with a lower fisk for COVID-19-related hospitaliza-

tion, ICU admission and hospital mortality (16). However, these 

corticosteroids might impair anti-viral immune responses and 

increase viral titers, as has been reported for rhinovirus infec-

tion (33). Nevertheless, clinical studies are warranted to confirm 

the clinical efficacy of FP, and of corticosteroids in general, in 

preventing SARS-CoV-2 infection in vivo. Interestingly, we also 

demonstrated that FP down-modulates ACE2 expression, which 

in turn can be related to reduced viral entry and the observed 

antiviral effect of FP. These results are in line with previous data 
(20) on inhaled corticosteroids reducing the expression of ACE2 

in epithelial cells through the suppression of Type-I interferon 

response, hence contributing to altered susceptibility to SARS-

CoV-2 infection. However, it remains unknown whether the 

partial suppression of ACE2 expression by FP can indeed fully 

prevent SARS-CoV-2 spreading. In addition, another limitation of 

our study is the administration route of FP. Because of a metho-

dological necessity, FP was not applied apically but basolater-

ally, thus, in a non-physiological manner. 

Lastly, we investigated the effect of SARS-CoV-2 infection on 

TJ expression (i.e., occludin, zonula occludens-1, claudin-1, -3 

and -4) in Calu-3 cells 72 hours post infection. We found that 

SARS-CoV-2 infection did not alter TJ mRNA expression. This 

was somewhat surprising as previous studies reported an effect 

of SARS-CoV-2 infection on TJ expression (8,34). Yet, it could be 

that the organization of the TJs is compromised, which can-

not be seen on mRNA level. In addition, differences in cell type 

and SARS-CoV-2 infection time and concentration, might also 

explain these discrepancies. Nevertheless, the importance of 

the nasal epithelial barrier in SARS-CoV-2 infection may not be 

underestimated and should be of greater focus in the COVID-19 

research.

Conclusions
Taken together, we could demonstrate that pretreatment with 

FP can prevent SARS-CoV-2 viral replication and suppress epi-

thelial barrier dysfunction, together with the reduced expres-

sion of ACE2. The ability of intranasal corticosteroids to protect 

the epithelial barrier against harmful substances has already 

been demonstrated in several in vitro and in vivo models (18,19). 

Therefore, we believe that our in vitro data will contribute to the 

start up of additional clinical studies to demonstrate the poten-

tial of intranasal corticosteroids as a novel SARS-CoV-2 antiviral 

treatment. 
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SUPPLEMENTARY MATERIAL

Figure S1.  Basolateral viral release over time of Calu-3 cells (A) and pNECs (B).

Table S1. Patient’s demographics.

Controls

N 4

Age (mean ± SD) 29,2 ± 17,95

Gender (male/female) 3/2

Allergy (%) 0%

Intranasal steroids (%) 0%

Smoking (%) 0%

Table S2. Primer and probe sequences used in RT-qPCR.

Primer/Probe Sequence Reference

SC2*N-fw ttacaaacattggccgcaaa US CDC

SC2N-rv gcgcgacattccgaagaa US CDC

SC2N Probe Fam-acaatttgcccccagcgcttcag(bhq1) US CDC

SC2E-fw acaggtacgttaatagttaatagcgt DE Charité

SC2E-rev atattgcagcagtacgcacaca DE Charité

SC2 E Probe Hex-acactagcc(zen)atccttactgcgcttcg(31abkfq) DE Charité

PPIA-fw cgc gtc tcc ttt gag ctg tt

PPIA-rv ctg aca cat aaa ccc tgg aat aat tc

PPIA-tp cag aca agg tcc caa aga cag cag aaa att t 5’Fam3’Tamra

RACK1-fw cac tgt cca gga tga gag cca

RACK1-rv cat acc ttg acc agc ttg tcc c

RACK1-tp tcc gct tct cgc cca aca gca g 5’Fam3’Tamra

ACE2-fw gga gat gaa gcg aga gat agt tgg

ACE2-rv att aga aac atg gaa cag aga tgc g

ACE2-tp tgg tgg aac ctg tgc ccc atg at 5’Fam3’Tamra


