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Abstract: The Coronavirus Disease 2019 (COVID-19) pandemic and the subsequent increase in
respiratory viral infections highlight the need for broad-spectrum antivirals to enable a quick and
efficient reaction to current and emerging viral outbreaks. We previously demonstrated that the
antihistamine azelastine hydrochloride (azelastine-HCI) exhibited in vitro antiviral activity against
SARS-CoV-2. Furthermore, in a phase 2 clinical study, a commercial azelastine-containing nasal
spray significantly reduced the viral load in SARS-CoV-2-infected individuals. Here, we evaluate
the efficacy of azelastine-HCl against additional human coronaviruses, including the SARS-CoV-2
omicron variant and a seasonal human coronavirus, 229E, through in vitro infection assays, with
azelastine showing a comparable potency against both. Furthermore, we determined that azelastine-
HCl also inhibits the replication of Respiratory syncytial virus A (RSV A) in both prophylactic and
therapeutic settings. In a human 3D nasal tissue model (MucilAir™.-Pool, Epithelix), azelastine-HCl
protected tissue integrity and function from the effects of infection with influenza A HIN1 and
resulted in a reduced viral load soon after infection. Our results suggest that azelastine-HCI has
a broad antiviral effect and can be considered a safe option against the most common respiratory
viruses to prevent or treat such infections locally in the form of a nasal spray that is commonly
available globally.
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1. Introduction

Viral airway infections are among the most common human infectious diseases. While
upper respiratory tract infections are usually mild and self-limiting, lower respiratory tract
infections are often severe, difficult to treat, and cause high mortality, especially in infants
and the elderly [1,2]. Common respiratory viruses have adapted to human-to-human
transmission and have become endemic. Others (like influenza viruses) circulate on a
global scale and cause seasonal epidemics. Viruses typically have a fine-tuned evolution
that allows the evasion of the pre-existing immunity acquired through preceding infections
while retaining virulence and transmission potential. This leads to endemicity, i.e., the
virus’s presence in a pre-exposed population for a longer period of time. The exchange
of genetic material with similar animal viruses, however, may cause the quantum leap
evolution of immune evasion and/or virulence, and such emerging ‘hybrid” viruses can
become epidemic or even pandemic [3]. The emergence of such pandemic strains is difficult
to predict and, therefore, poses a huge public health risk [4].

The treatment options for the infections caused by the numerous respiratory viruses
are limited and are often restricted to supportive therapy. In the case of upper respiratory
viruses, locally acting antivirals are expected to limit viral propagation and dissemination
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to the lower airways, which could cause chronic or systemic infections. During the COVID-
19 pandemic, several nasal sprays/applications containing antiviral compounds or even
vaccine antigens were investigated [5].

Vaccines are available only against pathogens causing the most severe infections.
Moreover, these vaccines are suboptimal in several aspects, including a short duration of
immunity, low efficacy in immunocompromised populations, and a narrow spectrum of
cross-protection for the various subtypes of a given pathogen. Furthermore, vaccine-based
(and infection-induced) immunity causes evolutionary pressure that selects variants that are
capable of evading the immunity gained upon vaccination [6]. This is best represented by
the annual need for new seasonal flu vaccines and the even more rapid evasion of vaccine
immunity against SARS-CoV-2 variants during the recent COVID-19 pandemic [7]. The
limitation of vaccines, together with the huge number of potential viral pathogens (against
most of which no vaccines are available) necessitates the development of broadly acting,
non-specific prophylactic measures against respiratory viruses. In contrast to specific
antivirals that target viral enzymes, broad-spectrum antivirals must interfere with general
host cellular machinery or the compartments that are utilized by various unrelated viral
pathogens. Safety considerations, however, set limits on this approach. The repurposing of
licensed drugs allows an assessment of antiviral efficacy without safety concerns, which
can facilitate the development of broad antiviral drugs [8]. Broad-spectrum antiviral agents
(BSAA) are defined in the literature as agents acting against different viruses within the
same family or from different viral families [9]. More specifically, the term BSAA is used
for compounds acting on viruses from at least two viral families [10].

It was previously shown, using in silico methods, that the approved drug azelastine-
HCI has antiviral activity. Azelastine-HCL inhibited SARS-CoV-2 replication in in vitro
assays, and a clinical study with a commercially available nasal spray containing azelastine-
HCI demonstrated a reduction in the viral load of SARS-CoV-2 in the nasopharynx [11].
Here, we provide in vitro evidence for the antiviral activity of azelastine-HCl against
unrelated common respiratory viruses. Upon confirming its broad-spectrum efficacy in
future clinical studies, azelastine-HCl nasal sprays may represent a useful prophylactic tool
that can prevent or ameliorate upper respiratory viral infections and limit the spread of
viral pathogens, especially pandemic ones [12].

2. Materials and Methods
2.1. Chemicals

Azelastine hydrochloride (azelastine-HCl) was purchased from a commercial source
(Sigma-Aldrich (St. Louis, MO, USA), A7611) and dissolved in DMSO. Alternatively, the
commercially available azelastine-HCl nasal spray Pollival® (URSAPHARM Arzneimittel
GmbH, Saarbruecken, Germany) was used. The buffer of Pollival® was provided by
the manufacturer (URSAPHARM Arzneimittel GmbH, Saarbruecken, Germany) and was
identical to the placebo used in clinical trials by the company [11].

2.2. Viruses, Primers and Cells

The SARS-CoV-2 omicron variant (B.1.1.529, BA.1 subtype ID: EPI_ISL_6902053) was
isolated at the Medical University of Innsbruck. The human coronavirus 229E (HCoV-
229E) was derived from the National Collection of Pathogenic Viruses (NCVP). The RSV
Long strain (kindly provided by T. Grunwald, Fraunhofer Institute for Cell Therapy and
Immunology, Leipzig, Germany) was generated via the infection of HEp-2 cells at a low
MQ], as described previously [13]. Influenza A HIN1 was isolated from a clinical specimen,
A/Switzerland /7717739/2013 (H1N1), as described in [14].

Vero cells stably overexpressing the human serine protease TMPRSS2 and ACE2
receptor were generated as described elsewhere [15] and cultured in DMEM (Merck,
Darmstadt, Germany) containing 2% FBS (PAN-Biotech, Aidenbach, Germany).

MRC-5 cells were purchased from ECACC at passage number 25 (Cat. No. 05081101)
and were grown under aseptic standard cell culture conditions (5% CO,, 37 °C) in DMEM
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(high glucose, GlutaMAX™ Supplement; Gibco, Thermo Fisher Scientific; Waltham, MA,
USA) supplemented with 10% heat-inactivated (HI) FBS (Sigma Aldrich, St. Louis, MO,
USA) and 1% penicillin-streptomycin (10,000 units penicillin and 10 mg streptomycin,
Sigma Aldrich).

HEp-2 cells (ATCC/CCL-23™) used for RSV assays were cultivated in DMEM (Sigma
Aldrich) supplemented with 2 mM of L-glutamine (Gibco, Thermo Fischer Scientific, Vienna,
Austria) and 10% FCS (Gibco, Thermo Fischer Scientific).

The human nasal tissue MucilAir™ (Epithelix Sarl, Geneve, Switzerland) batch num-
ber Pool9 Oxy 11 was derived from a pool of nasal epithelium from 14 donors (aged
32-58 years) and was cultured at the air-liquid interface to promote the differentiation and
polarization to fully ciliated epithelia [16].

The primers used for virus detection are listed in Table 1.

Table 1. Primers and probes used for virus detection.

Primer Sequence Reference
N protein (229E) fw 5' TCTGCCAAGAGTCTTGCTCG 3’ [17]
N protein (229E) rev 5" AGCATAGCAGCTGTTGACGG 3/ [17]
E gene (SARS-CoV-2) fw 5" ACA GGT ACG TTA ATA GTT AAT AGC GT 3/ [18]
E gene (SARS-CoV-2) rev 5" ATA TTG CAG CAG TAC GCA CAC A3’ [18]
E gene (SARS-CoV-2) probe FAM-ACA CTA GCC ATC CTT ACT GCG CTT CG-BHQ1 [18]

2.3. Infection of the Vero-TMPRSS2/ACE2 Cell Line by SARS-CoV-2 Omicron

The in vitro testing of azelastine-HCI against the omicron variant was performed as
described [18], including the quantification of the viral genome, except for the modification
that the cells were infected with the virus for a prolonged time (2 h).

2.4. Infection Model with 229E

MRC-5 cells were seeded on two 96-well plates at a density of 2.5 x 10*/well the
day before the experiment. Prior to infection, the supernatant was removed and replaced
with an equal volume (50 pL) of the medium with the HCo-V-229E virus (MOI of 0.001) or
without any virus (control cells) and the 2-12 uM azelastine-HCl or a respective DMSO
dilution (vehicle control). After 60 min of incubation at 5% CO; at 33 °C, the supernatant
was replaced with fresh medium containing the same concentration of azelastine-HCI or
DMSO. The cells were incubated at 5% CO, at 33 °C for 72 h post-infection (p.i.). All
samples were run in quadruplicates. The antiviral effect was assessed via viral genome
copy determination from the supernatant for 72 h p.i. using RT-qPCR. For this, the RNA
was isolated with a Monarch™ Total RNA Miniprep Kit (New England Biolabs Inc.,
Ipswich, MA, USA) and N gene-specific primers at a 0.5 uM final concentration and using
the Luna® Universal One-Step RT-qPCR Kit (New England Biolabs Inc.) following the
manufacturer’s recommendations. RNA copy numbers were calculated with the help of
standard curves generated from genomic RNA from Quantitative Genomic RNA from
HCoV-229E purchased from American Type Culture Collection (ATCC, Virginia, USA) via
LGC (Wesel, Germany).

2.5. In Vitro Testing against RSV

HEp-2 cells were plated at a density of 1.75 x 10* cells/well in 100 pL of DMEM
supplemented with 2 mM L-glutamine/10% FCS in a 96-well cell culture microplate and
were cultured overnight at 37 °C. The next day, HEp-2 cells were infected with RSV at
a predetermined dilution, resulting in approximately 300 infected cells when stained
for 24 h post-infection, as described below. HEp-2 cells were infected with RSV in the
absence or presence of different concentrations of azelastine-HCl ranging from 50 uM to
0.024 uM. DMSO was used as a vehicle control at corresponding concentrations. After
24 h of infection, RSV-infected cells were detected with immunofluorescence staining. For
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this, the supernatant was removed, and the cells were fixed with 95% ethanol for 5 min.
After washing with Tris-buffered saline (TBS)/0.1% BSA, the cells were incubated with
an RSV-specific recombinant monoclonal antibody, Palivizumab (Synagis, AstraZeneca,
Vienna, Austria) at a concentration of 20 nug/mL for 1 h at room temperature. After
washing, the cells were stained with an Alexa Fluor™ Plus 488-labeled polyclonal goat
anti-human IgG (H + L) (Invitrogen™, Thermo Fischer Scientific, Vienna, Austria) at
a concentration of 4 pg/mL for 1 h at room temperature. Plates were washed 4 times,
residual liquid was carefully removed, and green fluorescent spots were counted using an
ImmunoSpot® analyzer (C.T.L. Europe, Rutesheim, Germany). The percentage of inhibition
of RSV infection was calculated relative to 100% infection, counted in HEp-2 cells with
RSV only.

2.6. Influenza Induced Derequlation Model Using the Human Nasal 3D Tissue Mucil Air™

This study was run at the independent research facility Epithelix Sarl (Geneve, Switzerland).

The nasal epithelium was cultured according to the manufacturer’s instructions.
Pollival® was diluted with its own buffer at 1:5 or 1:10 and applied to the apical sur-
face of the cells 10 min before infection with 10> HINT1 viral particles in 100 pL of the
culture medium on the apical side. After 3 h of incubation at 34 °C, 5% CO,, with 100%
humidity, the apical surface of the cells was washed 3 times with culture media to remove
the unbound viruses. Residual viruses after washes were collected using a 20 min apical
wash and were quantified using qPCR to establish a baseline for viral growth. New viral
particles were collected with 20 min apical washes at 24, 48, 72, and 96 h p.i. Exposure to
Pollival® was renewed every day by re-applying it to the apical surface.

As a negative control, uninfected and untreated cells were included (mock), as well
as the buffer of Pollival® was tested alone, as described above. The antiviral drug, Os-
eltamivir was diluted in 0.9% NaCl (1 mM) and used at 10 uM in the basolateral medium
concomitantly with viral inoculation and exposure renewed every day.

To monitor the effect of Pollival® on the MucilAir™-Pool, non-infected tissues were
treated the same way with Pollival®.

All conditions were tested with 3 technical replicates.

2.7. Efficacy Read-Out Monitoring in Influenza Model

The effect on virus replication was assessed via virus genome copy number determina-
tion from the apical washes at different time points using Tagman RT-PCR [14]. The effect
on cilia was monitored using cilia motion (Cilia Beating Frequency, CBF) and through the
determination of the area with active cilia beating using a Sony XCD V60 camera connected
to an Olympus BS51 microscope and the proprietary software of Epithelix Sarl (Cilia-X).
Cytokines (IL-8 and RANTES) were measured from the basolateral media via a commercial
ELISA (IL8—BD Biosciences, Allschwil, Switzerland and Human CCL5/RANTES from R
& D Systems, Minneapolis, MN, USA).

2.8. Cytotoxicity Assays

The potential cytotoxic effect of azelastine-HCI against MRC-5 cells was tested with
Viral ToxGlo™ according to the manufacturer’s instructions (Promega GmbH, Madison,
WI, USA); luminescence was measured with a BioTek Synergy HTX multimode plate reader
(BioTek, Winooski, VT, USA). The RLUs of the treated wells were normalized to the mean
of non-treated wells and then multiplied by 100.

To determine the cytotoxicity of azelastine-HCl and the corresponding concentrations
of DMSO in HEp-2 cultures, the MTT assay was performed using the Cell Meter™ Col-
orimetric MTT Cell Proliferation Kit (ATT Bioquest, Biomol GmbH, Hamburg, Germany)
according to the manufacturer’s instructions.

Cell toxicity on MucilAir™ was detected by measuring trans-epithelial electrical
resistance (TEER) with an EVOM volt ohmmeter (World Precision Instruments, Hitchin,
UK) and through LDH measurement on non-infected, drug-treated tissues with the Cyto-
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toxicity LDH Assay Kit-WST following the manufacturer’s instruction (Dojindo EU GmbH,
Munich, Germany).

2.9. Data Analysis and Statistical Analysis

The ECsy value of azelastine-HCl was determined with nonlinear regression ((in-
hibitor) vs. a response—variable slope (four parameter)) using GraphPad Prism 9.5.1 (Graph-
Pad Software, Inc., La Jolla, CA, USA). In the influenza in vitro model, differences between
three or more groups were tested via one- or two-way ANOVA with Dunnett’s multiple
comparison post-tests using GraphPad Prism 6. The differences between the two groups
were tested using Student’s t-test. Values p < 0.05 were considered statistically significant.

3. Results
3.1. In Vitro Activity of Azelastine against Coronaviruses

We previously demonstrated the comparable in vitro activity of azelastine-HCl against
major genetic variants of SARS-CoV-2. To evaluate the antiviral effect against coronaviruses
in general, we tested azelastine against the B.1.1.529 (BA.1) SARS-CoV-2 variant, as well as
the seasonal coronavirus, HCoV-229E, in vitro.

The anti-SARS-CoV-2 activity of azelastine was tested in a transgenic Vero cell line,
overexpressing the human serin protease TMPRSS2 and the ACE2 receptor. We confirmed
the retained activity of azelastine-HCl against the BA.1 omicron variant with an ECsq of
2.8 uM upon co-administration and 3.8 uM in the therapeutic setting (Figure 1A). These
values are in the range of the EC5( values previously described against other variants using
the same in vitro model (Table S1).

B
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Figure 1. In vitro efficacy of azelastine-HCI against coronaviruses. (A) Vero-TMPRSS2/ACE2 cells
were infected with the B.1.1.529 variant of SARS-CoV-2 or (B) MRC-5 cells were infected with HCoV-
229E simultaneously with the addition of (A) 0.05-12.5 uM or (B) 2-12 uM of azelastine. After
48 h (A) or 72 h (B) p.i., the viral count was determined using qPCR analysis. Graphs show percent
inhibition of infection based on viral genome counts relative to the virus-only control expressed as
the mean + SEM from 3 independent experiments, each with (A) 3 or (B) 4 technical replicates. The
curve was fitted, and ECsy was calculated via nonlinear regression using GraphPad Prism.

When infecting MRC-5 cells with the HCoV-229E virus, the administration of azelastine-
HCI concomitant to the infection (and re-applied after infection) resulted in a dose-dependent
reduction in the viral genome count at 72 h p.i. (Figure 1B). The EC5) was similar to that
observed against SARS-CoV-2, 3.4 uM.

No drug-related cell toxicity was observed on Vero-TMPRSS2/ACE-2 and MRC-5 cells
below 25 uM [18] and 8 uM azelastine-HCI concentrations, respectively.
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3.2. Prophylactic and Therapeutic Efficacy of Azelastine on RSV Infection of Hep-2 Cells

HEp-2 cells were infected with RSV, resulting in approximately 300 infected cells per
well, as shown by immunofluorescence at 24 h p.i. (Figure 2A, RSV only). HEp-2 cells were
also infected in the presence of an azelastine-HCI concentration ranging from 50 uM to
0.024 uM or in the presence of various concentrations of DMSO corresponding to the buffer
of respective azelastine-HCI dilutions. While DMSO had no effect on RSV infection in
HEp-2 cells, we found a concentration-dependent inhibition of infection by azelastine-HCl
(Figure 2A). The ECsq for azelastine-HCl against RSV infection was 1.038 uM (Figure 2B).
A similar ECsq (1.139 uM) was measured when the azelastine-HCl containing nasal spray
Pollival® was used (Figure 2C). Importantly, no cytotoxicity was observed in the MTT
assay with HEp-2 treated with azelastine-HCl used at a concentration of 25 uM or less
(Figure 2B).

To investigate the mode of action of azelastine-HCl on RSV inhibition, we repeated
infection experiments using 1 uM of azelastine-HCI. In addition to the previous exper-
imental settings in which RSV and azelastine were applied simultaneously to HEp-2
cells (Supplementary Figure S1, black bars), we performed the experiments in the pro-
phylactic and therapeutic settings by applying azelastine-HCI before or after RSV infec-
tions. In the prophylactic setting, HEp-2 cells pre-treated with azelastine-HCl 2 h prior
to infection and during infection showed similar infection levels when compared to the
application of azelastine-HCl only at the time of infection (pre and co-administration,
Supplementary Figure S1). However, in the prophylactic setting, if azelastine-HCl was
removed prior to infection, the inhibition of RSV infection was greatly reduced (pre-
wash, Supplementary Figure S1). Similarly, the therapeutic setting, where azelastine-
HCI was applied 2 h after infection, it resulted in a reduced inhibition of RSV infec-
tion (Supplementary Figure S1). Comparable results were obtained when the azelastine-
containing nasal spray (Pollival®) was used instead of the pure azelastine-HCl compound
(Supplementary Figure S1). Taken together, this suggests that the presence of azelastine-
HCI during RSV infection is required for optimal inhibition.

3.3. Protective Effect of Azelastine in a Human Nasal 3D Tissue Infection Model of Influenza A

We performed the in vitro testing according to the study scheme shown in Figure 3A.
The HINT1 virus showed replication on MucilAir™ with a steady-state plateau (~10'° viral
genome/mL) that was reached at 48 h p.i. The repeated administration of the 1:5 and
1:10-diluted azelastine-HCI nasal spray significantly reduced the HIN1 genome copy
number compared to the vehicle at 24 h (1.57 log10 and 0.65 log10 apical virus reduction,
respectively) (Figure 3B); however, the effect was absent after 48 h. The antiviral drug,
Oseltamivir, decreased the genome copy number by 2.64-2.66-1.75-0.45 log10 at 24, 48, 72
and 96 h, respectively.

In addition to the effect on viral replication, the azelastine-HCI nasal spray showed
significant tissue protection based on cilia beating. The HIN1 infection decreased CBF in
the vehicle-treated culture (0 Hz), whereas exposure to 1:5 diluted Pollival® significantly
prevented an HIN1-induced decrease (5.5 Hz) comparable to the effect of Oseltamivir
(10.8 Hz) at day 4 (Supplementary Figure S2A). A similar trend, but no statistically signifi-
cant effect was seen on active cilia area determination, where 1:5 and 1:10-diluted Pollival®
increased the active cilia area to 43.7 and 27.7%, respectively, compared to the vehicle (13%)
and non-treated cultures (21.7%) (Supplementary Figure S2B). In comparison, Oseltamivir
completely prevented the HIN1-induced decrease.
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Figure 2. In vitro antiviral effect of azelastine-HCI against RSV. HEp-2 cells were infected with RSV
and concomitantly treated with 0.024-50 uM azelastine-HCIl. After 24 h, the RSV-infected cells were
stained with an RSV-specific recombinant monoclonal antibody followed by Alexa Fluor™ Plus
488-labeled polyclonal goat anti-human IgG staining and the number of RSV-infected cells were
counted using an ImmunoSpot® analyzer. (A) A representative result of RSV-infected cells treated
with azelastine-HCI, DMSO, or non-infected cells (w/0). (B) Percent inhibition of RSV infection in the
presence of different concentrations of azelastine-HCl as a purified compound or (C) azelastine-HCI
from the nasal spray Pollival® calculated relative to the infection in virus-only cells (red circles).
ECsg was calculated via nonlinear regression using GraphPad Prism. The potential cytotoxic effect
of azelastine-HCI on the HEp-2 cells was assessed using the MTT assay (black triangles). Graphs
show the mean with 95% CI from 8 and 4 independent experiments for RSV inhibition and cell
viability, respectively.
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Figure 3. Antiviral effect of azelastine-HCI in an influenza HIN1 infection model on human nasal
3D tissue. (A) Experimental scheme. (B) HIN1 viral genome count from apical washes at 24 h p.i.
measured using a quantitative PCR while the (C) IL-8 level and (D) RANTES level in basal tissue
media after 48 and 96 h p.i. were measured with commercial ELISA kits. Mock indicates non-infected
and non-treated tissues. The difference between groups was statistically analyzed with one-way
ANOVA (multiple comparisons) using GraphPad Prism, and results were considered significant if
p <0.05. * p <0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001; ns indicates non-significant difference. The
graphs show the mean =+ SD of the results from 3 tissue samples.

Importantly, the azelastine-HCl nasal spray significantly reduced the IL-8 and RANTES
response of the nasal cultures to the HIN1 infection (Figure 3C,D). IL-8 was comparably
reduced by both dilutions of Pollival® to Oselatmivir on day 2 and remained significantly
lower compared to the vehicle but higher than that of Oseltamivir-treated cultures on
day 4 (Figure 3C). The reduction in RANTES by the 1:5-diluted Pollival® was similar to
that of Oseltamivir on both day 2 and day 4, while a lower effect was detected at a 1:10
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dilution (Figure 3D). Non-infected cultures treated with Pollival® showed TEER values in
the normal range (200-800 Q-cm?) (Supplementary Figure S2C) and no cytotoxicity (<5%)
was detected for 1:10-diluted Pollival® on non-infected epithelia and only mild (6.5%)
toxicity was detected with a 1:5-diluted nasal spray using LDH measurement on day 4
(Supplementary Figure S2D).

4. Discussion

In this study, we evaluated the in vitro antiviral activity of azelastine-HCI against
viruses from three unrelated viral families, namely Coronaviridae (SARS-CoV-2 and HCoV-
229E), Pneumoviridae (previously called Paramyxoviridae, RSV) and Orthomyxoviridae
(influenza A).

We previously demonstrated the efficacy of azelastine-HCl and a commercial nasal
spray containing azelastine-HCI against major variants of SARS-CoV-2 in vitro [18]. The
in vivo effectiveness of the azelastine-containing nasal spray was confirmed by a subse-
quent clinical trial [11]. Here, we show the activity of azelastine-HCl against the omicron
BA.1 variant that emerged later during the SARS-CoV-2 pandemic in both co-administration
and a therapeutic setting. Although the BA.1 variant has recently been replaced by BA.2
sub-lineages globally, we used BA.1 since it represents the most important features of
omicron variants: a significant evasion from both vaccine and infection-induced antibod-
ies [19,20] and an altered cell-entry pathway [21]. The unaltered activity of azelastine-HCl
shown here against the BA.1 variant suggests that the extensive mutations in the spike
protein are not relevant for the antiviral mechanism of action and a drastic change in
efficacy is not expected against subsequent or newly emerging spike variants.

Furthermore, while pre-omicron variants used TMPRSS2 efficiently, the omicron
BA.1 is associated with lower TMPRSS2 use [22]. This has been suggested to change the
preference of BA.1 toward epithelial cells of the bronchi and the upper respiratory tract and
correlate with lower virulence in animal models. This change in the cell entry mechanism
could explain the lower effect of the serine protease inhibitor, nafamostat, against the BA.1
and future omicron variants [22]. In contrast to nafamostat, we observed the retained
activity of azelastine-HCl against the BA.1 variant, indicating that this effect is independent
of the utilization of TMPRSS2.

The human seasonal coronavirus (HCoV) 229E belongs to the alpha coronaviruses,
which bind to aminopeptidase N with its spike protein. Its genome is 65% homologous to
that of SARS-CoV-2 and, consequently, prior exposure to seasonal HCoV viruses (including
229E) is a likely source of cross-reactive antibodies and the T cell response to SARS-CoV-2
in non-infected individuals. However, the protective role of these in a subsequent SARS-
CoV-2 infection is debated [23-25]. Similarly, repeated vaccination against SARS-CoV-2
was shown not to induce a significant increase in specific antibodies against the HCoV-229E
spike protein [26], suggesting that current vaccines against SARS-CoV-2 do not provide
protection against seasonal coronavirus infections. Despite these antigenic differences,
we have shown that azelastine-HCl, when administered simultaneously with the virus,
reduced viral replication in vitro with an ECs( similar to that observed against SARS-CoV-2.
The broad-spectrum activity of azelastine-HCl against viruses from the Coronaviridae
family could be explained by targeting a shared virus component. Most approved antivirals
are direct-acting antivirals (DAA) that mostly inhibit viral enzymes. A famous example is
nirmatrelvir, the prodrug of the main protease (MP™) inhibitor developed against SARS-
CoV-2. Recently, it was shown to effectively inhibit the replication of seasonal coronaviruses,
including 229E, in various in vitro assays [27]. Azelastine-HCl was predicted in silico to
inhibit the coronavirus protease MP™ and was later confirmed in vitro as well [28-30];
therefore, this direct antiviral mechanism could contribute to its activity against SARS-
CoV-2 variants and HCoV-229E. However, the antiviral activity of azelastine-HCl has been
confirmed beyond coronaviruses. As shown in this study, azelastine-HCl inhibited RSV
infection both when applied together with virus inoculation and when used after viral
infection (therapeutic setting). We also provide evidence that an azelastine-HCl-containing
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commercial nasal spray can inhibit the influenza A HIN1 infection of human nasal 3D
tissue cultures, decreasing the viral count and the virus-induced cell damage (cilia damage)
at early time points. As both RSV and influenza A lack the MP™ protease and rely on the
use of host proteases, the mode-of-action (MoA) of azelastine-HCI against these viruses
cannot be explained by the mechanism suggested above.

Another strategy to achieve broad antiviral activity is to affect the host cell mecha-
nisms used by multiple viruses. Such cell machinery includes protein folding and transport,
cellular kinases, lipid metabolism, and cellular proteases [8]. This approach not only offers
antiviral activity across different viral families, but the likelihood of emerging resistance is
lower. Importantly, azelastine-HCl was previously shown to affect such host machinery.
Firstly, Bamia et al. [31] showed that azelastine-HCl inhibited the protein-folding activity
of the ribosome (PFAR) in S. cerevisiae and inhibited prion propagation; however, no direct
inhibition of the heat shock proteins was shown, and a high concentration (over 50 uM)
over a longer time was required for the effect. Secondly, azelastine-HCl, as a cationic
amphiphilic drug (CAD), is expected to modulate the lipid-processing pathway at the same
concentration range where we detected the antiviral effect of azelastine-HCl. We and others
have previously discussed the relevance of this effect for SARS-CoV-2 [18,32]. CADs may
affect the double-membrane vesicles used by positive single-strand RNA viruses for repli-
cation [33,34], which is a mechanism relevant for coronaviruses in general but not against
RSV and influenza A. On the other hand, CADs may affect the endosomal-lysosomal
change in the pH which is required for the conformational changes in hemagglutinin (HA)
mediating influenza virus entry to the cytoplasm [35]. Unlike influenza viruses, the entry of
RSV into the cytoplasm is pH insensitive [36]; therefore, this mechanism cannot explain the
observed anti-RSV activity of azelastine-HCl. The interference of CADs with the lysosomal
function also leads to the accumulation of cholesterol inside the late endosomal-lysosomal
cell compartments [37], which is a documented host-cell protective mechanism inhibiting
influenza A virus escape [38].

Besides the interference with viral enzymes or host machinery, azelastine may act by
limiting the inflammation induced by viruses. Here, we demonstrated that in a human nasal
tissue influenza infection model, azelastine significantly reduced the IL-8 and RANTES
response of epithelial cells to HIN1. Whether this is due to a direct anti-inflammatory effect,
or an indirect effect of the reduced viral count and a consequently lower cell disruption
remains to be elucidated. Previously, azelastine-HCl was also shown to inhibit cytokine-
induced ICAM-1 upregulation, which is a major receptor for Rhinoviruses and a potential
receptor of RSV [39].

The mechanism of azelastine-HCl in exerting its antiviral activity is likely complex and
may involve direct action on viruses, host cell pro-viral factors, and on the virus-induced
host response (e.g., inflammation).

Our study has the limitation that we relied on the use of in vitro models. To minimize
this limitation, we applied a human nasal tissue 3D model to examine the effect of azelastine-
HCl on influenza A. This model is highly translational, as it displays high trans-epithelial
electrical resistance, cilia beating as well as mucus production, demonstrating the full
functionality of the epithelial tissue. Additionally, there are clinical data that support
our findings. We have shown in a phase 2 clinical study that the use of an azelastine-
containing nasal spray reduced the viral load and shortened the viral carriage in the upper
respiratory tract of SARS-CoV-2-infected individuals [11]. An earlier publication also
showed the effect of the prophylactic use of an azelastine nasal spray to prevent upper
respiratory tract infections in children [40]. Furthermore, a phase 2 study currently ongoing
is using Pollival® to prevent SARS-CoV-2 and further respiratory virus infections in adults
(DRKS-ID: DRKS00031059, [41]) and may provide additional evidence in the near future.

5. Patents

CEBINA is the owner of patents derived from W02021239943 related to the findings
described in this paper.
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www.mdpi.com/article/10.3390/v15122300/s1, Table S1: Efficacy of azelastine-HCI against different
viruses measured in vitro. Supplementary Figure S1: In vitro antiviral effect of azelastine-HCI against
RSV administered at different time points relative to viral infection. Supplementary Figure S2:
Tissue protection elicited by azelastine-HCI in an influenza A HIN1 infection model on human nasal
3D tissue.

Author Contributions: Conceptualization, G.N., E.N. and V.S.; methodology, K.F,, J.A., N.K,, ] K.,
AR, AB.,BM. and Z.B.; formal analysis, V.S., Z.B. and K.F,; writing—original draft preparation, V.S.,
G.N. and Z.B.; writing—review and editing, all authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Raw data are available upon reasonable request from the corresponding
author.

Acknowledgments: We are grateful for the Epithelix Sarl technical team for performing the influenza
infection of the nasal tissues. We would also like to thank Sophie Zettl for the critical proof-reading
of the manuscript.

Conflicts of Interest: G.N., ENN. and V.S. are employees of CEBINA GmbH, K.E, J.A. and N.K. were
employees of CEBINA GmbH at the time of this study.

References

1.

@

10.

11.

12.

13.

14.

15.

16.

Wang, X.; Li, Y.; Mei, X; Bushe, E.; Campbell, H.; Nair, H. Global Hospital Admissions and In-Hospital Mortality Associated with
All-cause and virus-Specific acute Lower Respiratory Infections in Children and Adolescents Aged 5-19 Years between 1995 and
2019: A Systematic Review and Modelling Study. BM] Glob. Health 2021, 6, 6014. [CrossRef] [PubMed]

GBD 2016 Lower Respiratory Infections Collaborators. Estimates of the Global, Regional, and National Morbidity, Mortality, and
Aetiologies of Lower Respiratory Infections in 195 Countries, 1990-2016: A Systematic Analysis for the Global Burden of Disease
Study 2016. Lancet Infect. Dis. 2018, 18, 1191-1210. [CrossRef]

Taubenberger, ].K.; Morens, D.M. Influenza: The Once and Future Pandemic. Public Health Rep. 2010, 125, 15-26. [CrossRef]
Gray, G.C.; Robie, E.R,; Studstill, C.J.; Nunn, C.L. Mitigating Future Respiratory Virus Pandemics: New Threats and Approaches
to Consider. Viruses 2021, 13, 637. [CrossRef] [PubMed]

Chavda, V.P,; Baviskar, K.P,; Vaghela, D.A.; Raut, S.S.; Bedse, A.P. Nasal Sprays for Treating COVID-19: A Scientific Note The
Post-COVID Era-Advances and Challenges In. Pharmacol. Rep. 2023, 75, 249-265. [CrossRef] [PubMed]

Li, L.; Wei, Y; Yang, H.; Yan, J.; Li, X,; Li, Z,; Zhao, Y.; Liang, H.; Wang, H. Advances in Next-Generation Coronavirus Vaccines in
Response to Future Virus Evolution. Vaccines 2022, 10, 2035. [CrossRef] [PubMed]

Bedi, R.; Bayless, N.L.; Glanville, J. Challenges and Progress in Designing Broad-Spectrum Vaccines Against Rapidly Mutating
Viruses. Annu. Rev. Biomed. Data Sci. 2023, 6, 419-441. [CrossRef] [PubMed]

Karim, M.; Lo, C.W.; Einav, S. Preparing for the Next Viral Threat with Broad-Spectrum Antivirals. J. Clin. Investig. 2023, 133,
€170236. [CrossRef]

Ianevski, A.; Simonsen, R.M.; Myhre, V,; Tenson, T.; Oksenych, V.; Bjeras, M.; Bjeras, B.; Kainov, D.E. DrugVirus.Info 2.0: An
Integrative Data Portal for Broad-Spectrum Antivirals (BSA) and BSA-Containing Drug Combinations (BCCs). Nucleic Acids Res.
2022, 50, W272-W275. [CrossRef]

Andersen, P.L; Ianevski, A.; Lysvand, H.; Vitkauskiene, A.; Oksenych, V,; Bjoras, M.; Telling, K.; Lutsar, I.; Dumpis, U,; Irie, Y.; et al.
Discovery and Development of Safe-in-Man Broad-Spectrum Antiviral Agents. Int. J. Infect. Dis. 2020, 93, 268-276. [CrossRef]
Klussmann, J.P.; Grosheva, M.; Meiser, P.; Lehmann, C.; Nagy, E.; Szijart6, V.; Nagy, G.; Konrat, R.; Flegel, M.; Holzer, E; et al.
Early Intervention with Azelastine Nasal Spray May Reduce Viral Load in SARS-CoV-2 Infected Patients. Sci. Rep. 2023, 13, 6839.
[CrossRef] [PubMed]

Garcia-Blanco, M.A; Ooi, E.E.; Sessions, O.M. RNA Viruses, Pandemics and Anticipatory Preparedness. Viruses 2022, 14, 2176.
[CrossRef] [PubMed]

Ternette, N.; Tippler, B.; Uberla, K.; Grunwald, T. Immunogenicity and Efficacy of Codon Optimized DNA Vaccines Encoding the
F-Protein of Respiratory Syncytial Virus. Vaccine 2007, 25, 7271-7279. [CrossRef] [PubMed]

Essaidi-Laziosi, M.; Brito, F; Benaoudia, S.; Royston, E.; Cagno, V.; Elanie Fernandes-Rocha, M.; Piuz, I.; Zdobnov, E.; Huang, S.;
Constant, S.; et al. Propagation of Respiratory Viruses in Human Airway Epithelia Reveals Persistent Virus-Specific Signatures.
J. Allergy Clin. Immunol. 2018, 141, 2074-2084. [CrossRef] [PubMed]

Riepler, L.; Rossler, A.; Falch, A.; Volland, A.; Borena, W.; Kimpel, ].; von Laer, D. Comparison of Four SARS-CoV-2 Neutralization
Assays. Vaccines 2021, 9, 13. [CrossRef] [PubMed]

Huang, S.; Wiszniewski, L.; Constant, S. The Use of In Vitro 3D Cell Models in Drug Development for Respiratory Diseases. In
Drug Discovery and Development; Kapetanovic, .M., Ed.; IntechOpen: Rijeka, Croatia, 2011.


https://www.mdpi.com/article/10.3390/v15122300/s1
https://www.mdpi.com/article/10.3390/v15122300/s1
https://doi.org/10.1136/bmjgh-2021-006014
https://www.ncbi.nlm.nih.gov/pubmed/34261758
https://doi.org/10.1016/S1473-3099(18)30310-4
https://doi.org/10.1177/00333549101250S305
https://doi.org/10.3390/v13040637
https://www.ncbi.nlm.nih.gov/pubmed/33917745
https://doi.org/10.1007/s43440-023-00463-7
https://www.ncbi.nlm.nih.gov/pubmed/36848033
https://doi.org/10.3390/vaccines10122035
https://www.ncbi.nlm.nih.gov/pubmed/36560445
https://doi.org/10.1146/annurev-biodatasci-020722-041304
https://www.ncbi.nlm.nih.gov/pubmed/37196356
https://doi.org/10.1172/JCI170236
https://doi.org/10.1093/nar/gkac348
https://doi.org/10.1016/j.ijid.2020.02.018
https://doi.org/10.1038/s41598-023-32546-z
https://www.ncbi.nlm.nih.gov/pubmed/37100830
https://doi.org/10.3390/v14102176
https://www.ncbi.nlm.nih.gov/pubmed/36298729
https://doi.org/10.1016/j.vaccine.2007.07.025
https://www.ncbi.nlm.nih.gov/pubmed/17825960
https://doi.org/10.1016/j.jaci.2017.07.018
https://www.ncbi.nlm.nih.gov/pubmed/28797733
https://doi.org/10.3390/vaccines9010013
https://www.ncbi.nlm.nih.gov/pubmed/33379160

Viruses 2023, 15, 2300 12 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Schreiber, S.S.; Kamahora, T.; Lai, M.M. Sequence Analysis of the Nucleocapsid Protein Gene of Human Coronavirus 229E.
Virology 1989, 169, 142-151. [CrossRef] [PubMed]

Konrat, R.; Papp, H.; Kimpel, ].; Rossler, A.; Szijarto, V.; Nagy, G.; Madai, M.; Zeghbib, S.; Kuczmog, A.; Lanszki, Z.; et al. The
Anti-Histamine Azelastine, Identified by Computational Drug Repurposing, Inhibits Infection by Major Variants of SARS-CoV-2
in Cell Cultures and Reconstituted Human Nasal Tissue. Front. Pharmacol. 2022, 13, 861295. [CrossRef]

Fu Tseng, H.; Ackerson, BK,; Luo, Y.; Sy, L.S.; Talarico, C.A.; Tian, Y.; Bruxvoort, K.J.; Tubert, J.E.; Florea, A.; Ku, ].H.; et al.
Effectiveness of MRNA-1273 against SARS-CoV-2 Omicron and Delta Variants. Nat. Med. 2022, 28, 1063-1071. [CrossRef]

Cele, S.; Jackson, L.; Khoury, D.S.; Khan, K.; Moyo-Gwete, T.; Tegally, H.; Emmanuel San, J.; Cromer, D.; Scheepers, C.;
Amoako, D.G,; et al. Omicron Extensively but Incompletely Escapes Pfizer BNT162b2 Neutralization. Nature 2022, 602, 654—656.
[CrossRef]

Willett, B.J.; Grove, J.; Maclean, O.A.; Wilkie, C.; De Lorenzo, G.; Furnon, W.; Cantoni, D.; Scott, S.; Logan, N.; Ashraf, S.
SARS-CoV-2 Omicron Is an Immune Escape Variant with an Altered Cell Entry Pathway. Nat. Microbiol. 2022, 7, 1161-1179.
[CrossRef]

Akerman, A.; Milogiannakis, V.; Jean, T.; Esneau, C.; Silva, M.R.; Ison, T.; Fichter, C.; Lopez, ].A.; Chandra, D.; Naing, Z.; et al.
Emergence and Antibody Evasion of BQ, BA.2.75 and SARS-CoV-2 Recombinant Sub-Lineages in the Face of Maturing Antibody
Breadth at the Population Level. EBioMedicine 2023, 90, 104545. [CrossRef] [PubMed]

Sagar, M.; Reifler, K,; Rossi, M.; Miller, N.S.; Sinha, P.; White, L.F.; Mizgerd, J.P. Recent Endemic Coronavirus Infection Is
Associated with Less-Severe COVID-19. J. Clin. Investig. 2021, 131, e143380. [CrossRef] [PubMed]

Waterlow, N.R.; Van Leeuwen, E.; Davies, N.G.; CMMID COVID-19 Working Group; Flasche, S.; Eggo, R.M. How Immunity
from and Interaction with Seasonal Coronaviruses Can Shape SARS-CoV-2 Epidemiology. Proc. Natl. Acad. Sci. USA 2021, 118,
€2108395118. [CrossRef] [PubMed]

Murray, S.M.; Ansari, A.M.; Frater, J.; Klenerman, P.; Dunachie, S.; Barnes, E.; Ogbe, A. Nature Reviews Immunology The Impact
of Pre-Existing Cross-Reactive Immunity on SARS-CoV-2 Infection and Vaccine Responses. Nat. Rev. Immunol. 2023, 23, 304-316.
[CrossRef] [PubMed]

Kolehmainen, P.; Huttunen, M.; Iakubovskaia, A.; Maljanen, S.; Tauriainen, S.; Yatkin, E.; Pasternack, A.; Naves, R.; Toivonen, L.;
Téhtinen, P.A.; et al. Coronavirus Spike Protein-Specific Antibodies Indicate Frequent Infections and Reinfections in Infancy and
among BNT162b2-Vaccinated Healthcare Workers. Sci. Rep. 2023, 13, 8416. [CrossRef] [PubMed]

Li, J.; Wang, Y.; Solanki, K.; Atre, R.; Lavrijsen, M.; Pan, Q.; Baig, M.S.; Li, P. Nirmatrelvir Exerts Distinct Antiviral Potency against
Different Human Coronaviruses. Antivir. Res. 2023, 211, 105555. [CrossRef] [PubMed]

Ghahremanpour, M.M,; Tirado-Rives, J.; Deshmukh, M.; Ippolito, ].A.; Zhang, C.H.; Cabeza De Vaca, I.; Liosi, M.E.; Anderson,
K.S.; Jorgensen, W.L. Identification of 14 Known Drugs as Inhibitors of the Main Protease of SARS-CoV-2. ACS Med. Chem. Lett.
2020, 11, 2526-2533. [CrossRef]

Jain, R.; Mujwar, S. Repurposing Metocurine as Main Protease Inhibitor to Develop Novel Antiviral Therapy for COVID-19.
Struct. Chem. 2020, 31, 2487-2499. [CrossRef]

Odhar, H.A.; Ahjel, SW.; Albeer, A.A.M.; Hashim, A.F,; Rayshan, A.M.; Humadi, S.S. Molecular Docking and Dynamics
Simulation of FDA Approved Drugs with the Main Protease from 2019 Novel Coronavirus. Bioinformation 2020, 16, 236-244.
[CrossRef]

Bamia, A.; Sinane, M.; Nait-Saidi, R.; Dhiab, J.; Keruzoré, M.; Nguyen, PH.; Bertho, A.; Soubigou, F.; Halliez, S.; Blondel, M.; et al.
Anti-Prion Drugs Targeting the Protein Folding Activity of the Ribosome Reduce PABPN1 Aggregation. Neurotherapeutics 2021,
18, 1137-1150. [CrossRef]

Lane, T.R,; Ekins, S. Defending Antiviral Cationic Amphiphilic Drugs (CADs) That May Cause Drug-Induced Phospholipidosis
Graphical Abstract HHS Public Access. J. Chem. Inf. Model. 2021, 61, 4125-4130. [CrossRef]

Roingeard, P.; Eymieux, S.; Burlaud-Gaillard, J.; Hourioux, C.; Patient, R.; Blanchard, E. The Double-Membrane Vesicle (DMV): A
Virus-Induced Organelle Dedicated to the Replication of SARS-CoV-2 and Other Positive-Sense Single-Stranded RNA Viruses.
Cell. Mol. Life Sci. 2022, 79, 425. [CrossRef] [PubMed]

Tummino, T.A.; Rezelj, V.V,; Fischer, B.; Fischer, A.; O’'Meara, M.].; Monel, B.; Vallet, T.; White, KM.; Zhang, Z.; Alon, A.; et al.
Drug-Induced Phospholipidosis Confounds Drug Repurposing for SARS-CoV-2. Science 2021, 373, 541-547. [CrossRef] [PubMed]
Caffrey, M.; Lavie, A. PH-Dependent Mechanisms of Influenza Infection Mediated by Hemagglutinin. Front. Mol. Biosci. 2021, 8,
777095. [CrossRef] [PubMed]

Battles, M.B.; McLellan, J.S. Respiratory Syncytial Virus Entry and How to Block It. Nat. Rev. Microbiol. 2019, 17, 233-245.
[CrossRef] [PubMed]

Kuzu, O.F; Toprak, M.; Noory, M.A.; Robertson, G.P. Effect of Lysosomotropic Molecules on Cellular Homeostasis. Pharmacol.
Res. 2017, 117, 177-184. [CrossRef] [PubMed]

Kiihnl, A.; Musiol, A.; Heitzig, N.; Johnson, D.E.; Ehrhardt, C.; Grewal, T.; Gerke, V.; Ludwig, S.; Rescher, U. Late Endoso-
mal/Lysosomal Cholesterol Accumulation Is a Host Cell-Protective Mechanism Inhibiting Endosomal Escape of Influenza A
Virus. mBio 2018, 9, e01345-18. [CrossRef] [PubMed]


https://doi.org/10.1016/0042-6822(89)90050-0
https://www.ncbi.nlm.nih.gov/pubmed/2922924
https://doi.org/10.3389/fphar.2022.861295
https://doi.org/10.1038/s41591-022-01753-y
https://doi.org/10.1038/s41586-021-04387-1
https://doi.org/10.1038/s41564-022-01143-7
https://doi.org/10.1016/j.ebiom.2023.104545
https://www.ncbi.nlm.nih.gov/pubmed/37002990
https://doi.org/10.1172/JCI143380
https://www.ncbi.nlm.nih.gov/pubmed/32997649
https://doi.org/10.1073/pnas.2108395118
https://www.ncbi.nlm.nih.gov/pubmed/34873059
https://doi.org/10.1038/s41577-022-00809-x
https://www.ncbi.nlm.nih.gov/pubmed/36539527
https://doi.org/10.1038/s41598-023-35471-3
https://www.ncbi.nlm.nih.gov/pubmed/37225867
https://doi.org/10.1016/j.antiviral.2023.105555
https://www.ncbi.nlm.nih.gov/pubmed/36791846
https://doi.org/10.1021/acsmedchemlett.0c00521
https://doi.org/10.1007/s11224-020-01605-w
https://doi.org/10.6026/97320630016236
https://doi.org/10.1007/s13311-020-00992-6
https://doi.org/10.1021/acs.jcim.1c00903
https://doi.org/10.1007/s00018-022-04469-x
https://www.ncbi.nlm.nih.gov/pubmed/35841484
https://doi.org/10.1126/science.abi4708
https://www.ncbi.nlm.nih.gov/pubmed/34326236
https://doi.org/10.3389/fmolb.2021.777095
https://www.ncbi.nlm.nih.gov/pubmed/34977156
https://doi.org/10.1038/s41579-019-0149-x
https://www.ncbi.nlm.nih.gov/pubmed/30723301
https://doi.org/10.1016/j.phrs.2016.12.021
https://www.ncbi.nlm.nih.gov/pubmed/28025106
https://doi.org/10.1128/mBio.01345-18
https://www.ncbi.nlm.nih.gov/pubmed/30042202

Viruses 2023, 15, 2300 13 of 13

39. Feng, Z.; Xu, L.; Xie, Z. Receptors for Respiratory Syncytial Virus Infection and Host Factors Regulating the Life Cycle of
Respiratory Syncytial Virus. Front. Cell Infect. Microbiol. 2022, 12, 858629. [CrossRef]

40. Simon, M.W. The Efficacy of Azelastine in the Prophylaxis of Acute Upper Respiratory Tract Infections. Pediatr. Asthma Allergy
Immunol. 2003, 16, 275-282. [CrossRef]

41. ICTRP Search Portal. Available online: https://trialsearch.who.int/Trial2.aspx?TriallD=DRKS00031059 (accessed on 24
October 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fcimb.2022.858629
https://doi.org/10.1089/088318703322751327
https://trialsearch.who.int/Trial2.aspx?TrialID=DRKS00031059

	Introduction 
	Materials and Methods 
	Chemicals 
	Viruses, Primers and Cells 
	Infection of the Vero-TMPRSS2/ACE2 Cell Line by SARS-CoV-2 Omicron 
	Infection Model with 229E 
	In Vitro Testing against RSV 
	Influenza Induced Deregulation Model Using the Human Nasal 3D Tissue MucilAirTM 
	Efficacy Read-Out Monitoring in Influenza Model 
	Cytotoxicity Assays 
	Data Analysis and Statistical Analysis 

	Results 
	In Vitro Activity of Azelastine against Coronaviruses 
	Prophylactic and Therapeutic Efficacy of Azelastine on RSV Infection of Hep-2 Cells 
	Protective Effect of Azelastine in a Human Nasal 3D Tissue Infection Model of Influenza A 

	Discussion 
	Patents 
	References

