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ABSTRACT

Introduction: The upper respiratory tract is a major route of infection for COVID-19 and other
respiratory diseases. Thus, it appears logical to exploit the nose as administration site to prevent,
fight, or minimize infectious spread and treat the disease. Numerous nasal products addressing these
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aspects have been considered and developed for COVID-19.

Areas covered: This review gives a comprehensive overview of the different approaches involving
nasal delivery, i.e., nasal vaccination, barrier products, and antiviral pharmacological treatments that
have led to products on the market or under clinical evaluation, highlighting the peculiarities of the
nose as application and absorption site and pointing at key aspects of nasal drug delivery.

Expert opinion: From the analysis of nasal delivery strategies to prevent or fight COVID-19, it emerges
that, especially for nasal immunization, formulations appear the same as originally designed for
parenteral administration, leading to suboptimal results. On the other hand, mechanical barrier and anti
viral products, designed to halt or treat the infection at early stage, have been proven effective but
were rarely brought to the clinics. If supported by robust and targeted product development strategies,
intranasal immunization and drug delivery can represent valid and sometimes superior alternatives to
more conventional parenteral and oral medications.

Antiviral nasal products;
barrier nasal products; SARS-
CoV-2 infection; nasal
vaccine; mucosal delivery

Nasal Epithelium

- 00 0 0
A ¢ o é 0

Nasal Epithelium

Nasal spray barrier

Spike pmneinN q A E L
ay \
E Prﬂtein\r 9;52 Eh - é‘:f:(lsm
_ Mprotein—"¢ U | 7 Y
P
N\ < Nasal Vaccination 5, ,.\\‘ 7 Plasm cells
\ RNA 4% L IgA IgM IgG
N protein —! Dendritic cells B-cells
\
| N
\ P P
| & %&ﬁ&

Activated CD4+ T cells

Macrophages
And CD8+ T cells

/ \ \ é » . T g
F N, 0 @%g* Ux\o‘
Nasal delivery of \[ ﬁ””z = o5
N H g

,

- é@ O

Favipiravir Ivermectin Azelastine

Antiviral compound

1. Introduction: the role of the nose in SARS-CoV-2
infection

19 (COVID-19) develops initially as a respiratory infection and
can progress to systemic involvement [1].

SARS-CoV-2 is a single-stranded RNA, positive-sense, envel-
oped beta-coronavirus. The virion only contains four viral pro-
teins: the spike (S), envelope (E), membrane (M), and
nucleocapsid (N) proteins. The structural proteins S, E, and

In the years 2019-2023, the Severe Acute Respiratory
Syndrome CoronaVirus 2 (SARS-CoV-2) triggered an unprece-
dented pandemic. The disease known as Corona Virus Disease
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Article highlights

e The nose is the entry port and site of the early infection of viruses,
including SARS-CoV-2.

¢ Intranasally delivered medicinal products have been proposed to
prevent, block or minimize the spread of COVID-19.

o Nasal vaccines can induce a mix of local mucosal (IgA) and systemic
immunity (IgG) ideal for fighting airborne pathogens.

o Nasal barrier products use the deposition of materials on the nasal
mucosa that non-specifically prevent virus entry in the airway epithe-
lial cells.

¢ Nasal antiviral products utilize a more traditional local action against
the virus providing a defense at the early stages of the infection.

e Overall, these products have achieved relatively modest success in
the fight against SARS-CoV-2 pandemic.

e Future developments should focus on products designed more spe-
cifically, both in terms of formulation and device, to exploit the
unique opportunities provided by the nasal route.

M are integrated into the virion membrane, whereas the
N protein, which is coupled to the viral genomic RNA, is packed
inside the virion [2]. SARS-CoV-2 is mainly transmitted via
respiratory particles emitted by infected subjects; large parti-
cles, i.e, droplets, are responsible for infecting nearby indivi-
duals. Aerosols have a smaller diameter (<5um) and infect
individuals at greater distances [3]. A higher viral load and
replication rate have been discovered in the nasopharynx
than in the oral cavity and lower airways because the penetra-
tion into the upper airways is the first step of viral infection.
That is, the nose is the site of entry and primary infection of
SARS-CoV-2 [4]. The main entry receptors for SARS-CoV-2 fol-
lowing interaction with the viral Spike protein are Angiotensin-
converting enzyme 2 (ACE2) and the membrane-bound serine
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protease TMPRSS2 (Figure 1) [5]. ACE2 expression is the highest
in the nasalciliated epithelium, and a gradient of decreasing
expression from the upper to the lower airways (bronchioles
and alveoli) has been detected [6,7].

Considering SARS-CoV-2 transmission and initial phases of
the infection, it appears clear that the nose represents
a unique opportunity for the prevention or the treatment of
COVID-19 [8]. The surface area of the nasal mucosa allows for
localized drug delivery in a non-invasive way, providing also
a rapid onset of the action of the product administered [9].
Moreover, the mucosal tissues of the upper airways exercise
a crucial protective function against both the local endogen-
ous microbes and exogenous pathogens [10]. Despite these
evident advantages, the nasal route presents some well-
known challenges to overcome such as the limited residence
time related to the incessant mucociliary clearance and the
necessity of an efficient device for depositing the drug for-
mulation inside the nasal cavity.

The nasal cavity is lined with an epithelial mucosa and can
be divided into nasal vestibule, respiratory and olfactory
regions in its sagittal slice (Figure 2) [11]. However, to interact
with the epithelium, the nasal products need to penetrate
the 10-15 um-thick mucus layer, which is characterized by
a network of negatively charged mucin glycoproteins, creat-
ing a structure with open spaces of dimensions varying
between 20 and 1800 nm [12]. Thus, some molecules could
be easily withheld by mucus due to both their size and
charge [13]. An additional limitation to the efficacy of nasal
products is represented by the mucociliary clearance, i.e., the
physiological combined action of mucus-secreting cells and
ciliated cells that constantly removes any material adhered to
the mucus layer [14].
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Figure 1. Simplified depiction of the transmission and the life cycle of SARS-CoV-2 virus, along with potential immune responses elicited. SARS-CoV-2 is transmitted
via respiratory droplets by infected individuals. The virus, possessing a single-stranded RNA genome wrapped in nucleocapsid (N) protein and three major surface
proteins, namely membrane (M), envelope (E) and Spike, infects and replicates in the upper airways and then passes to the lungs, potentially leading to severe
pneumonia. The gateway to host cell entry (magnified view) is via angiotensin-converting enzyme 2 (ACE2) interaction with cleavage of Spike in the prefusion state
by proteases TMPRSS-2/furin (reproduced from [5], CC-BY, ©2020 Funk, Laferriére and Ardakani).
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nostrils nasopharynx

Figure 2. The nose is part of the upper respiratory tract (left). Anatomical features include the nostrils, the nasal cavity with lower, middle and upper turbinates and the olfactory
region, and the nasopharynx (right). The nasal cavity is divided by the nasal septum in two parts that are re-united in the nasopharynx. Created by Biorender.com.

The nasal cavity and epithelium features, as indicated
above, as well as formulation and device, affect nasal product
deposition and distribution on the target tissue and conse-
quently its clinical efficacy [15].

Nasal powders, liquid nasal sprays, nasal drops, and semi-
solid formulations for nasal administration are defined in the
‘Nasal  Preparations’ monograph of the European
Pharmacopoeia [16]. A nasal product is always a combination
of formulation and device. Hence, there are several metering
spray pumps for liquids, pressurized devices, and dry powder
delivery devices on the market. Nasal devices can be mono-,
bi-, or multidose devices, using passive or active dispersion
mechanism, the latter being also propellant-aided. Doses can
be pre-metered or metered at device actuation. In some cases,
targeted delivery to specific regions of the nasal cavity, such as
the olfactory epithelium, is claimed [17-21].

The following requirements are critical in liquid formula-
tions, may they be solutions or suspensions: solvent type
and osmolarity, pH and buffering capacity, viscosity, and
microbiological stability [22]. In a nasal dry powder formula-
tion, particle size, aerosolization, and dissolution are the
major variables to consider. Particle sizes above 10 um are
recommended to ensure predominant nasal powder deposi-
tion and avoid inhalation into the deeper airways [23].
Formulation strategies may include single-component pow-
ders of suitable particle size, but more often powder blends,
agglomerated powders, or engineered multi-component
particles. Despite nasal powders are few in the pharmaceu-
tical market, the evidence of improved stability and shelf-
life, greater availability, and effective administration by
newly designed devices have driven extensive research
toward their development [24]. A complete overview of
nasal drug delivery approaches and testing is beyond the
scope of this review, however excellent reviews are avail-
able in literature [19,22,25].

In the wake of the COVID-19 pandemic, all the formulation
approaches mentioned above have been explored to bring
forth nasal products possibly contributing to the effective
fight against the spreading of the infection. The research
efforts have been directed toward three main target products:
nasal vaccines for immunization against SARS-CoV-2, nasal
medical devices to protect from the transmission of the virus
and nasal drug products delivering neutralizing or virucidal
antiviral substances, as well as modulators of immune and
inflammatory responses. All these strategies exploiting nasal
administration will be reviewed and critically appraised in the
following sections with the focus on the nose and its peculia-
rities as administration site. This analysis aims at evidencing
their benefits and advantages and, where possible, pointing
out errors or misplaced expectations in view of learning for
possible future applications of nasal delivery to treat viral
epidemics.

2. Nasal vaccines as a prophylactic tool for the
prevention of infections

The mucosal immune system is the largest immunocompetent
tissue in the human body. It consists of the lymphoid tissues
and patrolling dendritic cells in all mucosal tissues of the
upper and lower respiratory tract, the gastro-intestinal tract,
the urogenital system, as well as of the eyes and the inner ear
[26]. Its activation by an antigen and a simultaneous inflam-
matory trigger, as caused by contact with pathogens and
adjuvants, respectively, leads to an antigen-specific local
immune response, which is dominant in the inductive tissue
due to homing of immunocompetent cells [15]. This local
immune response is then distributed throughout the body
following the ‘common mucosal immune system’ [27]. The
mucosal immune response consists of a T-cell response as
well as an IgA-dominated humoral response [28]. Secretory
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IgA is a specific antibody type which is produced within
mucosal compartments and secreted onto their external sur-
face. There, IgA dimer antibodies bind and neutralize patho-
gens before they enter the body, thus contributing to the
prevention of infections [29]. The nose is a key part of the
mucosal immune system of the upper respiratory tract. The
nose-associated lymphoid tissue (NALT) is concentrated in the
Waldeyer's ring consisting of the tonsils, but dendritic cells
(DCs) also patrol the epithelium to take up and process foreign
(antigenic) material [30]. As such, the nose is a perfect target
for mucosal vaccination against airborne pathogens following
the same route taken by the SARS-CoV-2 virus (Figure 1).
However, it needs to be taken into account that mucosal
surfaces, due to their constant contact with foreign material,
are gatekeepers between mucosal immune activation and
induction of tolerance [27]. Thus, an immune-stimulating
agent needs to elicit a full immune response and inevitably
has to be of particulate nature [31].

To date, it has become increasingly obvious that protec-
tion against virus variants (cross immunity) is strongly
needed. There is evidence from nasal influenza vaccines
that protection against drift variants can be more pro-
nounced upon mucosal vaccination [32,33]. Especially with
the evolution of the SARS-CoV-2 virus strains, a clear need for
vaccines preventing the frequent breakthrough infections
and achieving high levels of protection against severe dis-
ease and post-COVID symptoms has risen [34]. A mucosal
vaccine could be the ideal candidate to boost pre-existing
systemic immunity and at the same time effectively protect
against new variants [35]. Nasal vaccination is non-invasive
and does not require administration by trained healthcare
professionals, unlike an intramuscular (i.m.) injection, which
always bears the risk of injury or unsafe application. In con-
trast, a nasal vaccine offers ease of administration, guaran-
tees safe handling, and will enable self-immunization by the
patient alone or helped by a caretaker. As mentioned, nasal
products can be either liquid or dry powder formulations
[22]. Having this flexibility, the formulation of a nasal vaccine
can be tailored to its needs regarding stability, dosing, and
administration also for immunization campaigns carried out
in countries where cold-chain storage and transport are chal-
lenging. In addition to enabling vaccination in poorly acces-
sible areas of the world and developing countries, nasal
vaccination appears of special interest for children and adults
that fear injections due to pain and psychological hurdles.

Nonetheless, nasal vaccines have a rocky history [36], and
only a few vaccines have been licensed and were available
before the pandemic [37]. In the early 2000s, a nasal non-
living influenza vaccine product containing heat-labile
Escherichia coli enterotoxin (LT) as adjuvant was reported to
be associated with Bell’s palsy in Switzerland and was thus
withdrawn from market [38]. This was allocated to the adju-
vant and its neurotoxic potential. Since then, nasal vaccines
were evaluated with great caution. For human use, the only
marketed products are live attenuated influenza virus vac-
cines, namely FluMist® Quadrivalent/Fluenz Tetra (influenza
A and B, AstraZeneca AB, Sodertalje, Sweden) and Nasovac
(swine flu, Serum Institute of India Pvt. Ltd., Pune, India).
FluMist® was originally proven more effective in protecting

children against seasonal influenza, as compared to the intra-
muscular inactivated vaccine not creating a sound immune
response [32]. More recent data did not confirm the super-
iority of the nasal vaccine, mostly due to poor effectiveness
of either option [39].

The first SARS-CoV-2 vaccines, being mRNA or viral vector
products for parenteral use, were effective in the induction of
a systemic immune response including neutralizing antibo-
dies. This reduced infection severeness and viral spread.
However, a sterile immunity could not be achieved, which
gave rise to a discussion of alternative routes of vaccination,
namely the nasal mucosal route [40]. The first intranasal SARS-
CoV-2 vaccine candidate in clinical trial, however, which was
a viral-vector-based vaccine developed by Altimmune
(Gaithersburg, MD, U.S.A)) [41], has been withdrawn from
further clinical investigations due to disappointing immunolo-
gical results [42].

Also, the approved vaccine Vaxzevria® (Astra Zeneca,
Cambridge, UK; University of Oxford, Oxford, UK) has been
assessed in macaques and hamsters to compare nasal and
intramuscular administration routes and was shown to induce
a robust mucosal response to the D614G variant with higher
antibody responses after intranasal administration [43].
However, further recent data of a Phase 1 trial utilizing for
nasal delivery the same formulation developed for parenteral
use, reported disappointing results in humans [44]. The anti-
gen-specific mucosal antibody response was typically lower
than after the real SARS-CoV-2 infection and was not observed
in all patients. Also, systemic responses to intranasal vaccina-
tion were typically weaker than after intramuscular vaccination
with the same vaccine.

Currently, there are 8 nasal vaccines against SARS-CoV-2
in ongoing clinical development [7,40,45] with one being
currently in Phase 3 randomized, placebo-controlled trials.
This is the DeINS1-2019-nCoV-RBD-OPT1 based on
a replicating viral vector (Wantai Biological, Beijing, China;
University of Hong Kong, and Xiamen University, Xiamen,
Fujian, China) [46]. In addition, six COVID-19 vaccines have
been approved in local markets using nasal or airways
administration [47]. INCOVACC® from Bharat Biotech
(Hyderabad, India) is an adenoviral vector vaccine, which is
formulated to be delivered as nasal drops [48,49]. In a recent
preprint, they report immunogenicity and safety results from
a clinical Phase 3 study in 3160 Indian adults. The trial was
run against Covaxin® (Bharat Biotech), an intramuscular
COVID-19 vaccine. Two intranasal doses of iINCOVACC®
were well tolerated with no safety concern, while eliciting
a superior humoral and mucosal immune response [50].
Coviliv, a live, attenuated virus (Codagenix, Farmingdale,
NY, USA/Serum Institute of India, Pune, India), has been
reported with positive results via a press release, claiming
a strong cellular immune and mucosal antibody response
against Omicron BA.2 and announcing that the CoviLiv vac-
cine, being administered as nasal drops, will be part of the
WHO-sponsored Solidarity Trial Vaccines [51]. The Razi Cov
Pars (Razi Vaccine and Serum Research Institute, Karaj, Iran),
a recombinant Spike protein vaccine for delivery as nasal
spray, was approved in Iran. Only results from a Phase 1
clinical trial are reported, in which a combined i.m./intranasal



approach was tested in one arm. Over all, the vaccine was
reported to be safe and induce a strong and durable T-cell
response [52].

The Sputnik adenoviral vaccine (Gamaleya Research Institute of
Epidemiology and Microbiology, Moscow, Russia) can be delivered
intranasally as well as the Salnavac vaccine (Generium, Moscow,
Russia). Both are reported to be approved for human use.
However, further information on clinical trials or protection levels
is missing. Finally, Convidecia IH (CanSino Biologics, Tianjin, China)
has been approved from local authorities in China in
September 2022 and Morocco in November 2022 for the use as
booster dose after initial i.m. vaccination. This vaccine is the non-
replicating adenoviral vector vaccine the same company had been
developing, which is now given by inhalation using a nebulizer [53].
Seven Phase 3 clinical trials have been registered for this product,
but no results have been made publicly available yet. An overview of
approved vaccines and more in clinical trial [44,54,55,56] based on
recent available information is shown in Table 1.

Besides, numerous studies had been initiated at the preclinical
level, but have not proceeded yet to the clinics. Of these, the live-
attenuated SARS-CoV-2 vaccine being described by researchers of
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FU Berlin might be one of the most promising approaches as it
exploits the natural immunogenicity of a full virus [57,58].

Despite some late approvals of nasal vaccines of SARS-CoV-2
in local markets, the overview presented here evidences
a number of common unfavorable aspects that might have
hampered the impact of such immunization strategy in the
global fight against the COVID-19 pandemic. First and foremost,
nasal vaccination studies followed those for parenteral vaccines,
adopted the same formulations, and used conventional (or even
outdated as in the case of nasal drops) administration devices,
leading to inevitably late results, with oftentimes unimpressive
efficacy and marginal clinical relevance. Only more recent studies
focusing more on the combination of antigen and adjuvants in
the formulations appear to have provided a better and more
rational direction to the use of the nasal administration route in
the immunization strategies against the virus.

Nonetheless, the interest toward nasal vaccination to pre-
vent the earliest stages of bacterial and viral respiratory infec-
tions is not fading. In the next 5 years, the European Vaccine
Initiative will coordinate the activities of the NOSEVAC
Consortium, funded in May 2023 by the European

Table 1. Overview of nasal (in)/inhaled COVID-19 vaccines in clinical trials or with local marketing approval.

Candidate Vaccine Route of Current Reference/clinicaltrials.gov
Vaccine Platform Name Administration Developers Status Identifier
Live Attenuated Virus Coviliv IN Codagenix, USA/Serum Institute of Local [51]
India, India Approval
Viral Vector (Non-replicating) iNCOVACC IN Bharat Biotech International Local [48-50]
Limited, India Approval
Recombinant Protein RaziCovPars IN Razi Vaccine and Serum Research Local [52]
Instiute, Iran Approval
Viral Vector Sputnik IN Gamaleya Research Institute, Russia Local No public data available
Approval
Viral Vector Salnavac IN Generium, Russia Local No public data available
Approval
Ad5-nCoV-ICH Viral Vector Convidecia IH Inhaled CanSino Biologics, China Local [53]
Approval NCT05517642
Viral Vector (Replicating) DeINS1-2019-nCoV-  IN University of Hong Kong, Xiamen Phase 3 [46]
RBD-OPT1 University and Beijing Wantai NCT05124561, NCT05169008,
(Intranasal flu- Biological Pharmacy, China NCT05204589, NCT05330871,
based-RBD) NCT05303584, NCT05886790,
NCT04809389
Protein Subunit CIGB-669 (RBD IN Center for Genetic Engineering and  Phase 1/2 [54]
+AgnHB) Mambisa Biotechnology (CIGB), Cuba
Live Attenuated Virus MV-014-212 IN Meissa Vaccines, Inc., USA Phase 1 [55]
NCT04798001
Viral Vector (Non-replicating) CVXGA PIV5 vector IN CyanVac LLC, USA Phase 2 NCT05736835
Protein Subunit ACM-SARS-CoV-2-beta IN ACM Biolabs, Singapore Phase 1 [56]
ACM-CpG (ACM- NCT05385991
001)
Protein subunit, based on Avacc 10 IN Intravacc B.V., The Netherlands and Phase 1, NCT05604690
outer membrane vesicles Novotech, Australia first-in-
man
Viral vector (Non-replicating) Corfluvec IN Research Institute of Influenza, Phase 1/2 NCT05696067
H3N2 recombinant Russia
attenuated influenza
vector
Viral vector (Non-replicating) Recombinant COVID- Inhaled Wuhan BravoVax, China Phase 1 NCT05706324
(Adenovirus Vector) 19 Vaccine
Viral Vector ChAdOx1 nCOV-19 IN University of Oxford, UK Discontinued [43,44]
Viral Vector (Non-replicating) AdCOVID IN Altimmune Inc., USA Discontinued NCT04679909

[42]
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Commission to develop nasal vaccines, including a bivalent
one for influenza and COVID-19 [59].

3. Nasal barrier products

In the pandemic scenario, irrespective of vaccination status, the
first preventive measure has been to avoid contact and infection
with SARS-CoV-2. In this perspective, a number of nasal ‘barrier’
products have been developed, able to limit or prevent patho-
gen access to the host nasal cavity epithelia. These products,
mostly marketed in the form of nasal sprays, are considered
useful to prevent the infection by SARS-CoV-2 [60].

These nasal sprays could also be used to prevent the
spread of the infection in those situations in which there is
a high risk of exposure, such as public transports, crowded
places, schools, and hospitals. In addition to this, such a nasal
product could also be exploited for a ‘second line’ of preven-
tion, intended as the reduction of the risk to have an increas-
ing viral load in the nasal cavity after an infection. This latter
aspect appears crucial to reduce the severity and duration of
the respiratory infection symptoms [61,62].

Nasal barrier products do not generally claim a direct and
specific action on the virus as main feature, but are often designed
to create a physical barrier that hinders the interaction between
pathogens and epithelial cells of the upper airways. Actually, this
passive and hence non-specific mechanism of action can be con-
sidered beneficial since the efficiency of this approach is unaf-
fected by pathogen’s mutations [63]. Although some of the
products described in this section contain compounds claiming
some additional mechanisms of action against viruses, the antiviral
action remains questionable, as demonstrated by the fact that all
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these nasal sprays are invariably marketed as medical devices and
not as medicinal products.

3.1. Carrageenan

Carrageenans are natural sulfated polygalactans, derived from
edible red seaweeds. They are classified into five groups (A, K, 1,
€, M) according to their aqueous solubility and structure.
Indeed, the content of sulfate esters affects their ability to
form highly viscous aqueous dispersions and gels . In particu-
lar, kappa- and iota-carrageenans (Figure 3a) form gels in
contact with an aqueous solution of calcium or potassium
ions, which are present in the mucosal secretions lining the
human nasal cavity [64]. This accounts for the exploitation of
the gelling properties of iota- and kappa-carrageenans in
marketed nasal sprays.

In addition to the gelling properties in physiological condi-
tions, carrageenans have been reported to inhibit several
enveloped viruses, such as human immunodeficiency virus
(HIV), herpes simplex virus (HSV), human cytomegalovirus,
and human rhinoviruses [65-70] by preventing the binding,
and therefore the entry, of the virions into the host cell [71,72].
This has been attributed also to carrageenan’s high similarity
to the heparan sulfate, a cell-attachment factor [64].

Morokutti-Kurz et al. conducted a study in which a SARS-
CoV-2 Spike Pseudotyped Lentivirus was used to infect ACE2-
HEK293 cells in order to test and compare the neutralization
efficacy of the different classes of carrageenans [73]. It was
found that iota-carrageenan’s in vitro 1Cs5o against SARS-CoV-2
was 2.6 ug/ml and the antiviral effect was attributed to the
electrostatic interaction with the viral envelope. Interestingly,
it was pointed out that other polymers and polysaccharides,

Astodimer Sodium

HPMC

Figure 3. Chemical structure of the compounds used in nasal barrier products: A) carrageenans, B) astodrimer sodium, C) bentonite (montmorillonite), D)

hydroxypropylmethyl cellulose (HPMC).



including hydroxypropylmethyl cellulose (HPMC), were inac-
tive. The same group also tested the polymers on Vero B4 cells
infected with SARS-CoV-2, showing that the ICso of iota-
carrageenan was 1.54 pg/ml, dramatically lower than that
measured for the other classes of carrageenans [73].

Another group studied the preventive activity of
a commercial product containing 1.2 mg/ml iota-carrageenan
and 0.4 mg/ml kappa-carrageenan against SARS-CoV-2 infec-
tion. Human Airway Epithelial Cultures (HAECs) obtained from
two donors were employed to simulate the entry site of the
virus from a morphological and functional point of view. The
nasal product was tested at a twofold dilution and put in
contact with the HAECs, which were then inoculated with
the virus. The staining of the nuclei and the SARS-CoV-2
Spike protein and subsequent imaging by confocal micro-
scopy revealed that the viral infection was completely blocked
by the product (Figure 4) [74].

In a pilot multicenter, randomized, double-blind, placebo-
controlled study conducted in 10 hospitals in Argentina, a nasal
spray containing 1.7 mg/ml iota-carrageenan was administered in
four daily doses for 21 days to 394 clinically healthy physicians,
nurses, and other personnel managing patients hospitalized for
COVID-19. The goal was to assess the spray usefulness in the
prophylaxis of COVID-19 in healthcare workers vs. placebo (0.9%
sodium chloride). It resulted that the carrageenan-containing nasal
formulation contributed to a statistically significant reduction (p =
0.03) in the incidence of COVID-19 cases among the individuals
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treated (196 individuals, 1% infected) with the active formulation
with respect to those receiving the placebo (198 individuals, 5%
infected) [75].

3.2. Astodrimer sodium

Astodrimer sodium is a highly branched dendrimer with
a dimension of 3-4nm and a molecular weight of ~16.5 kDa
[76]. The dendrimer structure is characterized by a core of
divalent benzhydrylamine and four generations of lysine
branches; the outermost branches are functionalized with
naphthalene disulfonic acid groups that confer to the overall
structure hydrophilicity and an anionic surface charge
(Figure 3b) [77].This net negative charge results in astodrimer
having similar chemical properties to iota-carrageenan [78].
The anionic surface groups can bind the viral targets such as
surface glycoproteins, thus hindering the interaction between
the virus and the host cell and impeding the infection [79].
Indeed, astodrimer sodium was originally developed to pre-
vent vaginal infections by HSV and HIV [76]. It has also been
studied to prevent ocular infection by adenovirus (HAdV) [80].
During the pandemic, considering the urgent need for pre-
vention strategies against SARS-CoV-2 infection, astodrimer
properties against it were studied in view of its nasal applica-
tion. In a study, a nasal spray containing 1% (w/w) astodrimer
sodium was evaluated as a potential barrier against SARS-CoV
-2 infection in a K18-hACE2 mouse model for 7 days and its
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Figure 4. Products A (nasal product containing iota- and kappa-carrageenan) and B (oral product containing only iota-carrageenan) inhibit SARS-CoV-2 infection of
primary human airway epithelial cultures (HAECs). HAECs derived from two donors (panel a and b) were exposed to PBS or product A or B and then infected with
SARS-CoV-2. After 2 h, virus and treatment were removed, and cells were washed in PBS to restore the air-liquid interface. After 1, 2, and 3 days, filters were fixed
and stained for SARS-CoV-2 Spike protein (green) and cell nuclei (blue) and imaged by confocal microscopy (scale bar: 100 um). The number of infected cells per
area were counted cells within microscopic images (3-5 images per time point and condition) (reproduced from [74], CC-BY 4.0, ©2021 the authors, published by

the American Physiological Society).
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efficacy was compared to a placebo nasal spray [81]. It was
found that the application of the astodrimer sodium nasal
spray significantly reduced the viral genome copies in the
nasal secretion at week 1 post-infection. Moreover, the study
also demonstrated that SARS-CoV-2 replication and the pro-
duction of several pro-inflammatory cytokines (IL-6, IL-1qa, IL-
1B, TNFa and TGFp, and chemokine MCP-1) were suppressed.
Therefore, the treatment may also potentially limit the severe
complications related to the inflammatory process developing
during the infection in the upper and, more dangerously, in
the deeper airways [82,83].

Viraleze™ is a marketed nasal spray developed by
Starpharma (Abbotsford, VIC, Australia) also containing 1%
(w/w) astodrimer sodium as active ingredient. The study by
Paull et al. pointed out an irreversible antiviral action and
a consequent block of the SARS-CoV-2 infection when the
product was applied on Vero E6, Calu-3 cells and primary
human airway epithelial cells HBEpC infected with the virus
[84]. It emerged that 10-15min of exposure to astodrimer
sodium was sufficient to reduce the viral infectivity by more
than 99.9%. Finally, astodrimer sodium was applied at variable
concentrations (0, 1.1, 3.3, and 10 mg/ml) to HBEpC cells 1h
before infection and cells were cultured for 4 days, after which
it came out that astodrimer sodium could reduce the infection
of primary cells by up to 95-98%. This inhibition, significantly
higher than that determined by iota-carrageenan (17%) used
as control, supported the claim that the unique structure of
astodrimer sodium seems to provide benefits in counteracting
viral infection if compared to other polyanionic polysacchar-
ides like carrageenan. Mechanistically, its virucidal activity
seems due to the tight binding to virus envelope proteins,
including the S protein, interfering with virus-host cell inter-
action [84].

3.3. Bentonite

Bentonite is a colloidal hydrated aluminum silicate clay which
contains clay minerals belonging to the smectite groups. It
forms from the devitrification process of volcanic ash falling
into water [85]. When in contact with water, bentonite under-
goes swelling and gelling owing to montmorillonite, its major
component (Figure 3c) [86]. The multilayered negatively
charged structure and high specific surface of montmorillonite
, enable it to absorb coronaviruses [87]. As consequence, Fais
et al. evaluated a possible application of a bentonite-
containing nasal spray (Bentrio®, Altamira Therapeutics Inc.,
Hamilton Bermuda) as barrier product against SARS-CoV-2
infection, testing it on an in vitro 3D model of the primary
human upper airway epithelium (MucilAir™, Epithelix, Plan-les
-Ouates, Switzerland) pooled from 14 healthy adult male and
female donors and reconstituted as a 3D tissue [88]. Bentrio®
was studied both as preventive and post-infection treatment.
To test its prophylactic effect, the product was applied to the
tissue 10 min before the infection and the viral replication was
monitored over 4 days. Conversely, efficacy on the existing
infection was assessed on the 3D model tissue infected with
the virus and treated with Bentrio® after 24 h once daily for 4
days. A physiological solution was used as control. The results
show that the prophylactic treatment with the nasal product

significantly reduced the viral titer over 4 days. However, the
reduction was higher (99%) when cells were infected with
wild-type SARS-CoV-2 and lower (83%) when the Delta variant
was used. When Bentrio® was applied 24 h post infection,
a reduction of the viral titer by 12-folds and 3-folds on day 4
was registered, respectively for wild-type SARS-CoV-2 and
Delta variant. Therefore, Fais et al. concluded that Bentrio®
can act as an ‘intranasal mask,” preventing the direct contact
between the virus and nasal mucosa, trapping the virus into
the bentonite-stabilized gel formed after application, thus
favoring its elimination by mucociliary clearance. Finally, they
observed that the model tissue used could be considered as
a worst-case scenario, because when applied in vivo, the anti-
viral activity of the nasal product is integrated by the immune
system activity and mucociliary clearance [89]. Indeed, when
eventually removed by the mucociliary clearance, the gel
passes to the nasopharynx and the throat, still keeping the
virus entrapped [88], thus hindering its transmission to other
people by talking or coughing. It is worth reminding that the
virus spreads via the airborne droplets mainly produced in the
oral cavity [90,91,92].

3.4. Hydroxypropylmethyl cellulose

Hydroxypropylmethyl cellulose (HPMC, Figure 3d) s
a chemical derivative of cellulose whose capability to create
a protective barrier when applied to the nose was discovered
by chance. The peculiarity of HPMC-containing nasal products
is that they are administered as powder and form
a viscoelastic gel only after the deposition into the nasal cavity
and hydration by the mucosal fluids [24,93].

A number of nasal spray powders containing HPMC are
produced by Nasaleze International Limited (Isle of Man, UK)
and are licensed as medical devices in Europe and in the USA
[94]. These devices provide the intranasal administration of
the product in the form of a powder composed of 93%-
98.5% by weight of HPMC. Owing to such high HPMC concen-
tration, in the nasal cavity these powders take up the available
fluids and turn into a gel. Thus, the extemporaneously gener-
ated gel acts as a physical and non-specific barrier against
airborne germs and viruses, holding back the latter and there-
fore preventing their movement to the deeper airways [94].

Bentley et al. tested three nasal powder products by
Nasaleze on Vero A/T cells infected with SARS-CoV-2, demon-
strating that the release of the virus from infected cells was
inhibited in a dose-dependent manner. More precisely, the
optimum dose of the powders was found to be 6.4 mg/3.5
cm?.  Above this threshold concentration, the HMPC-
containing powders form a gel matrix over the cell layer
inhibiting the SARS-CoV-2 release from infected cells for a 72
h period independently of the concentration of HPMC present
(93-98.5%). At the same time, not only the gel matrix pre-
vented the release of the virus, but also protected the cells
from infection by three different virus variants, namely
England-2, Alfa, and Beta [63]. Thus, HPMC-based nasal pow-
ders, despite not showing direct antiviral or virucidal activities,
protect from viral infection by mechanically trapping the
pathogens in an impervious viscous gel layer [63].



Another commercial nasal powder containing HPMC is
Taffix®, a class | medical device manufactured by Nasus
Pharma (Tel Aviv, Israel) and widely marketed in the EU [95],
containing 89.9% (w/w) HPMC. Owing to a formulation includ-
ing also citric acid and sodium citrate, Taffix® can maintain the
nostril microenvironment at a stable pH of 3.5 for up to 5 h.
This is functional to create a hostile microenvironment for
virus survival and prevent the interaction between respiratory
viruses like SARS-CoV-2 and airway epithelial cells [96,97].

The in vitro study performed on slices of pig nasal cavity by
Mann et al, demonstrated that the physical viscous barrier
created by Taffix® in contact with the nasal mucosa led to
99% reduction of the titer of both the recoverable live virus
and viral RNA. The study confirmed that the gel formed within
only 1 minute after the application of the spray on the tissue
and preserved its characteristic viscosity for 6 h [97].

The effectiveness of this nasal product was also tested in
another real-life survey study involving 243 subjects from an
Orthodox Jewish community engaged in a two-day period of
prayers, which was considered a high-risk event in terms of
viral spreading. 83 individuals used Taffix® throughout the
prayer period and the following 2 weeks, while the remaining
160 volunteers did not receive the treatment. At the end of
the 2-week observation period, only two of the subjects in the
Taffix® group, developed the infection and it came out they
had not used the product regularly. Conversely, 10 out of 160
participants in the untreated group got infected by the end of
the study. Therefore, the study confirmed that HPMC powder
nasal insufflators could provide an effective protection against
the transmission of SARS-CoV-2 infection, pointing out
a significant fourfold reduction in the risk of infection in
a population treated with Taffix® regularly for 2 weeks com-
pared to no treatment [95].

It appears clear that after the beginning of the pandemic,
nasal barrier products have been made rapidly available and,
in a way, represented the most successful nasal product
against COVID-19. Some specific features of these products
have to be taken into account to critically evaluate their role in
the prevention of epidemics. First and foremost, nasal barrier
products are registered as medical devices, characterized by
less restrictive requirements for marketing authorization. In
addition, they are relatively inexpensive, easy-to-use, protec-
tion devices with very few side effects and contraindications.
For this reason, they have been widely exploited during the
early stage of the pandemic as a method to reduce the spread
of the infection, often as adjuvants in association with other
personal protective equipment. Notwithstanding, these pro-
ducts have no specific mechanism of action and their effec-
tiveness, based mainly on physical action, is at least doubtful
in cases of an already established infection, making them
good adjuvants but not the main strategy in the fight of the
spreading of a pandemic pathogen.

4. Nasal antiviral products

The quest for a cure for COVID-19 urged major drug repurpos-
ing efforts [98]. Drug substances active against viruses other
than SARS-CoV-2 were randomly and almost desperately tried
on hospitalized, severely ill patients by systemic
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administration routes [99]. This was not necessarily supported
by the established evidence of efficacy in COVID-19, but rather
motivated by experiences in SARS and MERS epidemics [100].
Overall, the efficacy of these approaches was poor, as demon-
strated by WHO Solidarity and Recovery trials [101,102]. Beside
their non-specificity for SARS-CoV-2, these compounds possi-
bly failed due to: i) poor administration timing with respect to
infection stage, ii) severe side-effects and iii) a systemic dosing
unable to lead effective concentrations in infected cells.
Administration to the nasal cavity and upper airways appeared
the right way to tackle the virus directly and timely [103]. The
local administration in the upper airways even of low doses of
antiviral agents provides high drug concentrations at the site
of ongoing viral replication, limiting systemic exposure and
undesired adverse effects.

4.1. Repurposed drugs for nasal administration (small
molecules)

Several repurposed drug substances with different therapeutic
indications were considered for nasal delivery, highlighting how
broad the initial search for useful compounds has been. Most of
the available information reports of formulation studies and
activity data collected in vitro, which may leave the reader dis-
enchanted. He/she should be mindful that developing a new
medicinal product, even with a known drug molecule, is a slow
process, difficult to accelerate even in urgent circumstances.
Then, while the race for a cure is going on, the pandemic driver
declines as well as the ‘incentive’ to pursue the research.

The search of antiviral agents for systemic administration
led to the relatively fast marketing authorization for remde-
sivir (intravenous injection) in mid 2020, followed by
Paxlovid® (nirmatrelvir/ritonavir) and molnupiravir for oral
use in 2022. None of these molecules was newly designed
to treat SARS-CoV-2. Aiming to an antiviral effect targeted to
the nasal mucosa, the only antiviral agent investigated has
been favipiravir (FVP). It is an antiviral drug approved in
Japan as a treatment for novel or re-emerging influenza RNA
viruses [104]. After metabolization into ribosyl triphosphate,
FVP selectively inhibits viral RNA-dependent RNA polymer-
ase, sharing this mechanism of action with remdesivir.
Favipiravir has poor aqueous solubility and good permeabil-
ity [105]. Envisaging a liquid dosage form its nasal delivery,
the low solubility hinders the formulation of a concentrated
solution in water. Alcantara et al. were able to enhance FVP
activity in vitro by microencapsulating it into chitosan/algi-
nate nanoparticles. These polysaccharides were chosen for
mucoadhesion, to prolong formulation residence at absorp-
tion site [106]. Compared to free drug, owing to polymer
swelling, in vitro FVP release from the nanoparticles was
slowed down both at pH 7.4 and 5.5, being faster at 5.5,
being 5.5-6.5 and 5.0-6.7 the pH ranges in the anterior and
posterior nose, respectively [107]. Protonation of the chitosan
amino groups eased swelling and erosion. Furthermore, chit-
osan strengthened the interaction with mucus and promoted
greater FVP permeation across the nasal mucosa. Finally, the
antiviral activity of FVP nanoparticles was evaluated in Vero
cells infected with porcine epidemic diarrhea virus, which is
a good model but remains a surrogate of SARS-CoV-2. They
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reduced viral replication with an ECso of 7 ug/ml, whereas
free FVP did not inhibit it up to 46 ug/ml [108].

The concept of nanoencapsulating favipiravir for nasal delivery
is shared by Gattani and Dawre, who developed FVP-loaded poly-
lactic-co-glycolic acid (PLGA) nanoparticles [109]. The FVP-loaded
nanoparticles were included in a thermosensitive gel to administer
the FVP nanoparticles intranasally. Not unexpectedly, encapsula-
tion within PLGA particles slowed down FVP release compared to
the drug solution. Nanoparticle entrapment inside the gel sus-
tained FVP release up to 32 h, due to gel viscosity. However, the
ex vivo permeation across goat nasal mucosa evidenced the great-
est permeation from the nanoparticle-loaded gel, which was the
slowest formulation at releasing FVP. The authors’ explanation of
a mucoadhesive action by HPMC prolonging contact time appears
unconvincing as contact time in the in vitro experiment was the
same for all formulations [109]. Hence, despite the formulation
effort, the therapeutic value of this strategy warrants further
confirmation.

The above-mentioned studies are the only ones of an antiviral
agent formulated for nasal delivery in COVID-19, suggesting that
the strategy of nasal administration of antivirals was addressed
quite late in the race for COVID-19 treatments. Before the oral
products were approved, remdesivir was the only antiviral avail-
able, mostly used in hospitals at a disease stage likely missing the
viral target. Its outcomes are still considered uncertain [110],
whereas the oral treatments for early use in the outpatient,
seem effective even in the elderly [111]. In addition, considering
the formulations envisaged, given a volume of liquid adminis-
trable of around 150 pl per human nostril, the drug dose deliver-
able might be too small for the intended effect [112].

Ivermectin (IVM) is an oral antiparasitic drug approved for
neglected tropical diseases, like onchocerciasis, helminthiases,
and scabies. In vitro studies showed that IVM may work in
COVID-19 because it inhibited SARS-CoV-2 replication in infected
Vero E6 cells. Activity was attributed to inhibition by IVM of
importin-a/B1-mediated nuclear entry of viral proteins, blocking
viral RNA replication [113]. In particular, Caly and collaborators
demonstrated that 5 uM ivermectin inactivated more than 90%
viral RNA with an 1C5o around 2 uM [114]. The problem is that, to
achieve the active IVM concentration in plasma, an oral dose 100
times higher than the maximum allowed in humans should be
administered. Consequently, the FDA and other regulatory agen-
cies never approved IVM for systemic use in COVID-19 [115].
Local drug administration into the nose/upper airways could
overcome this problem, as doses could be lowered. The concept
is supported by studies indicating that IVM can accumulate in
lung tissue at high concentration following inhalation [116].

A liquid ivermectin nasal spray has been proposed with
composition, propellant, and device typical of pressurized
inhalers [117]. However, from a technological perspective,
the study is poorly informative. It is not declared whether
the formulation was a solution or a suspension of IVM (1%
w/v) in the propellant. Furthermore, the authors stated ‘deliv-
ery performance of the product was adequate,” without men-
tioning actual data. The study’s main focus was the local and
systemic safety and pharmacokinetics of ivermectin adminis-
tered to healthy piglets by the nasal spray (1 mg per nostril).

A single dose of IVM nasal spray gave after 2 h the highest
drug concentrations in the nasal tissue, ie., the primary site of

virus replication, when compared to lung and plasma levels. VM
was also detected in the lung, at lower concentrations and
delayed time-to-peak. Meanwhile, at all time points plasma levels
were 10 times lower than nasopharyngeal concentrations.
Treatment safety was good both at systemic and local level,
while nose-to-brain transport was excluded based on the
absence of signs of neurotoxicity. Interestingly, repeated nasal
dosing at a 12 h interval, resulted in considerably increased IVM
concentrations in nasopharyngeal tissue and lungs, but not in
plasma, reducing the risk of side effects. In addition, the study
demonstrated that local drug application reached higher con-
centration in target tissues than the same dose given orally.
Clearly, a proof of antiviral effectiveness in infected animals is
needed to confirm the therapeutic value of this pressurized IVM
nasal spray. The highest concentration measured in nasophar-
yngeal tissue (about 43 ng/g) was approximately 40-folds lower
than the reported in vitro 1Cs5q [117].

The intranasal use of ivermectin in COVID-19 was evaluated in
humans by an Egyptian team, who tested an IVM mucoadhesive
nanosuspension intranasal spray in patients with mild COVID-19.
The IVM nanosuspension (70 pg/ml), obtained by nanoprecipitation,
was incorporated in a mucoadhesive vehicle containing HPMC,
poloxamer, and alginate. According to the protocol, the treatment
group received nasal IVM twice a day combined with the standard
care protocol for mild COVID-19 treatment, whereas the control
group received the latter only. Intranasal ivermectin added to stan-
dard care, caused rapid viral clearance and recovery from anosmia,
cough, dyspnea [118]. In a subsequent study on patients with
persistent post-COVID-19 anosmia, the nasal IVM-treated group
recovered from anosmia in 13 days compared to the 50 days of
the placebo group [119]. According to ClinicalTrial.gov database,
there are no ongoing clinical trials on intranasal ivermectin.

Both azelastine hydrochloride and chlorpheniramine maleate
are antagonists of histamine-1 receptor, formulated in over-the-
counter nasal sprays for allergic rhinitis. They were tested for
a potential action against SARS-CoV-2 infection. Azelastine inhibits
SARS-CoV-2 by binding the ACE2 receptor, which the virus uses to
enter cells [120]. The in vitro ECsy of about 6.5 uM (Vero cells
infected with SARS-CoV-2) was hundreds of folds lower than the
concentration of the marketed spray [121]. Then, a placebo-
controlled trial assessed the efficacy of azelastine nasal spray
(0.02% or 0.1%) to reduce viral load of COVID-19 patients treated
for 11 days. The treatment was not very effective because the viral
load decreased in 2 weeks independently of the treatment.
A significant effect vs. placebo was observed only at day 4 of
treatment with 0.1% azelastine in patients with high viral burden
at enrollment [122]. A new pilot study (clinicaltrials.gov Identifier
NCT06008860) has been launched in July 2023 and is currently
recruiting at the University of Chicago (Chicago, IL, USA) to re
confirm the usefulness of nasal azelastine (Astepro® 0.15% nasal
spray) in vaccinated individuals. The effect of the treatment on
symptoms, infectivity, quality of life and occupation will be hope-
fully clarified.

The available data about chlorpheniramine maleate (CPM) in
COVID-19 come from one paper by Westover et al., reporting CPM
virucidal efficacy in vitro in Vero 76 cells infected with SARS-CoV-2
[123]. The authors used a 0.4% CPM nasal spray containing water,
glycerin, xylitol, and sodium bicarbonate formulated by Ferrer
Medical Innovations (Hallendale Beach, FL, U.SA) and Xlear Inc.



(American Fork, UT, U.SA). No mechanistic information is reported,
but CPM-dependent inhibition of influenza virus was attributed to
interference with the viral entry into cells [124]. Safety and efficacy
of this CPM nasal spray were demonstrated in a 7-day pilot study
on mild COVID-19 patients, instructed on how to use the device to
optimize drug delivery in the nasopharynx [125]. Meanwhile, Xlear
Inc repurposed for adjunct treatment of COVID-19 a nasal spray
product that is a medical device containing xylitol and grapefruit
seed extract [126,127].

4.2. Biologicals

Certain chronic infections are treated with intravenous immuno-
globulins (IVIG) and this strategy has been extensively explored in
the treatment of COVID-19 since immunoglobulins or hyperim-
mune plasma were used to exploit the virus neutralizing proper-
ties of antibodies [128]. Ku et al. engineered an immunoglobulin
M neutralizing antibody, IgM-14, able to neutralize SARS-CoV-2
replication in vitro and in vivo in view of nasal administration. One
single IgM-14 intranasal dose, given to mice 6 h before or 6 h after
infection, elicited a prophylactic or therapeutic effect against viral
infection, respectively. The prophylactic dose was as low as 0.044
mg/kg, compared to the 0.4 mg/kg therapeutic dose. Additionally,
ex vivo organ imaging proved that the residence time of IgM-14 in
the nasal cavity was prolonged (>100 h) and that IgM-14 was able
to reach the lungs [129].

An interesting dual targeting technological approach was
applied with WKS13, a humanized monoclonal antibody (mAb)
with broad spectrum activity against SARS-CoV-2 variants. The
mAb was spray-dried using different nozzles to obtain particles
of a size suitable for nasal and pulmonary deposition, respectively.
In particular, an ultrasonic nozzle produced large ‘nasal particles,’
whereas a two-fluid nozzle allowed for the production of small
particles suitable to target the lungs. A mixture of the two pow-
ders would tackle nose and lung at the same time, broadening the
mAb efficacy. Dual targeting of the fine pulmonary powder when
administered intranasally is achieved because of the nose’s parti-
cle-size independent filter mechanism, taking out a fraction of the
pulmonary powder irrespective of size. This study presented
in vivo data in hamsters infected with SARS-CoV-2 and treated
with the engineered powders. However, the animals did not
receive the dual targeting powder, but the individual ‘nasal’ and
‘lung’ powders, each given via the corresponding route. The
neutralizing effect was not superior to the intravenous mAb, but
intranasal administration was deemed valuable in terms of accept-
ability, non-invasiveness, and self-use by outpatients [130].

The progression of SARS-CoV-2 infection to severe disease
sees a heavy immune reaction with infiltration of monocytes to
the lung, hyperinflammation and a ‘cytokine storm’ [131]. T cell-
mediated immunity plays an essential role to manage the infec-
tion, but when T cell responses are dysregulated, immunopathol-
ogy can occur and worsen the disease. In particular, reduced
frequencies of regulatory T cells (Treg) were observed in severe
COVID-19 cases. Thus, induction of Treg cells at mucosal level,
elicited by nasal administration of an immunomodulator, can be
a therapeutic strategy for immune modulation of inflammatory
diseases [132,133]. Foralumab, an anti-CD3 monoclonal anti-
body, was administered intranasally to mild and moderate
COVID-19 patients and reduced lung inflammation [134]. The
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effect of 100 ug of nasal foralumab daily for 10 days was mon-
itored based on blood inflammatory biomarkers. Eventually,
induction of IL-10-producing Treg cells that suppress inflamma-
tion was hypothesized to explain the effect. Furthermore, nasal
delivery avoided the occurrence of potential systemic adverse
events associated with intravenous anti-CD3 therapy.

Interferons (IFNs) act against a broad spectrum of viruses as
inflammation modulators [135]. In early 2020, the effects of
the treatment with nebulized IFN-a2b were studied in a cohort
of confirmed adult COVID-19 cases in Wuhan, China. This
uncontrolled exploratory study showed that viral clearance
from the respiratory tract was accelerated, while the levels of
inflammatory biomarkers like IL-6 and C-reactive protein were
reduced [136,137]. Along the same lines, an IFN-a2b nasal
spray was tested in children infected by SARS-CoV-2 Omicron
strain [138]. Dose and frequency of the nasal IFN-a2b therapy
(8,300 1U/spray) depended on child age. The treatment began
within 5 days of symptom onset and lasted 3 days. Nasal inter-
feron, combined with standard of care, shortened SARS-CoV-2
viral shedding time, i.e., the period from symptom onset to the
first PCR cycle threshold > 35. This was a great achievement to
cure young children by a non-invasive, acceptable route in
a timely manner. In fact, being not eligible for vaccination and
novel antiviral therapies, children shed the virus longer and
more likely transmit it than adults, particularly the 12-24
months age group [138]. Technologically, very few of the
above-mentioned studies paid attention to the formulation
of the biologics, which was often not specific for nasal delivery
but used pre-existing formulations for injection.

4.3. Other substances

Inorganic compounds like nitric oxide and hypochlorous acid
act by nonspecific mechanism on various pathogens. Nitric
oxide (NO) is a signaling molecule involved in physiological
and pathological processes in the human body, including
innate immunity [139]. In occasion of the 2002 SARS epidemic
the antiviral action of NO against SARS-CoV infection was
evidenced [140] The exact mechanism of action was discov-
ered later: NO reduces the palmitoylation of the viral Spike (S)
protein, inhibiting membrane fusion mediated by S protein-
ACE2 receptor interaction. It was also understood that
3-h exposure to NO was enough for virus inhibition [141].

Several clinical trials have been conducted on intranasal NO
and derivatives for the treatment of COVID-19 [142,143,144].
SaNOtize biotech company (Vancouver, Canada) registered
a nitric oxide nasal spray as medical device (NORS™ patented
technology). SaNOtize claims a double action for the spray
proposed as treatment or prevention tool, i.e., physical/chemi-
cal barrier and NO effect. In a Phase 3 trial vs. placebo, COVID-
19 patients treated with the spray had viral load reduced by
more than 94% within 24 h from treatment [143]. Another
Phase 2 study is ongoing to demonstrate whether NO nasal
spray prevents SARS-CoV-2 infection (clinicaltrials.gov
Identifier: NCT05109611).

Hypochlorous acid is a powerful oxidizing agent with anti-
viral, antibacterial, and antifungal properties. The virucidal
effect is due to the reaction with amino acids, forming chlor-
amines, and nitrogen-centered radical formation, damaging
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the viral nucleic acid [145]. Sentinox by APR (Applied Pharma
Research s.a., Balerna, Switzerland) is a class Ill medical device
composed of an acidic oxidizing solution to spray containing
0.005% HCIO. The recommended volume per nostril is 500 pl,
deriving from five bottle squeezes, which may resemble
a nasal wash procedure. In vitro, the solution showed >99.8%
virucidal activity in less than 1 min on SARS-CoV-2. Tested on
nasal and oral mucosae ex vivo, the solution caused no irrita-
tion [146]. Finally, the efficacy of Sentinox (STX) in mild COVID-
19 patients was assessed in a trial with three treatment
groups: 1) spray three times/day, 2) spray five times/day, 3)
untreated control. There was no greater reduction of viral load
by STX compared to control. Anyway, STX spray was safe and
well tolerated [147].

Differently from nasal vaccines and barrier products, no
antiviral drug product for nasal use has yet reached the mar-
ket. During the first months of pandemic worldwide, govern-
ments, agencies, academia, and research institutions devoted
substantial funding and frantic efforts to the race for a cure.
This nourished the idea of an intranasal therapy with repur-
posed drugs, not only antivirals, as an easy and safe tool to
stop the infection at early stage in the home setting (super-
vised by the general medicine practitioner). However, this
expectation did not come true. We acknowledge three possi-
ble reasons for the lack of ultimate results and zero products
at advanced clinical development or marketed. First, effective
vaccines were made rapidly available and COVID-19 progres-
sively became less severe, somehow mitigating the urgency
for drug-based therapies. Secondly, the lengthy medicine
development process did not really fit the time frame of the
epidemic evolution. Before a product showed substantial evi-
dence of therapeutic value, the pandemic outbreak subsided
and researchers possibly lost motivation. Thirdly, another dis-
incentive for the industry could have been the short duration
of the anti-SARS-CoV-2 treatment (1-2 weeks), narrowing the
window of economical investment return.

5. Expert opinion

Acknowledging the route of infection and pathogen entry in
SARS-CoV-2 and other airborne diseases, it appears logical to
include the respiratory system and especially the nose in the
forefront of prevention and early control strategies. Among
these, vaccination plays a major and very effective role and for
compelling immunological reasons it should be delivered via
the mucosal surfaces being involved in the infection. However,
current results with nasal vaccines emphasize the need for
different and more effective products. During the COVID-19
pandemic, viral vector-based products, originally developed
for parenteral immunization, have been reformulated as
nasal vaccines, which enabled rapid translation into clinical
trials. However, it should be considered that immunologically,
viral vectors are difficult to use in prime-boost or regular re
vaccination strategies, as envisaged for COVID-19 prevention,
due to their potential autoimmunogenicity (vector directed
immunity) [40]. It is unclear, however, whether other vaccine
types will after all be able to provoke sustainable mucosal
immune responses. It is known that there is a delicate balance
between protective immunity and mucosal tolerance. Vaccines

need to induce sufficient inflammatory responses (either by an
attenuated pathogen itself or the use of a suitable adjuvant),
which trigger innate immunity to support the induction of
effector cell responses [36]. In that respect, joint research
forces are needed to find safe and efficient mucosal adjuvants
boosting safe antigens such as mRNA-based or subunit vac-
cines. There is some proof that mRNA-based vaccines can be
effective in a prime-boost scheme [148]. Based on knowledge
from nasal influenza vaccines, utilizing live-attenuated viral
vaccines could be a promising alternative. Currently studied
vaccine formulations are further not designed for nasal deliv-
ery as the administered volume is too high for nasal retention
and they do not contain mucoadhesive agents, and thus will
be cleared from the nose rapidly.

The prophylactic effect of barrier products relies on an
increase in viscosity and the formation of a viscous layer
additional to physiological mucus, basically hindering the
binding of the pathogen to the host cell surface. Considering
that the nose represents the main site for SARS-CoV-2 trans-
fection [64], it is mandatory to adopt preventive measures that
protect the nasal epithelium against the widest possible range
of viral variants. From this perspective a non-specific and
mechanical action appears the most suitable. General physical
blockage has been proven an easy-to-access and quick
response; more specific blockers (e.g. local inhibitors of
TMPRSS2 [149,150]) could follow.

Finally, direct antiviral activity at the site of first contact is
a reasonable, but not yet fully explored option, possibly for
the reasons previously discussed. Despite some positive
results, full clinical assessment of such formulations is still
missing, and no new small molecules have been developed
in the course of COVID-19 so far.

The learning from nasal products in COVID-19 in terms of
immunological impact, local drug effects, user feedback and,
importantly, the selection of formulation and delivery system
will be very valuable and can be extended to other airborne
diseases in the future.
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