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Coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and is characterized by variable clinical presentation that ranges from asymptomatic to fatal multi-organ damage. The site
of entry and the response of the host to the infection aect the outcomes. The role of the upper airways and the nasal
barrier in the prevention of infection is increasingly being recognized. Besides the epithelial lining and the local immune
system, the upper airways harbor a community of microorganisms, or microbiota, that takes an active part in mucosal
homeostasis and in resistance to infection. However, the role of the upper airway microbiota in COVID-19 is not yet
completely understood and likely goes beyond protection from viral entry to include the regulation of the immune response
to the infection. Herein, we discuss the hypothesis that restoring endogenous barriers and anti-inflammatory pathways
that are defective in COVID-19 patients might represent a valid strategy to reduce infectivity and ameliorate clinical
symptomatology.
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| 1. Introduction

Coronavirus disease 2019 (COVID-19), similarly to the flu virus, is transmitted through micro drops produced by sneezing,
coughing, or simply speaking. The virus penetrates in the host through the upper airways, and the nasal barrier is the first
defensive line to avoid infection . Once the virus has entered target cells in the respiratory tract, the replication,
maturation, and release of the virus occur while the host cell undergoes pyroptosis with the release of inflammatory
molecules . These initial events initiate an immune response that may lead to the resolution of the infection or, if
dysfunctional, trigger a cytokine storm that exacerbates lung inflammation and increases the susceptibility to secondary
bacterial or fungal infections [2. In addition, the cytokine storm may cause potentially fatal multi-organ damage 2.

Host characteristics can influence the infectivity, severity, and outcomes of SARS-CoV-2 infection B!, and the local and
systemic immune activities play a key role in the response to the virus aggression. Age (4 and references therein) and
gender B hoth impact on local and systemic immunity, but while the modulation of systemic immune responses can be
quite easy and rapid to obtain, improving the local upper respiratory tract (URT) immune competence is slightly complex.
In fact, age and gender determine substantial variation in the URT. Aging reduces the immune response capacity in the
nasal mucosa and decreases muco-nasal clearance, a fundamental process to prevent virus infection. Furthermore, Di
Stadio et al. B! have shown that estrogen stimulation (hormone/gender effect) on the URT mucosa could reduce virus
virulence thanks to the improvement of both nasal clearance and the local immune response. The authors speculated that
this phenomenon could explain why women, despite affected as well as men, present less severe forms of infection with
relative better outcomes (i.e., lower mortality).

Gender and age also affect the constituents of gut (A8 and skin & microbiota, and we speculate that they can similarly
affect the normal nasal flora 8. Normal and healthy nasal flora is important to maintain a good balance in the upper
airway tract B9 and can be helpful to contain and contrast viral infection 2. Thus, therapies that affect the URT
immune reactivity and microbiome composition and diversity may show promise in the treatment of a variety of human
diseases, including respiratory infections. Up to date, despite the benefit shown on URT infection R34 the fine
mechanisms through which local therapies with corticosteroids, antibiotics, and a variety of immunomodulators and
nutraceuticals affect the local immune reactivity and microbial composition are largely unknown.

While alterations of the gut microbiota 211261 and the lower respiratory tract L4 have been reported in COVID-19 patients,
with potential diagnostic and therapeutic implications 8192021 the relationship between COVID-19 and the nasal
microbiota has received little attention. Based on a previous hypothesis that emphasized the importance of the nasal
barrier to fight COVID-19 [22,



| 2. The Nose Ecosystem at Work: The Microbiota

The nose likely represents the major site of entry and infection by SARS-CoV-2. Indeed, most of inhaled air enters the
body through the nose, and the nasal epithelium show the highest expression of the ACE2 coronavirus receptor 231241
The nose might also regulate the subsequent immune response and disease severity. For instance, stimulation of the
nasal innate immune response by low doses of mouse hepatitis virus type 1 was able to prime lung immunity for
protection against subsequent lethal SARS-CoV or influenza A virus infection (23, The barrier function of the nasal mucosa
as well as the regulation of the local and distal immune response are likely modulated by the microbiota, i.e., the
communities of microorganisms that colonize all of the surfaces of the human body exposed to the external environment.
The microbiota may act either locally or distally to modulate host physiological and pathological processes. For instance,
in the so-called gut-lung axis, the microbiota of the gastrointestinal tract can cross-talk with the lung microbiota and both
can influence the immune system to gauge the susceptibility of the host to respiratory infections 23, Similar to other
mucosal sites of the body, the nasal cavity also harbors a community of commensal microorganisms that likely represent
an important player in mucosal homeostasis and protection against infection.

Several studies have analyzed the composition of the nasal microbiome in healthy adult subjects. The major phyla belong
to Actinobacteria and Firmicutes, followed by Proteobacteria and Bacteroidetes 1U268127][28][29][30)[31] At the genus level,
the nares are mainly colonized by lipophilic bacteria, such as Corynebacterium, Propionibacterium (Cutibacterium), and

Staphylococcus, followed by other genera such as Moraxella, Streptococcus, and Dolosigranulum [281129[301[S11[32][33][34] ¢
is believed that commensal bacteria in the nasal cavity protect from opportunistic pathogens by competing for space and
nutrients, and also by producing toxic molecules B2, In addition, it has been recently shown that Staphylococcus
epidermidis, which increases during nasal microbiome maturation in humans, stimulates the production of antimicrobial
peptides by the nasal epithelium, which efficiently reduce pathogen colonization €. Moreover, S. epidermidis can also
promote the production of interferon A-dependent innate immunity by normal nasal epithelial cells to protect against the
influenza virus 22 although interferon A can in turn change the composition of the nasal microbiome and favor
Staphylococcus aureus superinfection 4. Although the interactions between the host, pathogens, and commensal
bacteria are complex and still hard to decipher, it is becoming increasingly clear that dysbiosis in the nasal cavity, i.e.,
changes in the composition of the microbial communities, modulates the susceptibility of the host to pathological
conditions, including, among others, acute respiratory tract infections (35],

Different microorganisms causing respiratory tract infections have been associated with changes in the nasal microbiome
and include nonviral and viral pathogens. The former includes not only bacteria, such as Streptococcus pneumoniae,
where it has been shown that IL-17 modulates the composition of the nasal microbiome to influence pneumococcal
colonization B8, but also fungi. Indeed, we have recently characterized the microbiome of the URT of a large population of
hematological patients and identified microbial signatures associated with invasive fungal infections (manuscript
submitted), a major threat in this category of patients 2. The associations between the nasal microbiome and viral
infections have received more attention, although a causal relationship could not always be established. A recent study
has evaluated the nasal and throat microbiomes in patients with influenza A and B infection and household contacts, and
identified microbial signatures that could predict the risk of infection 42, Similarly, it was shown that the nasal and throat
microbiomes influenced the susceptibility to influenza infection 21 and were associated with influenza symptoms and
duration of shedding in a household transmission study 2. Importantly, the nasal microbiome cannot only influence the
susceptibility to infection, but may also affect the efficacy of a live attenuated influenza vaccine 43, thus modulating its
therapeutic efficacy. Similar associations with the nasal microbiome have been also demonstrated for respiratory syncytial
virus bronchiolitis, with changes in the bacterial composition, alone 44 or in combination with host immune response 43,
associated with the severity of symptoms, and the presence of specific taxa with the risk of recurrent wheezing after
severe bronchiolitis [4€]. Therefore, there may be shifts in the composition of the nasal microbiota that may result in pro- or
anti-inflammatory patterns with effects on the susceptibility and course of infection. This paradigm has been elegantly
demonstrated for the lung microbiome, in which the acellular bronchoalveolar lavage sample was distinguished in two
patterns or pneumotypes, supraglottic predominant taxa (SPT) and background predominant taxa (BPT), based on the
enrichment with taxa from the upper respiratory tract or the environment, respectively 22, Notably, the pneumotype SPT
was associated with increased lung inflammation and Th17 activation, and a blunted TLR4 response 2. The presence of
microbial patterns associated with distinct inflammatory responses has been also observed in the nasal microbiota.
Healthy young adults were evaluated for their nasal microbiota before and at different times upon challenge with
rhinovirus type 39 8. Upon grouping of the nasal microbiota into six clusters based on the predominant genera, it was
demonstrated that the baseline nasal microbiota was associated with distinct nasal inflammatory responses, viral load,
and symptom severity upon infection 4.



While we are just beginning to understand the role of the nasal microbiota in bacterial, fungal, and viral infections, its
involvement in SARS-CoV-2 infection has remained largely unexplored and may reveal peculiar properties that reflect the
specific etiopathogenesis of COVID-19. A study comparing the nasopharyngeal microbiota of patients positive or negative
for COVID-19 was recently published 9. No differences were revealed in diversity or composition 42, although the small
number of samples and the presence of potential confounders may have hindered the identification of distinct signatures.
Nevertheless, accumulating evidence points to a role of dysbiosis in barrier impairment with increased susceptibility to
infection and dysregulated immune response. In this regard, potential approaches aimed at restoring the mucosal
homeostasis with direct activity on microbiome composition and/or modulation of the immune response may represent
valuable options for the prevention of COVID-19, and the use of treatments not associated with side effects would be
desirable to increase the efficacy/safety profile (Figure 1).

SARS-CoV-2 SARS-CoV-2
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Figure 1. Schematic overview of the role of the nasal mucosa in COVID-19. The panel depicts the epithelial lining of the
nasal mucosa expressing the entry receptors for SARS-CoV-2, and the associated microbiota and immune cells. In the
presence of a healthy mucosa, the response to the virus is protective. On the contrary, in the presence of an impaired
mucosa, the homeostasis is lost and alterations in microbiota, barrier integrity, and immune response turn the viral
infection into overt disease. Details are described in the text.
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