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Abstract: Staphylococcus epidermidis is more abundant in the anterior nares than internal parts of the
nose, but its relative abundance changes along with age; it is more abundant in adolescents than in
children and adults. Various studies have shown that S. epidermidis is the guardian of the nasal cavity
because it prevents the colonization and infection of respiratory pathogens (bacteria and viruses)
through the secretion of antimicrobial molecules and inhibitors of biofilm formation, occupying
the space of the membrane mucosa and through the stimulation of the host’s innate and adaptive
immunity. There is a strong relationship between the low number of S. epidermidis in the nasal cavity
and the increased risk of serious respiratory infections. The direct application of S. epidermidis into
the nasal cavity could be an effective therapeutic strategy to prevent respiratory infections and to
restore nasal cavity homeostasis. This review shows the mechanisms that S. epidermidis uses to
eliminate respiratory pathogens from the nasal cavity, also S. epidermidis is proposed to be used as a
probiotic to prevent the development of COVID-19 because S. epidermidis induces the production of
interferon type I and III and decreases the expression of the entry receptors of SARS-CoV-2 (ACE2
and TMPRSS2) in the nasal epithelial cells.

Keywords: respiratory microbiome; dysbiosis; SARS-CoV-2 infection; COVID-19; Staphylococcus
epidermidis; probiotics

1. Introduction

Respiratory tract infections (RTIs) cause high morbidity and mortality. Viruses (in-
fluenza, parainfluenza, respiratory syncytial virus, coronavirus, human metapneumovirus
and rhinovirus) and bacteria represent the most common cause of respiratory infections in
children, the elderly, and immunocompromised patients [1–3]. RTIs contribute annually
to substantial morbidity and mortality around the world that have eventually led to pan-
demics that have destroyed societies and economies [4,5] such as Spanish influenza, 1918;
Asian flu, 1957; Hong Kong flu, 1968; Severe Acute Respiratory Syndrome (SARS), 2002;
Middle East Respiratory Syndrome (MERS), 2004; Influenza A (H1N1), 2009; and recently
COVID-19 (SARS-CoV-2), 2019 [5–10].

The spectrum of respiratory infections caused by viruses and bacteria is heteroge-
neous, ranging from mild upper respiratory infections to severe life-threatening lower
respiratory infections, including the development of acute lung injury and acute respiratory
distress syndrome [11,12]. After a lung infection, some patients may suffer sequelae or
develop new pathologies. Viral infections in early life cause acute illness, and in adulthood
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viral infections may be associated with the development of wheezing and asthma [13].
In COVID-19 it has been described that after the disease some patients develop “post-
COVID syndrome”, which includes persistent symptoms that could be related to residual
inflammation, organ damage, nonspecific effects of hospitalization or prolonged ventilation
(post-COVID syndrome -intensive care), as well as negative impacts on pre-existing health
conditions [14].

The susceptibility to suffer RTIs with high severity and to present post-infection
disease sequelae depends on the pathogenicity mechanisms of the microbial agent and
the intrinsic factors of the host [15]. Regarding microbial factors, there is the ability of
respiratory pathogens to evade the host’s innate and adaptive immunity, as well as the
ability to alter the inflammatory response [15,16]; and regarding host factors, there are age,
sex, morbidities, immaturity or senescence of the immune system, genetic variations, and
microbial composition of the respiratory tract, among others [1,15,16].

The human upper respiratory tract (URT) hosts a well-documented bacterial commu-
nity, or microbiota, that resides in the nasal cavity and nasopharynx. The URT microbiota
acts as a guardian that acts against respiratory pathogens, in addition, the microbiota is
involved in the maturation and maintenance of homeostasis of respiratory physiology
and immunity [17–19]. The imbalance in the number or type of microbial community
(dysbiosis) in the URT increases the host’s susceptibility to colonization with respiratory
pathogens (viruses and bacteria) and increases the risk of suffering RTIs both in the upper
and lower tract [15,16,19–21]. Dysbiosis in the URT can be caused by various factors,
the most common being: age, type of colonization of the URT at birth, prolonged use of
antibiotics, chronic inflammatory diseases, etc. [22–25] Reversing dysbiosis in the URT is
important, mainly the microbiota of the nasal cavity since it is one of the most common
routes through which respiratory pathogens enter [18]. A therapeutic strategy to protect
the host against respiratory pathogens is the nasal application or oral administration of
probiotic bacteria [26–28]. Probiotics are “living microorganisms” that when administered
in adequate amounts confer benefits for the health of the host [26].

Staphylococcus epidermidis is one of the most abundant commensal bacteria in human
skin and mucosa. Furthermore, S. epidermidis is the most abundant species in the microbiota
of the human nasal cavity, but its abundance in the nose changes throughout the life of
humans [22,29–31]. It is now known that S. epidermidis has the ability to regulate and train
the immune system of human skin and apparently does so in the nasal cavity as well,
as it can protect against colonization by pathogenic bacteria and respiratory viruses [32].
Although little has been studied on the use of S. epidermidis as a probiotic in the respiratory
tract, this review aims to demonstrate the importance of S. epidermidis in the control and
inhibition of respiratory tract pathogens and to establish a possible role on the SARS-CoV-2
virus causing COVID-19.

2. Overview of the Nasal Cavity

The respiratory system is a set of complex organs divided into the upper respiratory
tract, which includes the nasal cavity, pharynx, and larynx, and the lower respiratory tract,
which includes the trachea, bronchi, bronchioles, and alveoli. With respect to the nasal
cavity, it is divided anatomically into the anterior nostril, and the inferior, middle, and
superior meatus, which are separated by three nasal turbinates [19]. Other anatomical
structures that communicate with the nasal cavity are the sphenoethmoidal recess and
nasopharynx. The anterior nares are the entrance to the nasal cavity and lead directly to the
vestibule. The middle meatus is adjacent to the vestibule, and the nasopharynx connects
to the throat. The sphenoethmoidal recess is located within the posterior portion of the
nasal cavity. The olfactory region is located at the ceiling of the nasal cavity. The frontal
and sphenoid sinuses are located within the facial skeleton [19] Both the nasal cavity and
the turbinates perform important physiological functions such as filtering, heating and
humidifying the inhaled air. Other functions are olfactory detection and defense against
respiratory pathogens [19].



Life 2022, 12, 341 3 of 20

Each anatomical area has a specific function and at the same time a different cellu-
lar composition, however, the common component is the epithelial cells that are present
throughout the airway. Within these epithelial cells, the main cells that make up the respi-
ratory tract are ciliated cells and secretory cells (club and goblet cells) that are specialized
for mucociliarity that helps eliminate airborne infectious particles and pathogens that enter
the respiratory tract. Regarding the epithelial cells that line the nasal cavity, they can be
of different types: the anterior naris starts with non-keratinized skin-like epithelium (1),
changing into stratified squamous epithelial cells without microvilli (2), followed by transi-
tional epithelium with short microvilli (3), before transition into the middle meatus with its
pseudostratified columnar epithelium (4 and 5, middle meatus) [19]. Secretory cells (club
and goblet cells) mainly secrete mucus, which has the function of trapping particles and
antigens carried into the respiratory system during inhalation. Mucus that has trapped
particles or pathogens can bind to secretory IgA dimers, which prevents attachment of
pathogens to host epithelium, thus hindering invasion [33]. Cilia of epithelial cells within
the nasal cavity also function to propel mucus away from the lungs in an attempt to expel
trapped pathogens from the body [34]. Sinonasal epithelial cells generate and secrete
antimicrobial compounds to directly counteract pathogens. These compounds have vari-
ous antibacterial, antifungal, and antiviral effects, and include proteins such as lysozyme,
lactoferrin, defensins, and cathelicidins, as well as reactive oxygen and nitrogen species,
e.g., nitric oxide (NO) [35]. Ciliated cells and secretory cells are the components of the
physical epithelial cell barrier, which by means of mucociliary clearance, and antimicrobial
compound secretion play pivotal innate immune roles in defending the sinonasal cavity
from infection [35].

In each anatomical site of the respiratory tract, there is the presence of progenitor cells,
such as basal cells in the airway and AT2 cells in the alveoli. These cells are responsible
for epithelial regeneration under homeostatic conditions or in cases of tissue damage [36].
Other cells identified in the respiratory tract are suprabasal cells with intermediate function
between basal cells and club cells, and deutorosomal cells that are the precursors of ciliated
cells specialized in the elimination or clearance of mucus and debris. There are other cells
that have been recently identified; the mucous-ciliated cells with an intermediate stage of
differentiation between goblet and ciliated cells; ionocytes, which are cells that transport
ions, regulate fluids and pH; pulmonary neuroendocrine cells that participate in the sensory
part; tuft/brush cells that are immune and taste sensor cells that produce leukotriene and
links to type 2 immunity; and finally the Hillock cells, which are transient between basal
and secretory cells, located in stratifications, with non-ciliated structures and high cell
turnover with a function of squamous barrier and in immunomodulation [37,38].

Like any other organ, the presence of an immune response system is essential for
its homeostasis, and in the case of the respiratory tract, it is not an exception. Airway
cells have immune functions such as secretory epithelial cells that produce antimicrobial
mediators and mucins such as MUC5AC and MUC5B that contribute to the first defense
barrier of the host on the epithelial surface of the airway [39]. Another example is the
secreted IgA (SigA) produced by sub-epithelial plasma cells transported to the apical
surface of the cells of the airway epithelium by means of the polymeric immunoglobulin
receptor (pIgR), this immunoglobulin prevents the adherence of microorganisms in a
process called “immune exclusion” [33]. On the other hand, epithelial cells have pattern
recognition receptors, such as Toll-like receptors, to quickly detect the presence of antigens
or microorganisms and initiate an immune response; in addition, these cells have cytokine
receptors, such as TNFR1, to respond to the signals produced by immune cells such as
airway macrophages [40].

The immune cells present in the nasal cavity with the highest abundance are macropha-
ges, located in the lumen of the airway [41]. Airway-resident macrophages interact with
epithelial cells to maintain the state of homeostasis and respond to inhaled pathogens,
as well as tissue repair [42]. Furthermore, also present are the effective adaptive T cells
that participate in the immune response against allergy, pathogens, and antigens. These
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T cells are a population of tissue-resident memory T (TRM) cells [43] with characteris-
tics that differ from circulating effector memory T cells and express adhesion molecules
that promote their retention within mucosal tissue [44]. TRM cells can be classified into
CD4 + and CD8 + TRM cells that respond against antigens present in the airway to gener-
ate a rapid and subsequent immune response [45]. Another type of T lymphocytic cells that
connect the innate immune response with the adaptive immune response are innate like
T lymphocytes called mucosal-associated invariant T (MAIT) cells, these cells constitute
approximately 4% of the total T cells in the human airway wall [46]. MAIT cells express a
semi-invariant αβ T cell receptor (TCR) that allows the recognition of riboflavin metabolites
(vitamin B2) biosynthesis derived from bacteria and yeasts and presented by MHC-related
protein 1 (MR1) [47]. Activated MAIT cells rapidly generate pro-inflammatory cytokines
for protection against respiratory pathogens [48], however, these cells have other functions
such as maintaining post-infection barrier integrity and healing [49].

3. Microbiota of the Nasal Cavity

It is important to mention that the microbes that live in the nasal cavity are subjected
to a variety of stress conditions that they have to counteract in order to survive and persist,
since the nasal cavity is a nutrient-poor environment, with an acid and saline condition [50].
In addition, the microenvironment of the nasal cavity is different in each anatomical location,
for example, the anterior nares (nostrils), is the most acidic environment with high salinity,
and therefore, this area is the most difficult for the survival of microbes [51]. Adjacent to
the anterior nares is the middle meatus, the largest portion of the nose that encompasses a
network of bone and mucosa where the mucin-secreting goblet cells, responsible for the
production of mucus, restrict microbial growth. The remaining portion of the nasal cavity
contains the classical upper airway ciliated pseudostratified and columnar epithelial cells,
that aid the movement of airborne particles during their passage through the nose [51].
This posterior region of the nasal cavity also includes the sphenoethmoidal recess, which
allows the drainage of the sphenoidal and ethmoid sinuses.

The nasal cavity is directly connected to the external environment and in direct contact
with various microorganisms, and through inhalation, it can internalize a great diversity of
microbes, fungal spores and different environmental pollutants, however, despite this great
variety of microorganisms, there is a clear predominance of different genera or species
that remain in the upper respiratory tract of healthy adults [52]. The study of the nasal
microbiota has been performed by taking samples from the different parts of the nasal
cavity of healthy adults. The microbiota of the anatomical area of the anterior nose is mainly
composed of Actinobacteria, Firmicutes, and Proteobacteria [53]. About the bacterial gen-
era in the anatomical zone, the anterior nares of 236 healthy adults have Staphylococcus,
Cutibacterium (before named Propionibacterium), Corynebacterium, and Moraxella [54]. In the
anatomical zone of the middle meatus of healthy adults, the most abundant are Staphylococ-
cus aureus (S. aureus), S. epidermidis, and Cutibacterium acnes [55]. The genera Streptococcus,
Prevotella, Veillonella, and Haemophilus are the most abundant in the anatomical area of the
throat [56].

Through high-throughput sequencing, it has been shown that the microbial community
in the nasal cavity changes throughout the life of an individual depending also on the
anatomical location, however, over time the microbiota becomes stabilized [19,57]. For
example, in infants, the initial nasal microbiota is similar to the mother’s vaginal and skin
microbiota [58]. In healthy adults, the differences in microbial communities are linked to
the anatomical location within the nasal cavity. In the anterior nares, middle meatus, and
sphenoethmoidal recess reveal different microbial communities at each site [59], in the
anterior nares it is mainly composed of Actinobacteria and Firmicutes [57,59], in contrast,
similar microbial communities are present in the middle meatus and the sphenoethmoidal
recess and contained an enriched amount of Proteobacteria compared to the anterior
nares [59].
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At all sites in the nasal cavity, Actinobacteria is the most predominant and is strikingly
present throughout all stages of life [19,57]. Corynebacterium and Cutibacterium are the most
abundant and prevalent species of the genus Actinobacteria in the nasal cavity [53,57,60].
In general, the high abundance of Corynebacterium in the nasal cavity is associated with
increased stability of the nasal microbiota and decreased risk for respiratory infections,
especially in early life [61]; in newborns (before six weeks old) there is a high abundance of
Corynebacterium in the anterior nares and it is correlated with a decreased risk of rhinitis [61].
In contrast, Cutibacterium is more enriched in the nasal cavity of adolescents and is corre-
lated with the onset of acne development [62]. After Actinobacteria, the Firmicutes are the
most abundant phylum present in the nasal microbiota [59], including Staphylococcus, Strep-
tococcus, and Dolosigranulum. For example, the S. epidermidis commensal species colonizes
nearly 100% of individuals early in life, it persists within the nasal cavity and surrounding
skin and is associated with a stable nasal microbiota [63]. Proteobacteria such as Moraxella
and Haemophilus can colonize the nasal cavity at similar levels to those of Actinobacteria
and Firmicutes in early childhood but then decrease over time toward adulthood [64]; they
then remain at a constant albeit low abundance, especially in the anterior nares.

According to the analysis of nasal microbiota by 16s rRNA gene sequencing and mi-
crobial culture in healthy individuals of different age groups (5.45 + 0.50-year-old children
(n = 155), 19.47 + 0.73-year-old young adults (n = 171), and elderly 82.50 + 8.29 years of age
(n = 141) S. epidermidis is predominant over other species (S. aureus, Moraxella catarrhalis,
Corynebacterium propinquum, and Corynebacterium pseudodiphteriticum), being significantly
more pronounced in young adults and in lesser extent in the elderly and children [22].
S. epidermidis has been given the function of maturing the microbiota of the nasal cavity in
young adults, since S. epidermidis induces the production of antimicrobial peptides (AMP)
in nasal epithelial cells to eliminate competitive pathogens, besides it is resistant to AMPs
through biofilm formation, thus indicating symbiotic cooperation between this bacterium
and the host’s innate nasal response [22]. For this reason, the decrease in S. epidermidis
increases the susceptibility of the nostrils to colonize with respiratory pathogens and in-
creases the risk of RTIs in children and adults [22,65,66]. However, age is not the only
factor associated with a reduction in the abundance of S. epidermidis in the nostrils, also
chronic inflammatory diseases of the nose such as granulomatosis with polyangiitis (GPA;
Wegener’s), sinusitis, and polyposis influence the decrease in S. epidermidis in the nasal
cavity [67], therefore, in these patients also increases the risk of RTIs [68].

Because S. epidermidis is one of the most abundant bacteria in the nasal cavity and as
it has the ability to prevent or attenuate respiratory tract infections caused by respiratory
pathogens (mainly viruses and bacteria), in the following topics we will address the
mechanisms by which S. epidermidis prevents colonization of the nostrils with respiratory
pathogens (Figure 1) mainly S. aureus, D. pigrum, M. catarrhalis, Streptococcus pneumoniae,
Klebsiella pneumoniae and influenza A and B viruses. The fact that the nasal application of
S. epidermidis prevents or attenuates RTIs, both in the upper and lower respiratory tracts,
will also be addressed.
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Figure 1. Role of Staphylococcus epidermidis in the nasal cavity. S. epidermidis has several functions
in the nasal cavity, one of them is to inhibit the colonization of Staphylococcus aureus through the
production of Esp protease and it can also inhibit the System Quorum Sensing of S. aureus through
the secretion of its Autoinducing Peptides (AIPs). S. epidermidis inhibits Cutibacterium acnes (C. acnes)
by the production of succinic acid and by the presence of the ESAT-6 secretion system. Nukacin
production inhibits Moraxella catarrhalis and Streptococcus pyogenes by an unknown mechanism.
On the other hand, S. epidermidis can activate the innate immune response by producing small
molecules that stimulate epithelial cells to produce antimicrobial compounds and cytokines that
activate macrophages. Other bacteria can interact to promote or inhibit S. aureus.

4. Generalities and Genetic Characteristics of S. epidermidis

S. epidermidis has two lifestyles: a commensal form and an infectious form. As a com-
mensal form, S. epidermidis inhabits the skin and mucosa of humans and other mammals;
as infectious form, it is considered an opportunistic pathogen where it uses an infective
mechanism through biofilms developed in medical devices, and through this route it can
infect the bloodstream, mainly in immunocompromised patients, being the second most
commonly isolated opportunistic pathogen [29–31]. For the reason that the skin is in direct
contact with the environment (temperature changes, acidity, low nutrients, salinity, contact
with pathogens, etc.), S. epidermidis has the ability to adapt and colonize surfaces with
different physicochemical characteristics [30,31].

Due to the ability of S. epidermidis to adapt to changing environments, there is currently
great interest in understanding its genome. The complete genome sequence analysis
performed on S. epidermidis isolated from different sources (commensal and infection)
showed that the bacterium has an open pan-genome with 80% core genes and 20% variable
genes. The variable genome is characterized by the abundance of transposable elements,
transcription factors and transporters [29–31,69], indicating a great genetic diversity among
the different strains or isolates, that’s why it has been seen that in the same subject and
in the same site in your body there is a genetic variety among S. epidermidis. This high
genetic variation makes the analysis of S. epidermidis’ genetics difficult because it generates
different physiological and biochemical behaviors [29–31,69]. Despite this genetic variation,
it has been possible to distinguish commensal isolates from infective isolates mainly into
two phylogenetic groups: one group that contains the majority of commensal and infective
isolates, and the other that mainly comprises commensal isolates [69,70]. The characteristic
of its pan-open genome partly explains the ability of S. epidermidis to adapt and colonize
different ecological niches due to the acquisition of new genetic sequences integrated into
its genome [32,69,70].
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5. S. epidermidis Directly or Indirectly Kills Respiratory Bacteria
5.1. Staphylococcus aureus

S. epidermidis limits the colonization, growth, and expression of virulence factors,
as well as mediates the direct or indirect death of potentially pathogenic bacteria of the
host’s nasal cavity, for example, the opportunistic pathogen methicillin-resistant S. aureus
(MRSA) [71]. Colonization of the nostrils with MRSA predisposes the host to infections
such as pneumonia and also facilitates the transmission of the pathogen to susceptible
individuals [71]. The removal of MRSA from the nostrils with antibiotics has become
challenging because the bacteria have developed resistance to different families of antibi-
otics [72]. One strategy that may be effective in preventing and eliminating MRSA from
the nares is the intranasal application of S. epidermidis [73]. The mechanisms by which
S. epidermidis eliminates S. aureus and other opportunistic pathogens from the nasal cavity
are: secretion of enzymes, molecules with antibiofilm activity, Quroum Sensing regula-
tors, bacteriocins, or stimulation of the immune response of the host, mainly from innate
immunity [71].

In general, S. aureus initiates the colonization of the host’s nasal cavity through the
proteins that decorate its bacterial cell wall, which are called cell wall-anchored proteins
(CWA) [74]. S. aureus CWAs adhere to host molecules (fibrin, fibrinogen, collagen, etc.) [74].
After the initial adhesion of S. aureus, more bacterial cells adhere and form aggregates
to form biofilms [74]. Biofilms resist the action of antimicrobial molecules (antiseptics,
antibiotics, etc.) and the activity of cells of the innate and adaptive immunity of the host,
causing an infective development [75].

S. epidermidis eliminates S. aureus by the production and secretion of the serine protease
Esp (MW 27 kDa) that degrades the CWA of S. aureus by proteolysis avoiding the formation
of biofilms (adhesion and aggregation) [76,77]. In healthy subjects, it was shown that
the nasal cavities of some individuals are colonized with both species of S. aureus and
S. epidermidis, and the rest of the population are colonized only by S. epidermidis [78]. In
cell-free conditioned media (CFCM) derived from S. epidermidis isolated from subjects that
are not colonized with S. aureus, the presence of Esp protease was detected, and it was
demonstrated that the use of these CFCMs inhibits the formation of biofilm of S. aureus in a
dose-dependent manner by [78]. On the other hand, in this same study, it was demonstrated
that S. epidermidis strains that secrete Esp in the nostrils of healthy subjects cause the absence
of S. aureus [78]. This same effect was observed when inoculating recombinant Esp or Esp-
producing strains into the nostrils of healthy subjects [78]. This shows that S. epidermidis,
which produces Esp, protect against colonization and biofilm formation of S. aureus.

S. epidermidis strains obtained from the nasal cavity of healthy individuals also secrete
small molecules (<10 kDa) with S. aureus antibiofilm activity, even against methicillin-
sensitive or methicillin-resistant biofilm-producing S. aureus [79]. In addition, these small
molecules can break down biofilms of both protein and carbohydrate composition such
as polysaccharide intercellular adhesin/poly -(1-6) -N-acetylglucosamine (PIA/PNAG)
from S. aureus, and this effect is synergistic when used with oxacillin, however, these
small molecules have no effect on the viability of S. aureus [79]. The mechanism of action
of these small molecules is by the induction of the icaR gene expression in S. aureus,
which is an important negative regulator for the expression of the icaADBC operon, that
codes for the genes responsible for the synthesis of PIA/PNAG, the main component of
carbohydrate phenotype biofilms. Other mechanisms of action of small molecules are: the
activation of the transcriptional regulators rsp, and AraC-type that inhibit the adhesion
and formation of biofilms; other mechanism is the reduction in the expression of other
genes involved in biofilm formation such as sasG, virulence genes (spaA), and agr system
genes (agrA, agrB, and hld). The Agr system regulates the expression of genes encoding
CWA and ClpC proteins, where ClpC is an ATPase required for stress tolerance and biofilm
formation [80]. The biochemical nature of these small molecules produced by S. epidermidis
remains unknown since they do not lose their functionality under treatment with proteinase
K, trypsin, sodium periodate, a cocktail of protease inhibitors or heating [80], the only
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known fact is that they are molecules of a size between 3 and 10 kDa with hydrophobic
nature [79].

The staphylococcal Agr system is a Quorum Sensing system of cell–cell communi-
cation, dependent on the bacterial growth phase and bacterial density. Agr controls the
expression of virulence factors, biofilm-associated molecules, and the interaction with
the host’s innate immune system, therefore it is essential during host colonization and
infection [80,81]. Agr responds to an extracellular signal coordinated by the autoinduc-
ing peptide (AIP) secreted by Staphylococcus [80,81]. Four subgroups of AIP have been
identified in S. aureus (AIP-SAU 1-4), and three in S. epidermidis (AIP-SE1 to AIP-SE3), and
each one activates its own Agr receptor [78,79]. The activation of Agr can be competitively
inhibited with the different AIPs within the same species or with the AIPs from other
Staphylococcus, resulting in the inhibition of the expression of molecules associated with
biofilms and virulence of Staphylococcus [82–84].

Otto M, et al. (1999) [82], demonstrated with in vitro experiments that treatment of
S. aureus with a synthetic AIP from S. epidermidis competitively inhibited the Agr system
of S. aureus and repressed the secretion of δ-toxin and α-toxin, which are the two most
important virulence factors of S. aureus. Until now, the strategy of inoculating the nasal
cavity with S. epidermidis able to secrete different AIPs to inhibit S. aureus’ Agr system has
not been tested, nor it has been tried intranasally inoculating the different S. epidermidis’
AIPs as a possible strategy to prevent UTR’s infections caused by S. aureus. This proposal is
supported because in the skin the S. epidermidis’ AIPs have an effect of avoiding colonization
of S. aureus [83].

On the other hand, we need to highlight that S. epidermidis is not the only bacterium
that has activity against S. aureus; other bacteria that inhabit the nasal cavity can also do
so, as in the case of coagulase-negative Staphylococcus (CoNS) S. hominis and S. lugdunensis
which, through the production of antimicrobial peptides and the compound lugdunin,
respectively, inhibit the growth of S. aureus [85,86]. These bacteria, including S. epidermidis,
can be inhibited by C. propinquum through the production of siderophores to sequester
iron [87]. C. pseudodiphtheriticum, Corynebacterium striatum [88], and Dolosigranulum pi-
grum can inhibit S. aureus, and C. pseudodiphtheriticum has a growth-promoting effect over
D. pigrum [89]. Related to opportunistic pathogens, S. pneumoniae inhibits the growth of
S. aureus through the production of reactive oxygen species (ROS) and hydrogen peroxide
production [90,91]. On the contrary, there are bacteria present in the nasal cavity that bene-
fit the growth of S. aureus, such as Corynebacterium accolens which, by releasing free fatty
acids, helps its growth [92], as well as C. acnes that by the Christie-Atkins-Munch Petersen
factor (CAMP) promotes the development of S. aureus [93]. In the case of C. accolens, it
helps to inhibit S. pneumoniae through the LipS1 molecule and free fatty acids [92]. The
importance of inhibiting or attenuating S. aureus in the nasal cavity lies in the ability of
S. aureus to lyse red blood cells; lysed cells release hemin and NAD into the extracellular
milieu [94], these compounds can support and enhance the colonization of H. influenzae
generating a pathogenic symbiosis between these two bacterial species. In contrast, S.
pneumoniae can negatively impact H. influenzae by the production of hydrogen peroxide [90]
and the secretion of the neuraminidase NanA that removes sialic groups from H. influenzae
lipooligosaccharides (LOSs), which may negatively impact H. influenzae attachment to
epithelial cells and thus reduce colonization potential [95]. S. epidermidis and the other
bacteria above mentioned that inhibit S. aureus help to prevent the association between S.
aureus and H. influenzae.

5.2. Corynebacterium pseudodiphtheriticum

C. pseudodiphtheriticum has the ability to prevent colonization and eradication of S.
aureus from the nasal cavity since individuals colonized with C. pseudodiphtheriticum have a
very low probability of nasal colonization by S. aureus [59]. In vitro, C. pseudodiphtheriticum
can inhibit the growth of S. aureus, and inoculated into the nasal cavity it leads to the
eradication of S. aureus in healthy volunteers [96] since C. pseudodiphtheriticum releases a
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diffusible compound with bactericidal activity against S. aureus [97]. Interestingly, while C.
pseudodiphtheriticum negatively impacts S. aureus viability, C. pseudodiphtheriticum does not
impact the viability of S. epidermidis, which is closely related to S. aureus. Instead, at least one
study demonstrated that S. epidermidis inhibits the growth of C. pseudodiphtheriticum in vitro
by an unknown mechanism [98], although it is not clear that the antagonism between these
two species can have a positive impact on the host.

On the other hand, C. propinquum, a common nasal commensal bacterium that is
closely related to C. pseudodiphtheriticum, releases siderophores that are able to sequester
iron from the environment [87], this sequestration mechanism has an indirect impact on
growth competitive CoNS species, including S. epidermidis.

5.3. Cutibacterium

Similar to Corynebacterium, Cutibacterium participates in antagonistic and symbiotic
interactions with some species of Firmicutes. Some Cutibacterium species release copropor-
phyrin III which induces biofilm formation in S. aureus to promote nasal colonization [99].
In the case of C. acnes, it synthesizes and releases CAMP factor, which has a synergistic
effect towards the hemolytic activity of S. aureus toxin β-hemolysin, thus helping the
establishment of S. aureus within the host and promoting its invasiveness [93].

S. epidermidis can antagonize the effect of C. acnes by different mechanisms; the nasal
cavity isolates of S. epidermidis can ferment glycerol, a common carbon source on the surface
of human epithelial cells, converting it to succinic acid which is effective in limiting the
growth of C. acnes [100]. Moreover, the physical contact interaction between S. epidermidis
strain F21 and C. acnes has shown antimicrobial activity against C. acnes [101]. S. epidermidis
FS1 has the presence in its genome of a putative lactococcin 972 superfamily bacteriocin, of
a cognate immunity protein and of an epidermin-like peptide precursor that is proposed
as responsible for its killing activity [101]. Similarly, S. epidermidis strain 14.1.R1, which
possesses specific antimicrobial activity against C. acnes, possesses an ESAT-6 secretion
system that may mediate the anti-C. acnes phenotype of this strain [101]. There are other
mechanisms of inhibition for C. acnes by S. epidermidis, but they are shown to occur in
the skin.

5.4. Moraxella catarrhalis

Beyond the events mentioned above, a competitive interaction between S. epidermidis
and the opportunistic pathogen M. catarrhalis has been characterized. The result of this
interaction is that some strains of S. epidermidis synthesize and excrete the compound
nukacin, which has a direct effect on the death of M. catarrhalis [98].

5.5. Streptococcus pyogenes

Although S. pyogenes is not frequently found colonizing the nasal cavity, it has an
antibiofilm activity against S. aureus with the production of the SpeB protease that is capable
of breaking the S. aureus’ biofilm through the cleavage of SdrC from S. aureus. In contrast,
S. epidermidis nasal isolates show in vitro strong inhibition on some S. pyogenes strains but
with a yet unknown mechanism [98].

6. Other Mechanisms of Action of S. epidermidis

S. epidermidis produces and secretes antimicrobial peptides named bacteriocins that
have antimicrobial activity [84,95,99]. Bacteriocin genes are generally encoded in mobile
genetic elements such as plasmids and are rarely found in the bacterial genome [99]. In
the nasal cavity, S. epidermidis bacteriocins kill S. aureus and other bacteria that cause UTR
infections such as D. pigrum and M. catarrhalis [22,98].

As one of the functions of the microbiome of the nasal cavity is to enhance the immune
system. In the case of S. epidermidis, it eliminates pathogenic bacteria by the activation and
modulation of the innate immunity of the nasal epithelium. In homeostasis, S. epidermidis
and the innate immune system collaborate to prevent UTR infections caused by viruses
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and bacteria [22,71]. The epithelial cells of the nose prevent the colonization of pathogenic
bacteria by secretion of antimicrobial peptides (AMP) induced by innate immunity [102].
Lai Y, et al. (2010) [103], demonstrated that a small molecule (<10 kDa) produced and
secreted by the reference strain S. epidermidis 1457, stimulates the expression of TLR-2-
dependent β-human defensins (hBDs) 2 and 3 in normal human keratinocytes, which
promote antimicrobial defense against bacterial skin infections. Quia Liu, et al. (2020) [22]
treated normal human nasal epithelial cells (NHNE) with CFCM obtained from cultures of
S. epidermidis from the nasal cavity and from a clinical origin and found the expression of
two important AMPs: hBD3 and LL37. Similarly, the secretable products of S. epidermidis
(commensal and clinical) stimulate the production of the AMPs LL37 and hBD3 in a more
intense way compared to other bacteria such as S. aureus, M. catarrhalis, C. propinquum, and
D. pigrum. In general, nasal cavity commensal strains of S. epidermidis induce higher AMPs
than clinical strains.

Animal models of respiratory infection have demonstrated the role of the respiratory
microbiota in the elimination of pathogens. The respiratory microbiota, like the intestinal
microbiota, protect against respiratory infections caused by the main human pathogens
such as S. pneumoniae and Klebsiella pneumoniae. Using a murine model, it was determined
that S. epidermidis protects against respiratory infections (S. pneumoniae and K. pneumoniae)
by the activation of Nod2 receptors present in the epithelial cells of the nasal cavity, and
that event leads the epithelial cells to the production of IL-17A. IL-17A stimulates the
production and release of granulocyte-macrophage colony-stimulating factor (GM-CSF)
in epithelial cells, and as a consequence, alveolar macrophages are activated to kill and
eliminate these pathogens [104].

All this evidence indicates the role of the microbiota and especially of S. epidermidis in
the protection against bacterial infection in the human upper respiratory tract; however,
despite such evidence, there are currently few studies on the use of microbiota, or specifi-
cally S. epidermidis, as therapeutics or probiotics for the treatment of bacterial infections
in the respiratory tract. The direct use of nasal commensal microbes as probiotics that can
eliminate the presence of opportunistic pathogens is a particularly intriguing approach.
Such is the case of C. pseudodiphtheriticum and S. epidermidis, two potential candidates,
which have been shown to reduce the growth and nasal colonization of S. aureus or St. pneu-
moniae [78,96]. Furthermore, the application of C. pseudodiphtheriticum to the nasal cavity of
infant mice improved clinical outcomes of infection with a respiratory syncytial virus and
St. pneumoniae via modulation of the host immune system [105]. These data suggest that
the application of these bacteria as probiotics could be the alternative to prevent diseases.

7. S. epidermidis as a Regulator of Respiratory Viral Infections

Related to viral respiratory tract infections, S. epidermidis suppresses the infectivity
of several influenza viruses [106]. In 2016 Chen HW, et al. demonstrated that the prod-
ucts secreted by commensal S. epidermidis strains ATCC12228 and ATCC1457 inhibit the
hemagglutinating activity of influenza A and B viral strains (IVA, IVB), and also in clinical
IVA strains such as H1N1 [107]. The secretable molecule responsible for the inhibition
of the hemagglutinating activity of IVA or IVB is the giant extracellular matrix binding
protein (Embp; 460 kDa) [107], since the mutant strain S. epidermidis Embp demonstrated
a lack of inhibition of viral hemagglutination. In a model of embryonated eggs injected
with rEmbp6599 and immediately infected with the reference strain IVA, the mortality
of the embryos was reduced about 20% after one day post-infection and approximately
30% at day 8 post-infection [107]. In chickens inoculated intranasally with rEmbp6599 and
infected with H6N1 virus, there was a limitation in the viral replication [107], in addition,
the tissues of chickens inoculated with rEmbp6599 induced the expression of interleukin
(IL)-6 and interferon-α (IFN-α) [107]. With these findings it is demonstrated that S. epi-
dermidis and the purified protein Embp can be used as anti-influenza agents, not only to
prevent viral invasion in humans but also to control the transmission between species of
influenza viruses [107]. In another work, it was shown that isolates of staphylococci from
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species other than S. epidermidis coming from the nostrils of chickens, goats, cows and
sheep are able to inhibit the hemagglutinating activity of New Castle virus and bovine
virus parainfluenza virus type 3, indicating that the inhibition of hemagglutinating activity
is not exclusive to the species S. epidermidis [106] and is a characteristic of CoNS.

IFN-α, IFN-β, and IFN-λ constitute the first line of defense against microbial infections,
mainly viral infections [108]. It was recently shown that among IFNs, IFN-λ is a critical im-
munomodulator against viral infections in the epithelial mucosa [109]. IFN-λ is considered
to be responsible for the protection against viral invaders in the respiratory tract and plays
an important role in local innate antiviral immunity [109,110]. In vitro studies and in animal
models have shown that IFN-λ production and secretion is activated and modulated by
commensal bacteria that reside in the nostrils [109]. Hyun K, et al. (2019) [109], used normal
human nasal epithelium cells (NHNE) co-cultured with S. epidermidis from the nostrils of
healthy subjects (8h co-culture) and inoculated with H1N1, and they observed the absence
of viral infectivity, however, when the commensal strain S. epidermidis ATCC12228 was
used, the antiviral protection was lost. The proposed mechanism of this viral inhibition
is by the production of IFN-λ in NHNE cells induced by S. epidermidis, this effect occurs
even in the absence of viral exposure. In a murine IVA infection model with a previous
inoculation of S. epidermidis, it limited the spread of IVA to the lungs by stimulating innate
immunity in which IFN-λ suppresses the replication of IVA in the nasal mucosa. [109].

8. Possible Involvement of S. epidermidis in COVID-19 Disease

So far it is not known whether S. epidermidis has an antagonistic effect with other
viruses that affect the respiratory tract, and without a doubt, one with great current interest
is the SARS-CoV-2 coronavirus (COVID-19). This virus belongs to the betacoronaviruses
group and within this group, some viruses have a hemagglutinin-esterase, but SARS-CoV
and SARS-CoV-2 do not [111]. The reports about viral inhibition induced by S. epidermidis
were developed using influenza viruses that have hemagglutinating activity, and the
mechanism of regulation of S. epidermidis is through the inhibition of viral hemagglutinin.
On the other hand, although there are no data about the participation of the microbiota
to inhibit SARS-CoV-2 in the nose, it is important to analyze the chance that the innate
immunity of the respiratory epithelium could be activated with the use of S. epidermidis,
mainly in the production of IFN-λ, as occurs with IVA, to induce the expression of antiviral
genes of the interferon pathway.

When an infection occurs in the nasal cavity, it generates dysbiosis, as in the case of
SARS-CoV-2. In the nose the ciliated cells are the primary target cells for the SARS-CoV-2
infection, it replicates and releases viral particles. Infected cells lose their cilia, losing their
mucociliary capacity and favoring the infection. At the beginning of the infection, there is
a fight to counteract the infection by SARSCoV-2, where the innate immune system and
the nasal cells participate strongly [112], however, the role that the microbiota of the nasal
cavity on SARS-CoV-2 remains unknown.

It has been established that children are less susceptible to SARS-CoV-2, and if they
become infected, they suffer milder illness compared to adults, who are more susceptible
and have a serious illness. In a microbiota analysis study in children, adolescents and
young adults infected with SARS-CoV-2, higher abundances of Corynebacterium species
were associated with SARS-CoV-2 infection with respiratory symptoms, while higher abun-
dances of D. pigrum were present in SARS-CoV-2-infected individuals without respiratory
symptoms. Besides, the abundance of these bacteria was strongly associated with age [113].
In the comparison between COVID-19-positive and negative patients, significant changes in
the microbiota were found with higher abundance of Propionibacteriaceae and a reduction
in the abundance of C. accolens in negative patients. In the cases of affected patients there
was a significant increase in the abundance of Proteobacteria and a decrease in Fusobacteria
and Bacteroidetes, as well as an increase in the abundance of opportunistic pathogens
such as Haemophilus, Stenotrophomonas, Acineobacter, Moraxella, Corynebacterium, Gemella,
Ralstonia, and Pseudomonas [114].
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The age and sex of the patients are potential factors for the COVID-19 infection re-
lated to the enrichment of specific bacterial communities in the upper respiratory tract, for
example, in the age of 31-45 years, higher abundance of Haemophilus, Stenotrophomonas,
Leptotrichia, Acinetobacter, Fusobacterium, Prevotella, Pseudomonas, Staphylococcus, and Lach-
noaerobaculum are present [115]. Another study indicated that dysbiosis occurs in severely
ill patients with predominant respiratory microbial taxa of Burkholderia cepacia complex
(BCC), S. epidermidis, and Mycoplasma spp. (including M. hominis and M. orale) [116]. On
the other hand, in ventilator-associated complications (VACs) in COVID-19 patients, C.
pseudodiphtheriticum and C. striatum are pathogens found in the lower respiratory tract
infections, reported in three cases of VAC due to C. pseudodiphtheriticum in COVID-19
patients [117].

As it is known, SARS-CoV-2 uses angiotensin-converting enzyme 2 (ACE2) as its
receptor for internalization to target cells, and the binding affinity of the spike (S) protein
of SARS-CoV-2 to ACE2 is decisive for infection [118–121]. Host proteases are involved in
cellular invasion by SARS-CoV-2, and the transmembrane serine protease 2 (TMPRSS2)
is the main host protease that leads to the breakdown of SARS-CoV-2 S protein in the
nasal epithelial cells [118]. Unlike other viral receptors, the presence of ACE2 is higher in
human nasal mucosa than in lung tissue cells, and at the cellular level, the expression of
ACE2 mRNA is higher in Normal human nasal epithelial (NHNE) than in normal human
bronchial epithelial (NHBE) cells. Regarding the expression of TMPRSS2 mRNA, it occurs
opposite to ACE2, that is, lower in human nasal mucosa and NHNE cells than in lung and
NHBE cells, with some specificity to suprabasal cells. Regarding S. epidermidis, the effect of
SARS-CoV-2 on its relative abundance in patients is not known in detail. In a recent study
performed by Ji JY, et al. (2021) [122] the role of S. epidermidis in SARS-CoV-2 infection
was analyzed. In this study NHNE cells from healthy subjects were inoculated with S.
epidermidis, and the expression of ACE2 and TMPRSS2 decreased mainly in the basal NHNE
cells in response to S. epidermidis; on the contrary, the expression of TMRPSS2 was elevated
in suprabasal NHNE cells, and conversely, its expression was reduced in multicilliated and
basal NHNE cells. In healthy subjects, it was found that those with a higher number of S.
epidermidis in the nasal mucosa have a low expression of ACE2 and TMRPSS2, and it is the
opposite for those healthy subjects with a low amount of S. epidermidis. In the case of NHNE
cells, they also reduced the expression of ACE2 and TMRPSS2 when they are in the presence
of S. aureus, but not with C. pseudodiphtheriticum or influenza A virus [122]. These results
clearly demonstrate that the presence of S. epidermidis or of other Staphylococcus in the
nasal cavity has the effect to reduce significantly the expression of receptors and proteases
involved in SARS-CoV-2 infection, suggesting important participation of S. epidermidis in
the control of this virus infection.

Regarding interferons (IFNs), they play a crucial role in the immune response against
viral infections. Type I IFNs (IFN-α and IFN-β) are recognized by specific receptors
expressed on the cell surface, and this binding activates the JAK-STAT signaling pathway
that leads to the up-regulation of numerous IFN stimulated genes (ISGs) with antiviral
activity. The IFN-λ family (also known as type III interferons) [108,123] are recognized by
a different receptor (IFN-λR1) but also activate the JAK-STAT signaling pathway. IFN-λ
provides the first line of immunological defense against viral infections of the respiratory
tract [108,123], such as influenza viruses. Recombinant IFN-λ intranasal treatment inhibits
influenza virus replication, protects the upper airways, and blocks virus transmission to
uninfected mice [123]. Related to the MERS-CoV strain virus (human coronavirus EMC)
and SARS-CoV, they do not induce the expression of type I and III IFNs in respiratory
tissue culture [123], and in the case of SARS-CoV-2 the expression of IFN-λ is especially
weak in an ex vivo lung tissue model, suggesting that IFN-λ might be particularly effective
against SARS-CoV-2.

In macaque monkeys infected with SARS-CoV and treated prophylactically with
intramuscular pegylated IFN-α, the viral replication and excretion, as well as pulmonary
damage are reduced [123]. In a human airway epithelial cell culture model, IFN-λ3 and
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IFN-λ4 caused antiviral effects to MERS-CoV [123]. These studies have shown that the
timing of IFN administration is critical for the treatment, as late treatment with IFN-λ
may not have a beneficial effect [123]. Although there are still no results with treatments
against SARS-CoV-2 using IFN-λ, with these data it can be proposed that IFN-λ would
have prophylactic protection against coronavirus infections. In the case of SARS-CoV-2,
preclinical data from various animal model studies suggest that pegylated IFN-λ1 might
reduce the disease severity and risk of transmission [123]. While more specific measures
are being developed, pegylated IFN-λ1 should be evaluated as part of an early and rapid
response to attenuate disease and prevent infection spread [123]. The pegylated IFN-λ1 has
not been tested in patients with respiratory infections and, ideally, should be first studied
in patients with early SARS-CoV-2 infection or as prophylaxis [123].

The expression of interferons has been studied in COVID-19 patients and it was shown
that in mildly symptomatic patients there is a correlation between the presence of nasal
IFN I/III and the symptoms of the disease. The patients showed a high peak of IFN I/III
expression at the onset of symptoms and returned to baseline since day 10. In cases of
critically ill COVID-19 patients, a low nasal expression of IFN I/III is accompanied by a
high viral load due to the presence of autoantibodies against IFN-I in the nasopharyngeal
mucus and in blood [124].

When studying the immune response against SARS-CoV-2 in child and adult patients,
it was shown that in the nasal mucosa there is a low proportion of immune and epithelial
cells in older subjects and a high proportion in younger subjects [125], explaining the fact
that adult patients are the most susceptible group to COVID-19. This also occurs in the
microbiota of the nasal cavity, where there is a low microbial load (in particular with S.
epidermidis) in advanced-age people. SARS-CoV-2 induces low levels of expression of genes
associated with the interferon I/III pathway and instead induces the expression of pro-
inflammatory chemokines and cytokines (such as IL-6) that are responsible for the clinical
manifestations of the disease [119]. In some patients with severe COVID-19 [126], defects
in the response to interferon type I were found due to rare genetic variants. These findings
support the idea that SARS-CoV-2 attenuates the main immune response characterized by
type I and type III airway interferons against respiratory viruses.

Based on the above, we propose that early IFN therapies can be used together with
S. epidermidis transfers to counteract SARS-CoV-2 infection (Figure 2). The early admin-
istration of IFN therapies and S. epidermidis would be a key factor since it is known that
the delayed type I response to interferon leads to the accumulation of inflammatory mono-
cytes and macrophages that co-help with severe immunopathology in mice infected with
SARS-CoV [127].
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Figure 2. COVID-19 treatment proposal. (A) The SARS-CoV-2 virus infects the epithelial cells of the
nasal cavity and replicates. Viral infection causes low production of IFN I/III and dysbiosis with a
relative abundance of opportunistic pathogens. (B) Direct application of nasal cavity with commensal
S. epidermidis and IFN λ at the beginning of the infection with SARS-CoV-2 could help to improve
and restore the immune response and the healthy microbiota. ISG: interferon-induced genes.
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On the other hand, Table 1 shows evidence of the probiotic role of S. epidermidis in
the protection against viral and bacterial infection in the upper respiratory tract; how-
ever, despite such evidence, there are currently few studies on the use of microbiota, or
specifically S. epidermidis, as therapeutics or probiotics for the treatment of viral and bacte-
rial infections in the respiratory tract. Currently, the strongest evidence on the potential
of S. epidermidis as a probiotic has been shown for the treatment of some inflammatory
skin diseases, e.g., atopic dermatitis, or skin infections [85,103]. Moreover, S. epidermidis
can restore impaired collagen in the dermal extracellular matrix, providing integrity and
elasticity to the skin by the mechanism FFaR2/p-ERK signaling [128]. The evidence of S.
epidermidis in the protection against viral and bacterial infection in the upper respiratory
tract is described below.

Table 1. Studies carried out in humans and animal models where the probiotic potential of S.
epidermidis was demonstrated.

Strains or
Products/Reference Pathogen Pre-Clinical Studies on Human

and Animal Models Main Findings

S. epidermidis (ST9-N442);
commensal, [22].

S. epidermidis (ST2);
infection.

S. aureus; infection.

Murine model of Respiratory
Tract Infection (RTI), first

pre-colonization intranasally with
S. epidermidis (ST9-N442)

or pathogens.

S. epidermidis (ST9-N44-2) increase
more expresión of CRAMP. S.

epidermidis (ST9-N44-2) efficiently
outcompeted the two pathogenic

bacteria S. aureus and M.
catarrhalis in vivo and led to
decreased signs of infection
caused by these pathogens.

M. catarrhalis; infection.
Murine model RTI co-colonized
intranasally with S. epidermidis

(ST9-N442) and pathogens.

S. epidermidis
NRS122, [73]. S. aureus BD02-31

Murine model RTI pre-colonized
intranasally with S. epidermidis

NRS122 followed by intranasally
challenge with S. aureus BD02-31.

Pre-colonization of mouse nares
with S. epidermidis NRS122

reduces colonization of S. aureus
BD02-31.

S. epidermidis (wild type,
JK16); Esp-positive.

S. aureus

In a pilot sudy, S. epidermidis cells
or purified Esp were introduced
into anterior nares of volunters

who were S. aureus carriers.

S. epidermidis (JK16) and purified
Esp eliminated S.aureus

colonization. S. epidermidis
Esp-deficient and S. epidermidis

(JK11) did not reduce colonization
of S. aureus.

S. epidermidis
Esp-deficient.

S. epidermidis (JK11);
Esp-negative.

Purified Esp, [78].

S. epidermidis
AMT-A9, [85]. S. aureus

In a pilot study, S. epidermidis
AMT-A9 was inoculated into

wound atopic dermatitis (AD) of
volunteers who were

S. aureus carriers.

S. epidermidis AMT-A9 eliminated
S. aureus from the wound (AD),

and clinical manifestation of
AD improved.

S. epidermidis 1457, [103] Group A Streptococcus
(GAS)

Murine skin infection model with
GAS treated with

S. epidermidis 1457.

S. epidermidis 1457 protects mice
against GAS by the activation of

TLR2 and induction of hBDs 2 y 3.

S. epidermidis
(human), [104].

S. pneumoniae Murine model RTI pre-colonized
intranasally with S. epidermidis

followed by intranasal challenge
with S. pneumoniae or K.

pneumoniae.

Pre-colonization of mouse nares
with S. epidermidis limited the
spread of S. pneumoniae and K.
pneumoniae by the activation of
Nod2 receptor, production of

IL-17A, release of GM-CSF,
and activation of

alveolar macrophages.

K. pneumoniae

rEMbp6599 of
S. epidermidis, [107]. IVA

Chicken model of RTI
pre-colonized intranasally with

rEMbp6599 followed by
intranasal challenge with IVA.

rEMbp6599 protects against RTI
(IVA) by reducing the tissue viral

load and inducing robust
expression of antiviral cytokines

(IFN-α, IL-6, and Mx)
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Table 1. Cont.

Strains or
Products/Reference Pathogen Pre-Clinical Studies on Human

and Animal Models Main Findings

S. epidermidis
(human), [109]. IVA

Murine model of RTI
pre-colonized with S. epidermidis
followed by intransal challenge

with IVA

Pre-colonization of mouse nares
with S. epidermidis limited the
spread of IVA to the lungs by

stimulating innate immunity in
which IFN-λ suppresses the

replication of IVA in the
nasal mucosa.

ST, Sequence Type; CRAMP, mouse cathelicidin-related Antimicrobial Peptide; Esp, Staphylococcus epidermidis
protease; hBDs, Human β-defensin; GM-CSF, granulocyte-macrophage colony-stimulating factor; rEMbp6599,
recombinant giant extracellular matrix-binding protein of S. epidermidis; IVA, Avian Influenza virus A.

9. Conclusions

SARS-CoV-2 induces dysbiosis towards opportunistic pathogenic bacteria and, on the
contrary, S. epidermidis has an inhibitory effect on these bacteria, and also S. epidermidis
induces low expression of the receptor ACE2 and protease TMRPSS2 in epithelial cells.
In addition, S. epidermidis aids the induction and maintenance of IFNs expression in the
epithelial cells of the nasal cavity, contributing to the immune response against SARS-CoV-2.
Therefore, we suggest that the direct inoculation of the nasal cavity with commensal S.
epidermidis as a probiotic can help to reduce the infection of SARS-CoV-2, and together
with vaccines and anti-COVID-19 drugs, it could be possible to control or eliminate the
pandemic of COVID-19.
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46. Hinks, T.S.; Wallington, J.C.; Williams, A.P.; Djukanović, R.; Staples, K.J.; Wilkinson, T.M. Steroid-induced deficiency of mucosal-
associated invariant T cells in the chronic obstructive pulmonary disease lung. Implications for nontypeable haemophilus
influenzae infection. Am. J. Respir. Crit. Care Med. 2016, 194, 1208–1218. [CrossRef]

47. Toubal, A.; Nel, I.; Lotersztajn, S.; Lehuen, A. Mucosal-associated invariant T cells and disease. Nat. Rev. Immunol. 2019, 19,
643–657. [CrossRef]

48. Wang, H.; D’Souza, C.; Lim, X.Y.; Kostenko, L.; Pediongco, T.J.; Eckle, S.B.G.; Meehan, B.S.; Mai Shi, M.; Wang, N.; Li, S.; et al.
MAIT cells protect against pulmonary Legionella longbeachae infection. Nat. Commun. 2018, 9, 3350. [CrossRef]

49. Hinks, T.S.C.; Marchi, E.; Jabeen, M.; Olshansky, M.; Kurioka, A.; Pediongco, T.J.; Meehan, B.S.; Kostenko, L.; Turner, S.j.; Corbett,
A.J.; et al. Activation and in vivo evolution of the MAIT cell transcriptome in mice and humans reveals tissue repair functionality.
Cell Rep. 2019, 28, 3249–3262. [CrossRef]

50. Krismer, B.; Liebeke, M.; Janek, D.; Nega, M.; Rautenberg, M.; Hornig, G.; Unger, C.; Weidenmaier, C.; Lalk, M.; Peschel, A.
Nutrient limitation governs Staphylococcus aureus metabolism and niche adaptation in the human nose. PLoS Pathog. 2014,
10, e1003862. [CrossRef]

51. Geurkink, N. Nasal anatomy, physiology, and function. J. Allergy Clin. Immunol. 1983, 72, 123–128. [CrossRef]
52. Biswas, K.; Hoggard, M.; Jain, R.; Taylor, M.W.; Douglas, R.G. The nasal microbiota in health and disease: Variation within and

between subjects. Front. Microbiol. 2015, 9, 134. [CrossRef] [PubMed]
53. Bassis, C.M.; Tang, A.L.; Young, V.B.; Pynnonen, M.A. The nasal cavity microbiota of healthy adults. Microbiome 2014, 11, 27.

[CrossRef]
54. Zhou, Y.; Mihindukulasuriya, K.A.; Gao, H.; La Rosa, P.S.; Wylie, K.M.; Martin, J.C.; Kota, K.; Shannon, W.D.; Mitreva, M.;

Sodergren, E.; et al. Exploration of bacterial community classes in major human habitats. Genome Biol. 2014, 7, R66. [CrossRef]
[PubMed]

55. Ramakrishnan, V.R.; Feazel, L.M.; Gitomer, S.A.; Ir, D.; Robertson, C.E.; Frank, D.N. The microbiome of the middle meatus in
healthy adults. PLoS ONE 2013, 30, e85507. [CrossRef] [PubMed]

56. Boutin, S.; Depner, M.; Stahl, M.; Graeber, S.Y.; Dittrich, S.A.; Legatzki, A.; von Mutius, E.; Mall, M.; Dalpke, A.H. Comparison of
Oropharyngeal Microbiota from Children with Asthma and Cystic Fibrosis. Mediat. Inflamm. 2017, 2017, 5047403. [CrossRef]
[PubMed]

57. Camarinha-Silva, A.; Jáuregui, R.; Pieper, D.H.; Wos-Oxley, M.L. The temporal dynamics of bacterial communities across human
anterior nares. Environ. Microbiol. Rep. 2012, 4, 126–132. [CrossRef]

58. Biesbroek, G.; Tsivtsivadze, E.; Sanders, E.A.; Montijn, R.; Veenhoven, R.H.; Keijser, B.J.; Bogaert, D. Early respiratory microbiota
composition determines bacterial succession patterns and respiratory health in children. Am. J. Respir. Crit. Care Med. 2014, 190,
1283–1292. [CrossRef]

59. Yan, M.; Pamp, S.J.; Fukuyama, J.; Hwang, P.H.; Cho, D.Y.; Holmes, S.; Relman, D.A. Nasal microenvironments and interspecific
interactions influence nasal microbiota complexity and S. aureus carriage. Cell Host Microbe 2013, 14, 631–640. [CrossRef]

http://doi.org/10.2500/ajra.2016.30.4360
http://doi.org/10.1016/j.stem.2020.03.009
http://www.ncbi.nlm.nih.gov/pubmed/32243808
http://doi.org/10.1038/s41591-019-0468-5
http://www.ncbi.nlm.nih.gov/pubmed/31209336
http://doi.org/10.1164/rccm.201911-2199OC
http://doi.org/10.1056/NEJMra0910061
http://doi.org/10.1038/mi.2017.100
http://doi.org/10.1183/13993003.02441-2018
http://doi.org/10.1111/imcb.12235
http://doi.org/10.1146/annurev-immunol-042617-053214
http://www.ncbi.nlm.nih.gov/pubmed/30726153
http://doi.org/10.1016/j.celrep.2017.08.078
http://www.ncbi.nlm.nih.gov/pubmed/28930685
http://doi.org/10.1038/mi.2013.67
http://www.ncbi.nlm.nih.gov/pubmed/24064670
http://doi.org/10.1164/rccm.201601-0002OC
http://doi.org/10.1038/s41577-019-0191-y
http://doi.org/10.1038/s41467-018-05202-8
http://doi.org/10.1016/j.celrep.2019.07.039
http://doi.org/10.1371/journal.ppat.1003862
http://doi.org/10.1016/0091-6749(83)90518-3
http://doi.org/10.3389/fmicb.2015.00134
http://www.ncbi.nlm.nih.gov/pubmed/25784909
http://doi.org/10.1186/2049-2618-2-27
http://doi.org/10.1186/gb-2014-15-5-r66
http://www.ncbi.nlm.nih.gov/pubmed/24887286
http://doi.org/10.1371/journal.pone.0085507
http://www.ncbi.nlm.nih.gov/pubmed/24386477
http://doi.org/10.1155/2017/5047403
http://www.ncbi.nlm.nih.gov/pubmed/29445257
http://doi.org/10.1111/j.1758-2229.2011.00313.x
http://doi.org/10.1164/rccm.201407-1240OC
http://doi.org/10.1016/j.chom.2013.11.005


Life 2022, 12, 341 18 of 20

60. Johnson, R.C.; Ellis, M.W.; Lanier, J.B.; Schlett, C.D.; Cui, T.; Merrell, D.S. Correlation between nasal microbiome composition and
remote purulent skin and soft tissue infections. Infect. Immun. 2015, 83, 802–811. [CrossRef]

61. Ta, L.D.H.; Yap, G.C.; Tay, C.J.X.; Lim, A.S.M.; Huang, C.-H.; Chu, C.W.; De Sessions, P.F.; Shek, L.P.; Goh, A.; Van Bever, H.P.; et al.
Establishment of the nasal microbiota in the first 18 months of life: Correlation with early-onset rhinitis and wheezing. J. Allergy
Clin. Immunol. 2018, 142, 86–95. [CrossRef]

62. Ahluwalia, J.; Borok, J.; Haddock, E.S.; Ahluwalia, R.S.; Schwartz, E.W.; Hosseini, D.; Amini, S.; Eichenfield, L.F. The microbiome
in preadolescent acne: Assessment and prospective analysis of the influence of benzoyl peroxide. Pediatr. Dermatol. 2019, 36,
200–206. [CrossRef]

63. Liu, C.M.; Price, L.B.; Hungate, B.A.; Abraham, A.G.; Larsen, L.A.; Christensen, K.; Stegger, M.; Skov, R.; Andersen, P.S.
Staphylococcus aureus and the ecology of the nasal microbiome. Sci. Adv. 2015, 1, e1400216. [CrossRef]

64. Teo, S.M.; Mok, D.; Pham, K.; Kusel, M.; Serralha, M.; Troy, N.; Holt, B.J.; Hales, B.J.; Walker, M.L.; Hollams, E.; et al. The infant
nasopharyngeal microbiome impacts severity of lower respiratory infection and risk of asthma development. Cell Host Microbe
2015, 17, 704–715. [CrossRef]

65. Toivonen, L.; Hasegawa, K.; Waris, M.; Ajami, N.J.; Petrosino, J.F.; Camargo, C.A., Jr.; Peltola, V. Early nasal microbiota and acute
respiratory infections during the first years of life. Thorax 2019, 74, 592–599. [CrossRef]

66. Di Stadio, A.; Costantini, C.; Renga, G.; Pariano, M.; Ricci, G.; Romani, L. The Microbiota/Host Immune System Interaction in the
Nose to Protect from COVID-19. Life 2020, 11, 345. [CrossRef]

67. Tai, J.; Han, M.S.; Kwak, J.; Kim, T.H. Association Between Microbiota and Nasal Mucosal Diseases in terms of Immunity. Int. J.
Mol. Sci. 2021, 29, 4744. [CrossRef]

68. Baishya, J.; Bisht, K.; Rimbey, J.N.; Yihunie, K.D.; Islam, S.; Mahmud, H.A.; Waller, J.E.; Wakeman, C.A. The Impact of Intraspecies
and Interspecies Bacterial Interactions on Disease Outcome. Pathogens 2021, 21, 96. [CrossRef]

69. Conlan, S.; Mijares, L.A.; NISC Comparative Sequencing Program; Becker, J.; Blakesley, R.W.; Bouffard, G.; Brooks, S.; Coleman,
H.; Gupta, J.; Natalie Gurson, N.; et al. Staphylococcus epidermidis pan-genome sequence analysis reveals diversity of skin
commensal and hospital infection-associated isolates. Genome Biol. 2012, 25, R64. [CrossRef]

70. Espadinha, D.; Sobral, R.G.; Mendes, C.I.; Méric, G.; Sheppard, S.K.; Carriço, J.A.; de Lencastre, H.; Miragaia, M. Distinct
Phenotypic and Genomic Signatures Underlie Contrasting Pathogenic Potential of Staphylococcus epidermidis Clonal Lineages.
Front. Microbiol. 2019, 27, 1971. [CrossRef]

71. Khan, R.; Peterse, F.C.; Shekhar, S. Commensal Bacteria: An Emerging Player in Defense Against Respiratory Pathogens. Front.
Immunol. 2019, 31, 1203. [CrossRef]

72. Mergenhagen, K.A.; Starr, K.E.; Wattengel, B.A.; Lesse, A.J.; Sumon, Z.; Sellick, J.A. Determining the Utility of Methicillin-Resistant
Staphylococcus aureus Nares Screening in Antimicrobial Stewardship. Clin. Infect. Dis. 2020, 22, 1142–1148. [CrossRef]

73. Park, B.; Iwase, T.; Liu, G.Y. Intranasal application of S. epidermidis prevents colonization by methicillin-resistant Staphylococcus
aureus in mice. PLoS ONE 2011, 6, e25880. [CrossRef]

74. Foster, T.J. Surface Proteins of Staphylococcus aureus. Microbiol. Spectr. 2019, 7, 7–14. [CrossRef]
75. Yin, W.; Xu, S.; Wang, Y.; Zhang, Y.; Chou, S.H.; Galperin, M.Y.; He, J. Ways to control harmful biofilms: Prevention, inhibition,

and eradication. Crit. Rev. Microbiol. 2021, 47, 57–78. [CrossRef]
76. Sugimoto, S.; Iwamoto, T.; Takada, K.; Okuda, K.; Tajima, A.; Iwase, T.; Mizunoe, Y. Staphylococcus epidermidis Esp degrades

specific proteins associated with Staphylococcus aureus biofilm formation and host-pathogen interaction. J. Bacteriol. 2013, 195,
1645–1655. [CrossRef]

77. Corrigan, R.M.; Miajlovic, H.; Foster, T.J. Surface proteins that promote adherence of Staphylococcus aureus to human desquamated
nasal epithelial cells. BMC Microbio. 2009, 30, 22. [CrossRef]

78. Iwase, T.; Uehara, Y.; Shinji, H.; Tajima, A.; Seo, H.; Takada, K.; Agata, T.; Mizunoe, Y. Staphylococcus epidermidis Esp inhibits
Staphylococcus aureus biofilm formation and nasal colonization. Nature 2010, 20, 346–349. [CrossRef]

79. Glatthardt, T.; Campos, J.C.M.; Chamon, R.C.; de Sá Coimbra, T.F.; Rocha, G.A.; de Melo, M.A.F.; Parente, T.E.; Lobo, L.A.;
Antunes, L.C.M.; Dos Santos, K.R.N.; et al. Small Molecules Produced by Commensal Staphylococcus epidermidis Disrupt Formation
of Biofilms by Staphylococcus aureus. Appl. Environ. Microbiol. 2020, 18, e02539-19. [CrossRef]

80. Otto, M. Quorum-sensing control in Staphylococci—A target for antimicrobial drug therapy? FEMS Microbiol. Lett. 2004, 15,
135–141. [CrossRef]

81. Kong, K.F.; Vuong, C.; Otto, M. Staphylococcus quorum sensing in biofilm formation and infection. Int. J. Med. Microbiol. 2006, 296,
133–139. [CrossRef] [PubMed]

82. Otto, M.; Süssmuth, R.; Vuong, C.; Jung, G.; Götz, F. Inhibition of virulence factor expression in Staphylococcus aureus by the
Staphylococcus epidermidis agr pheromone and derivatives. FEBS Lett. 1999, 7, 257–262. [CrossRef]

83. Otto, M.; Echner, H.; Voelter, W.; Götz, F. Pheromone cross-inhibition between Staphylococcus aureus and Staphylococcus epidermidis.
Infect. Immun. 2001, 69, 1957–1960. [CrossRef] [PubMed]

84. Martínez-García, S.; Ortiz-García, C.I.; Cruz-Aguilar, M.; Zenteno, J.C.; Murrieta-Coxca, J.M.; Pérez-Tapia, S.M.;
Rodríguez-Martínez, S.; Cancino-Diaz, M.E.; Cancino-Diaz, J.C. Competition/antagonism associations of biofilm forma-
tion among Staphylococcus epidermidis Agr groups I, II, and III. J. Microbiol. 2019, 57, 143–153. [CrossRef]

http://doi.org/10.1128/IAI.02664-14
http://doi.org/10.1016/j.jaci.2018.01.032
http://doi.org/10.1111/pde.13741
http://doi.org/10.1126/sciadv.1400216
http://doi.org/10.1016/j.chom.2015.03.008
http://doi.org/10.1136/thoraxjnl-2018-212629
http://doi.org/10.3390/life10120345
http://doi.org/10.3390/ijms22094744
http://doi.org/10.3390/pathogens10020096
http://doi.org/10.1186/gb-2012-13-7-r64
http://doi.org/10.3389/fmicb.2019.01971
http://doi.org/10.3389/fimmu.2019.01203
http://doi.org/10.1093/cid/ciz974
http://doi.org/10.1371/journal.pone.0025880
http://doi.org/10.1128/microbiolspec.GPP3-0046-2018
http://doi.org/10.1080/1040841X.2020.1842325
http://doi.org/10.1128/JB.01672-12
http://doi.org/10.1186/1471-2180-9-22
http://doi.org/10.1038/nature09074
http://doi.org/10.1128/AEM.02539-19
http://doi.org/10.1016/j.femsle.2004.11.016
http://doi.org/10.1016/j.ijmm.2006.01.042
http://www.ncbi.nlm.nih.gov/pubmed/16487744
http://doi.org/10.1016/S0014-5793(99)00514-1
http://doi.org/10.1128/IAI.69.3.1957-1960.2001
http://www.ncbi.nlm.nih.gov/pubmed/11179383
http://doi.org/10.1007/s12275-019-8322-5


Life 2022, 12, 341 19 of 20

85. Nakatsuji, T.; Chen, T.H.; Narala, S.; Chun, K.A.; Two, A.M.; Yun, T.; Shafiq, F.; Kotol, P.F.; Bouslimani, A.; Melnik, A.V.; et al.
Antimicrobials from human skin commensal bacteria protect against Staphylococcus aureus and are deficient in atopic dermatitis.
Sci. Transl. Med. 2017, 9, eaah4680. [CrossRef]

86. Zipperer, A.; Konnerth, M.C.; Laux, C.; Berscheid, A.; Janek, D.; Weidenmaier, C.; Burian, M.; Schilling, N.A.; Slavetinsky, C.;
Marschal, M.; et al. Human commensals producing a novel antibiotic impair pathogen colonization. Nature 2016, 535, 511–516.
[CrossRef]

87. Stubbendieck, R.M.; May, D.S.; Chevrette, M.G.; Temkin, M.I.; Wendt-Pienkowski, E.; Cagnazzo, J.; Carlson, C.M.; Gern, J.E.;
Currie, C.R. Competition among nasal bacteria suggests a role for siderophore-mediated interactions in shaping the human nasal
microbiota. Appl. Environ. Microbiol. 2019, 85, e02406–e02418. [CrossRef]

88. Ramsey, M.M.; Freire, M.O.; Gabrilska, R.A.; Rumbaugh, K.P.; Lemon, K.P. Staphylococcus aureus shifts toward commensalism in
response to Corynebacterium species. Front. Microbiol. 2016, 7, 1230. [CrossRef]

89. Brugger, S.D.; Eslami, S.M.; Pettigrew, M.M.; Escapa, I.F.; Henke, M.T.; Kong, Y.; Lemon, K.P. Dolosigranulum pigrum cooperation
and competition in human nasal microbiota. mSphere 2020, 5, e00852-20. [CrossRef]

90. Pericone, C.D.; Overweg, K.; Hermans, P.W.; Weiser, J.N. Inhibitory and bactericidal effects of hydrogen peroxide production by
Streptococcus pneumoniae on other inhabitants of the upper respiratory tract. Infect. Immun. 2000, 68, 3990–3997. [CrossRef]

91. Wu, X.; Gordon, O.; Jiang, W.; Antezana, B.S.; Angulo-Zamudio, U.A.; del Rio, C.; Moller, A.; Brissac, T.; Tierney, A.R.P.; Warncke,
K.; et al. Interaction between Streptococcus pneumoniae and Staphylococcus aureus generates OH radicals that rapidly kill
Staphylococcus aureus strains. J. Bacteriol. 2019, 201, e00474-19. [CrossRef] [PubMed]

92. Bomar, L.; Brugger, S.D.; Yost, B.H.; Davies, S.S.; Lemon, K.P. Corynebacterium accolens releases antipneumococcal free fatty
acids from human nostril and skin surface triacylglycerols. mBio 2016, 7, e01725-15. [CrossRef] [PubMed]

93. Lo, C.W.; Lai, Y.K.; Liu, Y.T.; Gallo, R.L.; Huang, C.M. Staphylococcus aureus hijacks a skin commensal to intensify its virulence:
Immunization targeting-hemolysin and CAMP factor. J. Investig. Dermatol. 2011, 131, 401–409. [CrossRef]

94. Nilsson, I.M.; Hartford, O.; Foster, T.; Tarkowski, A. Alpha-toxin and gamma-toxin jointly promote Staphylococcus aureus virulence
in murine septic arthritis. Infect. Immun. 1999, 67, 1045–1049. [CrossRef] [PubMed]

95. Shakhnovich, E.A.; King, S.J.; Weiser, J.N. Neuraminidase expressed by Streptococcus pneumoniae desialylates the lipopolysac-
charide of Neisseria meningitidis and Haemophilus influenzae: A paradigm for interbacterial competition among pathogens of
the human respiratory tract. Infect. Immun. 2002, 70, 7161–7164. [CrossRef] [PubMed]

96. Kiryukhina, N.V.; Melnikov, V.G.; Suvorov, A.V.; Morozova, Y.A.; Ilyin, V.K. Use of Corynebacterium pseudodiphtheriticum for
elimination of Staphylococcus aureus from the nasal cavity in volunteers exposed to abnormal microclimate and altered gaseous
environment. Probiotics Antimicrob. Proteins 2013, 5, 233–238. [CrossRef]

97. Hardy, B.L.; Dickey, S.W.; Plaut, R.D.; Riggins, D.P.; Stibitz, S.; Otto, M.; Merrell, D.S. Corynebacterium pseudodiphtheriticum
exploits Staphylococcus aureus virulence components in a novel polymicrobial defense strategy. mBio 2019, 10, e02491-18. [CrossRef]

98. Janek, D.; Zipperer, A.; Kulik, A.; Krismer, B.; Peschel, A. High frequency and diversity of antimicrobial activities produced by
nasal Staphylococcus strains against bacterial competitors. PLoS Pathog. 2016, 12, e1005812. [CrossRef]

99. Wollenberg, M.S.; Claesen, J.; Escapa, I.F.; Aldridge, K.L.; Fischbach, M.A.; Lemon, K.P. Propionibacterium-produced copropor-
phyrin III induces Staphylococcus aureus aggregation and biofilm formation. mBio 2014, 5, e01286-14. [CrossRef]

100. Wang, Y.; Kuo, S.; Shu, M.; Yu, J.; Huang, S.; Dai, A.; Two, A.; Gallo, R.L.; Huang, C.M. Stg epidermidis in the human skin
microbiome mediates fermentation to inhibit the growth of Propionibacterium acnes: Implications of probiotics in acne vulgaris.
Appl. Microbiol. Biotechnol. 2014, 98, 411–424. [CrossRef]

101. Christensen, G.J.M.; Scholz, C.F.P.; Enghild, J.; Rohde, H.; Kilian, M.; Thürmer, A.; Brzuszkiewicz, E.; Lomholt, H.B.;
Brüggemann, H. Antagonism between Staphylococcus epidermidis and Propionibacterium acnes and its genomic basis. BMC
Genom. 2016, 17, 152. [CrossRef] [PubMed]

102. Geitani, R.; Moubareck, C.A.; Xu, Z.; Sarkis, D.K.; Touqui, L. Expression and Roles of Antimicrobial Peptides in Innate Defense of
Airway Mucosa: Potential Implication in Cystic Fibrosis. Front. Immunol. 2020, 30, 1198. [CrossRef] [PubMed]

103. Lai, Y.; Cogen, A.L.; Radek, K.A.; Park, H.J.; Macleod, D.T.; Leichtle, A.; Ryan, A.F.; Di Nardo, A.; Gallo, R.L. Activation of
TLR2 by a small molecule produced by Staphylococcus epidermidis increases antimicrobial defense against bacterial skin infections.
J. Investig. Dermatol. 2010, 130, 2211–2221. [CrossRef]

104. Brown, R.L.; Sequeira, R.P.; Clarke, T.B. The microbiota protects against respiratory infection via GM-CSF signaling. Nat. Commun.
2017, 15, 1512. [CrossRef] [PubMed]

105. Kanmani, P.; Clua, P.; Vizoso-Pinto, M.G.; Rodriguez, C.; Alvarez, S.; Melnikov, V.; Takahashi, H.; Kitazawa, H.; Villena, J.
Respiratory commensal bacteria Corynebacterium pseudodiphtheriticum improves resistance of infant mice to respiratory
syncytial virus and Streptococcus pneumoniae superinfection. Front. Microbiol. 2017, 8, 1613. [CrossRef] [PubMed]

106. De la Rosa-Ramos, M.A.; Salcedo-Hernández, R.; Sarmiento-Silva, R.E.; Aguilera-Arreola, M.G.; Alcántar-Curiel, M.D.; Betanzos-
Cabrera, G.; Rodríguez-Mártinez, S.; Cancino-Diaz, M.E.; Cancino-Díaz, J.C. Non-epidermidis coagulase-negative Staphylococcus
isolated from farm animals can inhibit the hemagglutinating activity of Newcastle disease virus and bovine parainfluenza virus
type 3. Comp. Immunol. Microbiol. Infect. Dis. 2021, 76, 101649. [CrossRef]

107. Chen, H.W.; Liu, P.F.; Liu, Y.T.; Kuo, S.; Zhang, X.Q.; Schooley, R.T.; Rohde, H.; Gallo, R.L.; Huang, C.M. Nasal commensal
Staphylococcus epidermidis counteracts influenza virus. Sci. Rep. 2016, 16, 27870. [CrossRef]

http://doi.org/10.1126/scitranslmed.aah4680
http://doi.org/10.1038/nature18634
http://doi.org/10.1128/AEM.02406-18
http://doi.org/10.3389/fmicb.2016.01230
http://doi.org/10.1128/mSphere.00852-20
http://doi.org/10.1128/IAI.68.7.3990-3997.2000
http://doi.org/10.1128/JB.00474-19
http://www.ncbi.nlm.nih.gov/pubmed/31405914
http://doi.org/10.1128/mBio.01725-15
http://www.ncbi.nlm.nih.gov/pubmed/26733066
http://doi.org/10.1038/jid.2010.319
http://doi.org/10.1128/IAI.67.3.1045-1049.1999
http://www.ncbi.nlm.nih.gov/pubmed/10024541
http://doi.org/10.1128/IAI.70.12.7161-7164.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438402
http://doi.org/10.1007/s12602-013-9147-x
http://doi.org/10.1128/mBio.02491-18
http://doi.org/10.1371/journal.ppat.1005812
http://doi.org/10.1128/mBio.01286-14
http://doi.org/10.1007/s00253-013-5394-8
http://doi.org/10.1186/s12864-016-2489-5
http://www.ncbi.nlm.nih.gov/pubmed/26924200
http://doi.org/10.3389/fimmu.2020.01198
http://www.ncbi.nlm.nih.gov/pubmed/32695100
http://doi.org/10.1038/jid.2010.123
http://doi.org/10.1038/s41467-017-01803-x
http://www.ncbi.nlm.nih.gov/pubmed/29142211
http://doi.org/10.3389/fmicb.2017.01613
http://www.ncbi.nlm.nih.gov/pubmed/28878760
http://doi.org/10.1016/j.cimid.2021.101649
http://doi.org/10.1038/srep27870


Life 2022, 12, 341 20 of 20

108. Stanifer, M.L.; Guo, C.; Doldan, P.; Boulant, S. Importance of Type I and III Interferons at Respiratory and Intestinal Barrier
Surfaces. Front. Immunol. 2020, 11, 608645. [CrossRef]

109. Kim, H.J.; Jo, A.; Jeon, Y.J.; An, S.; Lee, K.M.; Yoon, S.S.; Choi, J.Y. Nasal commensal Staphylococcus epidermidis enhances
interferon-λ-dependent immunity against influenza virus. Microbiome 2019, 30, 80. [CrossRef]

110. Jeon, Y.J.; Gil, C.H.; Jo, A.; Won, J.; Ki, S.; Kim, H.J. The influence of interferon-lambda on restricting Middle East Respiratory
Syndrome Coronavirus replication in the respiratory epithelium. Antivir. Res. 2020, 180, 104860. [CrossRef]

111. Hartenian, E.; Nandakumar, D.; Lari, A.; Ly, M.; Tucker, J.M.; Glaunsinger, B.A. The molecular virology of coronaviruses. J. Biol.
Chem. 2020, 11, 12910–12934. [CrossRef] [PubMed]

112. Bridges, J.P.; Vladar, E.K.; Huang, H.; Mason, R.J. Respiratory epithelial cell responses to SARS-CoV-2 in COVID-19. Thorax 2021,
17, 2021–217561. [CrossRef] [PubMed]

113. Hurst, J.H.; McCumber, A.W.; Aquino, J.N.; Rodriguez, J.; Heston, S.M.; Lugo, D.J.; Rotta, A.T.; Turner, N.A.; Pfeiffer, T.S.; Gurley,
T.C.; et al. Age-related changes in the upper respiratory microbiome are associated with SARS-CoV-2 susceptibility and illness
severity. medRxiv 2021, in press. [CrossRef]

114. Mostafa, H.H.; Fissel, J.A.; Fanelli, B.; Bergman, Y.; Gniazdowski, V.; Dadlani, M.; Carroll, K.C.; Colwell, R.R.; Simner, P.J.
Metagenomic Next-Generation Sequencing of Nasopharyngeal Specimens Collected from Confirmed and Suspect COVID-19
Patients. mBio 2020, 20, e01969-20. [CrossRef] [PubMed]

115. Gupta, A.; Karyakarte, R.; Joshi, S.; Das, R.; Jani, K.; Shouche, Y.; Sharma, A. Nasopharyngeal microbiome reveals the prevalence
of opportunistic pathogens in SARS-CoV-2 infected individuals and their association with host types. Microbes Infect. 2021,
20, 104880. [CrossRef]

116. Zhong, H.; Wang, Y.; Shi, Z.; Zhang, L.; Ren, H.; He, W.; Zhang, Z.; Zhu, A.; Zhao, J.; Xiao, F.; et al. Characterization of respiratory
microbial dysbiosis in hospitalized COVID-19 patients. Cell Discov. 2021, 13, 23. [CrossRef]

117. Ogawa, Y.; Ote, H.; Arai, T.; Kazama, R.; Kimura, K.; Nagata, T.; Kumasawa, J.; Kohno, M.; Kohata, H.; Nishida, K.; et al.
Corynebacterium pseudodiphtheriticum as a pathogen in bacterial co-infection in COVID-19 patients with mechanical ventilation.
Jpn. J. Infec. Dis. 2021, JJID-2021. [CrossRef]

118. Sungnak, W.; Huang, N.; Bécavin, C.; Berg, M.; Queen, R.; Litvinukova, M.; Talavera-López, C.; Maatz, H.; Reichart, D.;
Sampaziotis, F.; et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells together with innate immune genes.
Nat. Med. 2020, 26, 681–687. [CrossRef]

119. Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.C.; Uhl, S.; Hoagland, D.; Møller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs, D.; et al.
Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell 2020, 181, 1036–1045. [CrossRef]

120. Onabajo, O.O.; Banday, A.R.; Stanifer, M.L.; Yan, W.; Obajemu, A.; Santer, D.M.; Florez-Vargas, O.; Piontkivska, H.; Vargas, J.M.;
Ring, T.J.; et al. Interferons and viruses induce a novel truncated ACE2 isoform and not the full-length SARS-CoV-2 receptor. Nat.
Genet. 2020, 52, 1283–1293. [CrossRef]

121. Stanifer, M.L.; Kee, C.; Cortese, M.; Zumaran, C.M.; Triana, S.; Mukenhirn, M.; Kraeusslich, H.G.; Alexandrov, T.; Bartenschlager,
R.; Boulant, S. Critical Role of Type III Interferon in Controlling SARS-CoV-2 Infection in Human Intestinal Epithelial Cells. Cell
Rep. 2020, 32, 107863. [CrossRef] [PubMed]

122. Ji, J.Y.; Jo, A.; Won, J.; Gil, C.H.; Shin, H.; Kim, S.; Jeon, Y.J.; Kim, H.J. The nasal symbiont Staphylococcus species restricts the
transcription of SARS-CoV-2 entry factors in human nasal epithelium. iScience 2021, 22, 103172. [CrossRef] [PubMed]

123. O’Brien, T.R.; Thomas, D.L.; Jackson, S.S.; Prokunina-Olsson, L.; Donnelly, R.P.; Rune Hartmann, R. Weak Induction of Inter-
feron Expression by Severe Acute Respiratory Syndrome Coronavirus 2 Supports Clinical Trials of Interferon-λ to Treat Early
Coronavirus Disease 2019. Clin. Infect. Dis. 2020, 12, 1410–1412. [CrossRef] [PubMed]

124. Lopez, J.; Mommert, M.; Mouton, W.; Pizzorno, A.; Brengel-Pesce, K.; Mezidi, M.; Villard, M.; Lina, B.; Richard, J.C.;
Fassier, J.B.; et al. Early nasal type I IFN immunity against SARS-CoV-2 is compromised in patients with autoantibodies against
type I IFNs. J. Exp. Med. 2021, 218, e20211211. [CrossRef]

125. Winkley, K.; Banerjee, D.; Bradley, T.; Koseva, B.; Cheung, W.A.; Selvarangan, R.; Pastinen, T.; Grundberg, E. Immune cell
residency in the nasal mucosa may partially explain respiratory disease severity across the age range. Sci. Rep. 2021, 5, 15927.
[CrossRef]

126. Zhang, Q.; Bastard, P.; Liu, Z.; Le Pen, J.; Moncada-Velez, M.; Chen, J.; Ogishi, M.; Sabli, I.K.D.; Hodeib, S.; Cecilia Korol, C.; et al.
Inborn errors of type I IFN immunity in patients with life-threatening COVID-19. Science 2020, 370, eabd4570. [CrossRef]

127. Channappanavar, R.; Fehr, A.R.; Vijay, R.; Mack, M.; Zhao, J.; Meyerholz, D.K.; Perlman, S. Dysregulated type I interferon and
inflammatory monocyte-macrophage responses cause lethal pneumonia in SARS-CoVinfected mice. Cell Host Microbe 2016, 19,
181–193. [CrossRef]

128. Negari, I.P.; Keshari, S.; Huang, C.M. Probiotic Activity of Staphylococcus epidermidis Induces Collagen Type I Production through
FFaR2/p-ERK Signaling. Int. J. Mol. Sci. 2021, 22, 1414. [CrossRef]

http://doi.org/10.3389/fimmu.2020.608645
http://doi.org/10.1186/s40168-019-0691-9
http://doi.org/10.1016/j.antiviral.2020.104860
http://doi.org/10.1074/jbc.REV120.013930
http://www.ncbi.nlm.nih.gov/pubmed/32661197
http://doi.org/10.1136/thoraxjnl-2021-217561
http://www.ncbi.nlm.nih.gov/pubmed/34404754
http://doi.org/10.1101/2021.03.20.21252680
http://doi.org/10.1128/mBio.01969-20
http://www.ncbi.nlm.nih.gov/pubmed/33219095
http://doi.org/10.1016/j.micinf.2021.104880
http://doi.org/10.1038/s41421-021-00257-2
http://doi.org/10.7883/yoken.JJID.2021.481
http://doi.org/10.1038/s41591-020-0868-6
http://doi.org/10.1016/j.cell.2020.04.026
http://doi.org/10.1038/s41588-020-00731-9
http://doi.org/10.1016/j.celrep.2020.107863
http://www.ncbi.nlm.nih.gov/pubmed/32610043
http://doi.org/10.1016/j.isci.2021.103172
http://www.ncbi.nlm.nih.gov/pubmed/34604720
http://doi.org/10.1093/cid/ciaa453
http://www.ncbi.nlm.nih.gov/pubmed/32301957
http://doi.org/10.1084/jem.20211211
http://doi.org/10.1038/s41598-021-95532-3
http://doi.org/10.1126/science.abd4570
http://doi.org/10.1016/j.chom.2016.01.007
http://doi.org/10.3390/ijms22031414

	Introduction 
	Overview of the Nasal Cavity 
	Microbiota of the Nasal Cavity 
	Generalities and Genetic Characteristics of S. epidermidis 
	S. epidermidis Directly or Indirectly Kills Respiratory Bacteria 
	Staphylococcus aureus 
	Corynebacterium pseudodiphtheriticum 
	Cutibacterium 
	Moraxella catarrhalis 
	Streptococcus pyogenes 

	Other Mechanisms of Action of S. epidermidis 
	S. epidermidis as a Regulator of Respiratory Viral Infections 
	Possible Involvement of S. epidermidis in COVID-19 Disease 
	Conclusions 
	References

