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Abstract. The evolving field of the microbiome and microbiota
has become a popular research topic. The human microbiome
is defined as a new organ and is considered a living commu-
nity of commensal, symbiotic and pathogenic microorganisms
within a certain body space. The term ‘microbiome’ is used
to define the entire genome of the microbiota. Bacteria,
archaea, fungi, algae and small protists are all members of
the microbiota, followed by phages, viruses, plasmids and
mobile genetic elements. The composition, heterogeneity and
dynamics of microbiomes in time and space, their stability
and resistance, essential characteristics and key participants,
as well as interactions within the microbiome and with the
host, are crucial lines of investigation for the development of
successful future diagnostics and therapies. Standardization
of microbiome studies and harmonized comparable meth-
odologies are required for the transfer of knowledge from
fundamental science into the clinic. Human health is dependent
on microbiomes and achieved by nurturing beneficial resident
microorganisms and their interplay with the host. The present
study reviewed scientific knowledge on the major components
of the human respiratory microbiome, i.e. bacteria, viruses
and fungi, their symbiotic and parasitic roles, and, also, major
diseases of the human respiratory tract and their microbial
etiology. Bidirectional relationships regulate microbial
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ecosystems and host susceptibility. Moreover, environmental
insults render host tissues and microbiota disease-prone. The
human respiratory microbiome reflects the ambient air micro-
biome. By understanding the human respiratory microbiome,
potential therapeutic strategies may be proposed.
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1. Introduction

A human microbiome is a group of communities of symbi-
otic and pathogenic microorganisms' genomes within certain
body regions. Bacteria, archaea, fungi, algae, small protists,
phages, viruses, and some genetic elements (plasmids) should
be considered a part of it, i.e. all non-human material. The
term ‘microbiota’ defines living microorganisms at a certain
location. There are many distinct microbial ecosystems
residing outside and inside the human body. Gastrointestinal
microbiota is the most complex and most populated micro-
biota containing 100 trillion microorganisms (1). The Human
Microbiome Project in 2007 revealed new data that was not
accessible by older methods. DNA sequencing methods,
including 16S ribosomal RNA sequencing, metagenomic
sequencing, and microbial metatranscriptomics changed our
understanding of human microbial communities entirely. The
dogma of sterile lungs was deconstructed and the microbiome
in the lungs was revealed (2). The maintenance of microbial
homeostasis is recognized as an important health factor and
its susceptibility to environmental factors, like antibiotics,
diet, alcohol, and smoking, is intensively studied (3). We
will hereby summarize the current understanding of the
microbiome-environment interactions, and the involvement
of microbiota in the pathogenesis of respiratory diseases. We
will also underscore some important future directions. The
field of human microbiomes and their clinical significance is
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developing swiftly. An increasingly growing toolkit to inves-
tigate microbiomes and their relationships with host systems
delivers new data continuously which needs to be reviewed
again and again.

Microbial factors play a crucial role in the development of
human airways and lungs. Microorganisms determine immune
tolerance by recruiting immune cells with a regulatory
capacity and directly modulating the structural integrity of the
respiratory tissues and remodeling in the diseased lungs (4,5).
Furthermore, the development of immune tissues, like
mucosa-associated lymphoid tissue in the nose 55 and naso-
pharynx, is orchestrated by microbial ecosystems (6). Viruses,
bacteria, fungi, and protozoa co-reside within specific niches
created by structural and immune cells, microbial symbionts,
and spatial and biochemical factors, where microbial coopera-
tion is balanced by host systems. Symbiosis may manifest in
mutualistic, commensal, or antagonistic relationships.

Already present prenatally respiratory microbiome is
further affected by birthing style, breastfeeding, childhood
antibiotic and antipyretic treatments, lifestyle, and many other
key factors, like living and crowding conditions, presence of
siblings, owning furry pets, etc.

With the age, the upper respiratory tract is gradually and
transiently colonized primarily by micro-aspiration of typical
resident bacterial, viral and fungal assemblages with their
distinct topography. Some direct dispersal via mucosa was also
demonstrated (7). In healthy subjects, microbial ecosystems
limit pathogens preventing their overgrowth and spread (8).
Microbial ecosystems might be defined by characteristics,
such as healthy, infection-prone, pro-inflammatory, or others.
The knowledge behind these definitions is not yet sufficient.

The upper respiratory tract is the primary source of
the lower tract microbiome, i.e. lower airways and lungs
are seeded via the aspiration (9). The upper respiratory
tract microbiome is replenished from the environmental
microorganisms' populations and oral microflora (10). The
microbiome in the lower airways and lungs consists of tran-
sient microorganisms and its composition is determined by
the balance between microbial immigration and elimination.
New-generation sequencing enables detailed characterization
of previously unknown microbiomes, i.e., their bacterial,
viral, and fungal content (11). The size of the respiratory
fungal community, i.e. mycobiome, may comprise several
percent of the total microbiome as it does in the skin and
gut (12). A bacterial portion of the respiratory microbiome is
the overwhelmingly dominating (13) and consists of varying
proportions of Firmicutes, Actinobacteria, Bacteroidetes,
Proteobacteria, and Fusobacteria representatives. Virome
represents a relatively small portion of the microbiome and
differs in healthy and inflammatory states. Bacteriophages
comprise the majority of the virome and modulate human
respiratory health via bacterial hosts. Complex inter-micro-
bial and microbial-host interactions ensure competence and
maintenance clues to the immune and respiratory systems.
Accumulating data demonstrate a possibility to improve
that early in life when microbiota signaling is essential for
immune maturation and further respiratory health. Ways to
improve human respiratory microbiota and enhance respira-
tory health are among the major interests of scientists and
clinicians worldwide.

Environmental factors and respiratory microbiomes.
Environmental elements conditioning human microbiota,
include air pollution, tobacco smoking, exposure to secondhand
smoke, and others. Smoking modifies human microbiomes
paving the way for diseases, like periodontitis, asthma,
chronic obstructive pulmonary disease (COPD), cancer,
etc. Effects produced by smoking include a direct influx of
bacteria from the cigarettes, impairment of the host's immune
responses, and changes in oxidative and proteolytic balance
in the airways and alveoli. Indeed, oxygen deprivation is an
important factor for microaerophilic and anaerobic bacteria
enabling their dominance in the airways of smokers (14).
Moreover, the smoking-induced effects might be correlated to
COPD patients' microbiota (2). Cigarettes harbor microorgan-
isms ranging from soil microorganisms and commensals to
potential human pathogens, capable of causing pneumonia,
bacteremia, and other infections (15).

Tobacco smoking is among the major factors modulating
human airway microbiota composition and participating
in disease development. Similarly, air pollution affects
microbiomes via chemical and physical effects and also via
the influx of airborne microorganisms. Particulate matter
(PM)-associated microbiome is dominated by bacteria,
belonging to Actinobacteria and Proteobacteria phyla.
PM-bound viruses spike in January and February (16). The
level of pollution does not correlate with the number of
PM-associated microorganisms, but the ambient tempera-
ture does. Seasonal and indoor/outdoor variations are
also described (17). The most prevalent microorganism is
Proteobacteria, followed by Bacteroidetes, Actinobacteria,
Cyanobacteria, and Firmicutes (18). Human pathogens were
found in more than 10% of PM samples. In addition, PM
levels might be an important factor in the spread of respiratory
viruses. For instance, among PM collected in Bergamo, Italy,
during the coronavirus outbreak more than half of the samples
carried SARS-CoV-2 (19). Seasonal PM microbial character-
istics were studied by Italian scientists and winter microbiota
was dominated by the spore-forming bacteria, while summer
microbial composition differed and plant-associated bacteria
dominated (20). In addition, the PM-associated micro-
biome composition correlates with the human upper airway
microbiome (21). Thus, the ambient air microbiome serves
as a reservoir to replenish the human airway microbiome.
Importantly, direct effects of air pollution on the human
airway microbiome include a decrease in Actinobacteria,
which is known to be associated with a healthy microbiome,
and an increase in Moraxella, which is a known respiratory
pathogen (22). However, more studies are needed to elucidate
the exact effects of air pollution on the human microbiomes of
the exposed airways and lungs.

2. Bacteriome part of the respiratory microbiome

Alterations of lung bacterial communities have been associ-
ated with numerous lung diseases including COPD, bronchial
asthma (BA), bronchiectasis (BE), and others. Bacteria
dominate fungi and viruses with four phyla (Firmicutes,
Proteobacteria, Bacteroidetes, and Actinobacteria)
making 97% of all sequences. Homeostasis of respiratory
tract-resident bacterial communities depends on microbial
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Figure 1. Major bacteria that cause diseases throughout the human respiratory tract.

immigration, mucosal dispersion, and elimination. Patients
with respiratory diseases often have defective airway clear-
ance, bacterial biofilms formed and resistant microbial
communities persisting through immune clearance and anti-
biotics. Major players of the human respiratory bacteriome
are represented in Fig. 1.

Bacteriome and COPD. COPD is an umbrella term for several
irreversible chronic inflammatory diseases affecting airways
and parenchyma. Data show that the airway microbiome is
implicated in COPD manifestation, severity, and long-term
prognosis. The microbiome-based approaches for therapeutic
interventions may be needed.

The abundance and diversity of microbiota differ in
COPD and correlate with the disease severity (23). Moreover,
exacerbations, persistent inflammation, and antibiotic/steroid
treatments impact the composition of lung microbiota
further. Multiple studies report decreased microbial diversity
and colonization by Haemophilus influenzae, beta-lacta-
mase-positive Haemophilus influenza, Moraxella catarrhalis,
and Streptococcus pneumonia in COPD and Pseudomonas
aeruginosa-in severe COPD (24).

Lung bacterial composition is associated with respiratory
function as demonstrated in the BALF study of never-smokers
and smokers with or without COPD. Severely decreased respi-
ratory function was associated with Veillonella, Prevotella,
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and Streptococcus increase. However, such an association
between bacterial content and respiratory function but not
the disease itself supports the idea that lung bacteriome
shifts are part of the pathogenesis of many diseases, not only
COPD (25). In a sputum study Proteobacteria, H. influenzae,
M. catarrhalis and P. aeruginosa together were named
important players for COPD exacerbations, and cooperation
of the resident microorganisms was demonstrated leading
to enrichment for specific taxa (26). In lung explants, many
separate, distinct, and individual microbial communities were
mapped (27). COPD bacteriome varies not only spatially but
also in time. Many studies describe transitory microbiota
changes during exacerbations. For instance, stable COPD
sputum microbiota differs from exacerbated COPD (28).
In COPD patients on ventilatory support and antibiotics,
bacterial communities differ significantly and changes are
treatment duration-dependent (29). In sum, some reports
support the existence of a distinct COPD microbiome while
others show overlapping healthy, smokers', and COPD micro-
biomes. It may be explained by the heterogeneity of COPD,
different study designs, and small group sizes.

Bacteriome in bronchial asthma.Bronchial asthma is a hetero-
geneous chronic inflammatory airway disease characterized
by bronchial hyperactivity and obstruction. It is increasingly
accepted that microbiota plays an important role in disease
etiology and development. Decreased bacterial diversity is
detected in BA and correlates with the disease severity (30).
Certain bacteria might be associated with bronchial hyper-
activity and obstruction, i.e., Proteobacteria, Firmicutes
(Streptococci), and Gammaproteobacteria (31). Respiratory
commensals Veillonella and Prevotella were less prevalent.
Haemophilus influenzae, Streptococcus pneumoniae, and
Moraxella catarrhalis have been found in the lower and upper
respiratory tract of children during asthma crises (32).

Although respiratory infections may not be the crucial
triggers in BA, specific bacterial-host interactions may signifi-
cantly increase the risk of BA exacerbations (33). Moreover,
the differences in nasal bacteriome may serve as indicators of
different BA phenotypes (34). Furthermore, the risk to develop
BA is microbiome-related according to the pediatric study (35).
Further microbiome studies of BA patients are needed to open
new insights, suggest microbiome-based biomarkers of the
disease, and design better treatment options.

Bacteriome in bronchiectasis. Bronchiectasis (BE) is a
disease of permanent abnormal bronchial dilation, infection,
and inflammation. P. aeruginosa and H. influenzae are the
most common pathogens in BE (36). Pseudomonas dominant
patients have poor clinical outcomes, worse lung function, and
require recurrent antibiotic treatments (37). Other important
bacteria are Prevotella spp., Str. pneumoniae, nontuberculous
mycobacteria, Moraxella catarrhalis, S. aureus, Escherichia,
and Klebsiella spp. (38). Culture-independent methods
corroborated the findings of traditional culture-based methods.
Interestingly, the frequency of bacteria varies geographi-
cally, H. influenza and P. aeruginosa are more prevalent in
Europe and Asia, while Mycobacterium avium, M. abscessus,
M. chelonae, and P. aeruginosa are more common in the
US (39,40).

It is known that BE exacerbations occur in less complex
microbial co-occurrence networks, and reduced diversity,
where a higher degree of antagonism exists. Microbial antago-
nism deepens during exacerbations and interactions, but not
the abundance of certain microbial groups defines the risk of
exacerbations (41).

However, BE microbiome is little understood and requires
further studies to clarify the development and progression of
the disease.

Bacteriome and pulmonary fibrosis. Pulmonary fibrosis
(PF) is a progressive alveolar fibrosis with inflammatory
infiltration. Genetics, autoimmunity, certain medicines, toxic
agents, and ionizing radiation contribute to PF development.
The importance of respiratory microbiome is among the risk
factors for PF. Haemophilus influenzae, Moraxella catarrh-
alis, Streptococcus pneumoniae, Haemophilus parainfluenza,
Pseudomonas aeruginosa, and Proteus mirabilis were detected
in PF patients (42). Microbiome findings are insufficient to
explain the pathogenesis of the disease but might serve as a
source of the disease biomarkers. When compared to other
diseases, bacterial abundance in PF patients was significantly
higher than in COPD or healthy controls (43). Exacerbated
PF was related to a four-fold higher bacterial burden, with
an increase in Campylobacter and Stenotrophomonas and a
decrease in Veillonella (44).

Microbiota and fibrosis have a bidirectional relationship,
i.e. fibrosis impairs microbial clearance and blunts innate
immune responses (45), while bacterial products directly
promote fibrosis. For instance, staphylococci release a peptide
corisin and induce apoptosis of lung epithelial cells. PF is
detected in the lungs of corisin-exposed mice. Moreover, lung
corisin levels are significantly increased in PF patients with
acute exacerbation compared to stable PF (46). Such dual
interrelationships should be considered when designing treat-
ment strategies. Equally important is to consider microbiome
composition and richness as a reflection of the fibrotic state of
the host lung tissue and a possibility to target the microbiome
for the diagnostics and management of the disease.

Bacteriome and acute respiratory infections and pneumonia.
Upper airways are the first line of defense constantly exposed
to various environmental and host factors which contribute to,
shape, damage, and replenish airway microbiota. Specific local
conditions, like secretions, mucus flow, and air circulation, are
important determinants of bacterial colonization. Bacteria
reside in patch-type populations and are dependent on migra-
tion, dispersal, colonization, extinction, and transition of the
incoming and resident bacteria, e.g. the ability of S. aureus to
invade populations dominated by Str. pneumoniae is limited,
while other species may invade (47). Disease states in the
upper airways correlate with microbiome shifts, especially
it's virome part. However, bacteriome remains an important
factor in all infectious and noninfectious diseases of the upper
airways and other organs.

Pneumonia is an acute respiratory infection of the
alveoli and distal airways and remains a major cause of high
morbidity and mortality worldwide. Various microorgan-
isms can cause pneumonia, including bacteria, viruses, and
fungi, also members of healthy lung microbiota. Pneumonia
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manifests with the rapid shift from a healthy microbiome
to dysbiosis where low diversity, high pathogen burden, and
inflammation of host tissues dominate. Pathogenetic mecha-
nisms behind this shift include environmental exposure,
like tobacco smoke or air pollution, mechanical ventilation,
direct and indirect interactions between microorganisms,
etc. Pneumonia appears as the major complication of the
dysbiosis of the lungs. Culture-independent detection
methods have proved that a healthy lower respiratory tract
accommodates various microbes without induction of any
symptoms of infection.

Nasopharyngeal samples, collected during the infection
episodes, show the presence of Moraxella, Haemophilus
and Streptococcus, Corynebacterium, Dolosigranulum,
Staphylococcus, Acinetobacter, Pseudomonas, and
Bifidobacterium (48). Bacteriome's role in disease onset,
progression, and therapeutic response is undisputed although
the major pathogens are viruses. New studies have shown
the connection between the lung microbiome and the patho-
genesis of pneumonia. Typical pneumonia pathogens include
Streptococcus pneumoniae, Staphylococcus aureus, Klebsiella
pneumoniae, Haemophilus influenzae, also Mycoplasma
pneumoniae, Legionella pneumophilia, and Chlamydophila
psittaci. The potential pathogens often are residents within the
microbial ecosystem in the lower airways. Certain combina-
tions might be associated with more severe pneumonia or
oppositely, disease resistance. For instance, the Prevotella-rich
microbiome supports inflammation and increases mortality,
while Pseudomonas species support disease-resistant lung
microbiome and suppression of pathogens (49).

The upper airways' microbiome replenishes the micro-
biome of the lower airways and has direct implications for
pneumonia. Pneumonia was not only associated with dysbiosis
in the nose but also with bacterial overgrowth of single species
and the absence of distinct anaerobic bacteria. Also, less rich
microbiomes might be associated with the susceptibility to
inflammation. It is becoming increasingly clear that pneumonia
is a multifactorial disease where pathogenic bacteria are only
partially responsible, and the entire human microbiome and
host factors are also implicated.

3. Human respiratory mycobiome

Culture-independent detection methods prove that human
airways and lungs contain fungi as an integral part of their
microbiomes. Mycobiome is a diverse array of fungal species
residing within a specific body space. Inhalation of spores
and complex interaction with the bacterial and host systems
are determining factors for fungal entrance, dispersion, and
growth in the airways and lungs (50). Fungi contain so-called
pathogen-associated molecular patterns, like glucans, chitin,
and mannans, able to trigger immune responses in the respira-
tory epithelium (51). Fungal overgrowth in the human airways
has been linked to many chronic diseases (52). Fungal commu-
nities also have systemic effects executed via biologically
active molecules (53).

Studies of the inter-kingdom relationships between bacteri-
omes and mycobiomes show that Aspergillus and Malassezia
might be associated with exacerbations of cystic fibrosis (CF),
while Scedosporium and Pseudomonas- with the decline

of lung function (50). In addition, simultaneous assessment
of mycobiome and bacteriome revealed fungus-to-bacteria
diversity 10 times higher in lungs in comparison to the gut,
supporting the notion that lung mycobiome is replenished
differently, most likely via spore inhalation. The complex
interaction between members of different kingdoms is real-
ized via cross-feeding, specialized metabolites, and other
mechanisms.

In CF Aspergillus fumigatus colonization correlates
with lower lung capacity, more frequent hospitalizations,
and more prominent radiological abnormalities (54). Indeed,
fungal complications in CF patients are mostly caused by
filamentous fungi. Mycobiome is an important etiological
component not only in CF but also in other pulmonary
diseases, like COPD. Implications of the fungi in COPD
development were studied in patients from Singapore,
Malaysia, and Scotland (55). The airway mycobiome in
stable COPD was diverse and dependent on geography.
Distinct genera, i.e. Alternaria, Aspergillus, Cladosporium,
Cryptococcus, Mycosphaerella, Penicillium, Trametes, and
Wickerhamomyces, were found in COPD lungs but not in
the healthy lungs. Importantly, no differences between
mycobiome profiles were detected between patients with
COPD and patients with BE and COPD overlap. Clustering
analysis revealed that increased exacerbation rate and higher
mortality might be characterized by microbiome enrichment
with Aspergillus, Penicillium, and Curvularia genera. In
these patients systemic specific-IgE responses to the fungi
were detectable. In addition, loss of fungal diversity was
associated with increased two-year mortality in COPD.

Inter-microbiome relationships define fungal presence,
e.g., human intestinal microbiome data demonstrate that
affecting bacterial communities will significantly impact
fungal species and vice versa (56). Similar relationships
were detected in other microbiomes suggesting that respi-
ratory microbiomes are not an exception. Disruption of
airway bacterial-fungal balance, characterized by the loss of
commensal bacterial taxa and by the enrichment of patho-
genic fungal taxa, is implicated in COPD, i.e., Prevotella
and Veillonella exhibit inverse relationships with pathogenic
fungal taxa such as Candida palmioleophila and Aspergillus
spp. (57). In a respiratory tract mycobiome study of HIV
patients with and without COPD, oral washes, sputum, and
BALF were analyzed, and 39 fungal species were more
abundant in the BALF and 203 species-in the sputum,
proving species-specific distribution. The primary fungus
enriched in the lungs of individuals with HIV and COPD was
Pneumocystis.

The role of the mycobiome in BE was investigated
and Aspergillus, Cryptococcus, Clavispora, Botrytis, and
Alternaria genera were identified (58). In the other study,
healthy individuals had no detectable airway Aspergillus,
while high proportions of BE patients had detectable A. fumig-
atus and/or A. terreus. Indeed, A. fumigatus followed by
Aspergillus niger, Aspergillus terreus, and Aspergillus flavus
is the most common in BE (59).

In sum, fungal genera within respiratory microbiomes are
low in diversity, individually shaped, linked to gut mycobiome,
and play a significant role in the decline of lung functions and
disease progression.
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Figure 2. Viral life forms of the human respiratory tract.

4. Human respiratory virome

The previous view of viruses being obligate pathogens is
changed. The human virome is a part of the microbiome and
includes pathogenic viruses, resident viruses, bacteriophages,
and retroviral elements. Novel detection methods revealed
viral genetic diversity and new viruses present in humans.
The prevalence of respiratory viruses among asymptomatic
children is documented, including rhinoviruses, bocaviruses,
and coronaviruses (60). However, the roles of these viruses
in asymptomatic individuals are still unclear. Bacteriophages
make a major part of the virome. They intervene in human
health by regulating the prevalence of bacteria.

Human airways and lungs are the major sources of viral
infection-related mortality worldwide. The recent corona-
virus-caused disease 2019 (COVID-19) outbreak was a unique
pandemic due to the combination of a high reproducibility,
super-spreading, and global immunologically naive popula-
tion. It has led to the highest global number of deaths in the
past 20 decades compared to any other pandemic. An overview
of respiratory viral diseases is provided in Fig. 2.

Viral infections of upper airways. High morbidity and
mortality associated with viral infections are partially related
to complicated diagnostics since viral infections often do not
produce detectable lesions. Novel detection techniques are
needed. Moreover, some viral infections can cause a cascade
of destructive processes and swiftly disappear, like influenza.
At the host level, viral infections affect the epithelium, phago-
cytes, T lymphocytes, and macrophages, support adherence of
bacteria to the epithelium, up-regulate inflammatory mediators

and change the extracellular environment and microbiota.
The impact of viruses on the development of noninfectious,
chronic pulmonary diseases such as BA and COPD is also
well-known (61).

Viral infections of the upper respiratory tract are a group
of diseases mainly caused by viruses entering the organism
via inhalation of droplets, later invading the mucosa, and
damaging epithelium in the upper airways.

The common cold is the most common disease with
more than 200 different viruses, differently active during
summer and wintertime, as causative factors. Rhinoviruses
are the most common pathogens. Other pathogens include
coronaviruses, influenza, parainfluenza, respiratory syncy-
tial viruses, and many others (62). People with weakened
immune systems and respiratory or cardiac diseases are
at higher risk of developing severe viral infections and
complications. The role of microbiota in common cold
is dual, i.e., invading viruses may initiate secondary local
bacteria-caused infections, while local dysbiosis could cause
impairment of epithelium and predispose an individual to the
viral infection. Interventions targeting microbiota are among
preventative and treatment strategies for combating common
colds. Exposure to environmental (pollution, cold, dry air),
microbial and other factors, such as medications (antibiotics
and similar), damages airway microbiota and is associated
with more prevalent and more severe common colds. It is
becoming clear that viral infections may be prevented or
ameliorated via supporting resilient local microbiomes (48).
Knowledge of microbiome resiliency, microbial competition,
and interactions within the microbiota are needed to develop
probiotic solutions.
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Sinusitis is an infectious inflammation within the sinuses
that become inflamed and blocked by mucus. Rhinoviruses,
influenza, and parainfluenza viruses are the most common
causes of sinusitis (63). Microbiota's role in the onset and
development of sinusitis has recently gained attention. Sinus
and nasal microbiota is a source of pathogens but also serve
as a protection against infection. In health, bacteria, including
S. aureus, Str. epidermidis and Corynebacterium genera,
reside in sinuses. Disruptions in this balance, like an increase
in S. aureus concentration, may perpetuate inflammatory
changes within the nasal mucosa, leading to sinusitis.

Human respiratory microbiome and Coronavirus-caused
Disease 2019. In the course of COVID-19 microbiota contrib-
utes directly. It is known that dysbiosis leads to epithelial cell
loss, an increase in permeability, and inflammation, thus to the
increasing levels of angiotensin-converting enzyme 2 (ACE2),
the target of coronavirus (64). Moreover, dysbiosis may trigger
an increase in circulating inflammatory mediators (65) and
self-perpetuating pro-inflammatory cytokine production,
i.e. cytokine storm. Reduced microbiome diversity may be
regarded as a predictive biomarker of COVID-19 severity (66).
Respiratory microbiota has a distinct role in COVID-19 course
and severity also due to bacterial co-infections often arising
from resident bacterial communities (67). Study authors
have explored the microbiome of COVID-19 patients and
demonstrated gut microbiome of COVID-19 patients has a
significant reduction of bacterial diversity and a significantly
higher relative abundance of opportunistic pathogens and
less beneficial symbionts as compared to the control group.
Several gut commensals with known modulatory potential,
like Faecalibacterium prausnitzii, Eubacterium rectale,
and bifidobacteria, were underrepresented in COVID-19
patients and remained low up to 30 days after COVID-19
resolution. Additionally, butyrate-producing bacteria such
as Faecalibacterium prausnitzii, Clostridium butyricum,
Clostridium leptum, and Eubacterium were less abundant.
Moreover, depletion of commensals, like Eubacterium ventri-
osum, Faecalibacterium prausnitzii, and others, correlated
with COVID-19 severity. The respiratory microbiome of
COVID-19 patients was studied in bronchoalveolar lavage
fluid (BALF) and compared to pneumonia patients and
healthy controls. Both, COVID-19 and community-acquired
pneumonia patients had enrichment of pathogenic and
commensal bacteria, indicating a significant dysbiosis (68).
The post-mortem biopsies exhibited mixed bacterial and
fungal infections complicating COVID-19 (69).

Overall, further studies with a bigger sample size are
required to clarify the composition and the role of the
respiratory microbiome in the severity of coronavirus
infections.

Viral infections of the lower airways. Viral infections of the
lower airways include laryngotracheitis, bronchitis, bronchiol-
itis, and pneumonia which are all more common in children.
Often infections involve both the upper and lower respiratory
tract. Respiratory infections in the lower airways and lungs
may be caused by more than 200 types of viruses.

Healthy lower airways are inhabited by specific microbial
ecosystems. They are accessed and investigated using modern

molecular techniques combined with bronchoscopy, biopsies,
post-mortem tissue analysis, and some others, although precise
detection techniques ensuring no compromising, overlapping,
or contamination are still lacking.

Viral lower airway infections manifest with cough and
difficulty breathing. Parainfluenza virus accounts for more
than 75% of these infections (70) and the cause of the disease
is a virus in 90% of all cases (71). In addition, distinct dysbiotic
signatures are identified, viral infection-prone microbiomes
are described and metatranscriptome data reveals an associa-
tion between disease severity and microbiome (72).

Pneumonia is an infectious inflammatory condition
affecting lung parenchyma and impairing its major function,
i.e. gas exchange. The main causative agents of pneumonia
vary, i.e. may include bacteria, fungi, parasites, and viruses.
Community-acquired pneumonia remains a major cause
of morbidity and mortality worldwide. Viral pathogens are
increasingly often implicated due to pneumococcal vaccina-
tion programs, sensitive diagnostic tests, and other factors.
Non-influenza viral pathogens include rhinovirus, metapneu-
movirus, respiratory syncytial virus, parainfluenza virus, and
adenoviruses.

Chronic non-infectious respiratory diseases and viruses. In
chronic inflammatory respiratory diseases, like BA, respira-
tory viruses are among the major pathogenetic factors of
exacerbation and progression. Viral infections were often
under-recognized as causes of exacerbations due to the low
detection rates (73). Applying molecular detection techniques
viruses were detected in nearly 40% of COPD exacerba-
tions (74) and nearly 60% of the CF exacerbations (75). The
progression of chronic pulmonary disease and it's exacerba-
tions are increasingly linked to respiratory viruses nowadays
mainly due to modern diagnostic techniques. Host responses
in these diseases are imbalanced and microbiomes are often
shifted. Understanding microbiota and host interplay in
chronic pulmonary diseases stimulate the development of new
therapies for virus-related exacerbations.

5. Concluding remarks

It is still not clear whether the respiratory disease state might
be estimated based on microbiome biomarkers. However, in
some diseases, like bronchiectasis, microbiome analysis may
be used as a diagnostic tool. Translation of human airway
microbiome-associated extensive research data and experi-
ence into the clinical practice and introduction of a diagnostic
‘microbiome test’ is imminent. We predict a substantial
improvement in the diagnostics and management of certain
diseases, like COPD, when airway and lung microbiome data
will be made readily available to clinicians and patients.

Two directional relationships are observed between
microbial ecosystems and host susceptibility to infectious and
other diseases, i.e. microbiomes may serve as the source of
infection-causing pathogens, and at the same time invading
pathogens modulate the host's microbial communities for long
periods of time.

As discussed above, the environmental insults predispose
not only hosts' tissues but also human microbiota to the disease
development by changing microbial composition and also
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a state of the host's immunity, epithelial integrity, and other
factors. We believe that improvements to the human respira-
tory microbiome, i.e. replenishing and promoting certain
species, are possible by exposing humans to rich and healthy
ambient air microbiomes (e.g. forest microbiome) and may
become a central therapeutic strategy for some diseases.
Although bacteriome, virome, and mycobiome are impor-
tant components of respiratory microbiomes and play role
in the pathogenesis of many diseases, they are differentially
weighted, and certain players, like viruses or filamentous
fungi, may be regarded as major pathogens in certain diseases.
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