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Abstract

Introduction:Throughout our recorded history, we have repeatedly encountered pandemics with high mortality rates. Climate
change, environmental changes, population mobility, uneven settlement, unequal sanitation, changes in animal habitats and
rapidly increasing antibiotic resistance have also put increased pressure on the host-pathogen-environment system.
Objectives: Viral pathogens facilitate the colonization of other pathogens by altering the diversity and functions of the
microbiota. Studying the interspecies interactions between them, the components of the microbiota and the host, as well as
tracking horizontal gene transfer, will help us to clarify the reasons for the different course of the same disease in patients. It
will clarify the timing and scope of our interventions and how to improve their effect in each patient.

Results: The concept of the holobiont considers the host and its taxonomically and ecologically related microbial communities
as a whole. This will serve basis to understand how this complex relatively static and at the same time dynamically developing
ecosystem adapts to continuous environmental challenges.

Conclusion: Knowledge the relationships in the holobiont will help us avoid superficial handling of them. Even with their
seemingly correct use, there is a risk of unintentionally triggering a cascade of negative relationships during our interventions,
which leads to serious risks to the health of patients. Our task is to find the right time, type and volume of pharmacological,
non-pharmacological and dietary interventions. When treating one of the components of the microbiota, we indirectly affect
the others, which should be included in our therapeutic plan.
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Abbreviations

ACE2: Angiotensin Converting Enzyme 2; AIP: Autoinducing
Peptide; AMP: Antimicrobial Peptide; AMR: Antimicrobial
Resistance; AdV: Adenovirus; CoV: Corona Viruses; DAO:
Diaminooxidase; DC: Dentritic Cells; DOL: Division of
Labor; DSF: Diffusible Signal Factors; GIT: Gastro Intestinal
Tract; GTDB: Genome Taxonomy Database; HBV: Hepatitis
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B Virus; HCV: Hepatitis C Virus; HDV: Hepatitis D Virus;
HE: Hemagglutinin Esterase; HERV: Human Endogenous
Retroviruses; HMPV: Human Metapneumovirus; HNMT:
Histamine N-Methyltransferase; HPV: Human Papilloma
Virus; HRV: Human Rhinovirus; IAV: Influenza A Virus; ICIs:
Immune Checkpoint Inhibitors; [FN: Interferon o/f3 and y; IL:
Interleukin; INKT: Invariant Natural Killer T Cells; IPI: Invasive
Pneumococcal Infection; ISG's: Interferon Stimulated Genes;
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LAB: Lactic Acid Bacteria; LEV: Live Enterovirus Vaccine; MC:
Mast Cells; MDCK: Madin-Darby Canine Kidney Cells; MERS-
CoV: Middle East Respiratory Syndrome Coronavirus; MHC-I:
Major Histocompatibility Complex Class I; MHC-II: Major
Histocompatibility Complex Class 1I; MPO: Mieloperoxidasa;
NAAT: Nucleic acid Amplification Test; NETs: Neutrophil
Extracellular Traps; NF-kB: Nuclear Factor Kappa-Light-
Chain-Enhancer Of Activated B Cells; NLRP3: NLR Family
Pyrin Domain Containing 3; OUT: Operational Taxonomic
Unit; OS: Overall Survival; PAF: Platelet-Activating Factor;
PCV: Pneumococcal Conjugate Vaccine; PFS: Progression-Free
Survival; PIV - Para Influenza Virus; PPSV - Pneumococcal
Polysaccharide Vaccine; PspA: Surface Protein Antigen; PRB:
Predation-Resistant Bacteria; PRRs: Pathogen Recognition
Receptors; QS: Quorum Sensing; ROS: Reactive Oxygen
Species; RSV: Respiratory Syncytial Virus; SARS-CoV: Severe
Acute Respiratory Syndrome Coronavirus; SIDS: Sudden
Infant Death Syndrome; TJ: Tight Junctions; WGS: Whole
Genomic Sequencing.

Introduction

Throughout recorded history, we have faced pandemics
caused primarily by RNA viral pathogens, with high mortality
rates [1-7]. From the bacterial ones, only the second plague
pandemic (1346-1350) caused by Yersinia pestis was more
deadly, killing 30-50% of the population of Afro-Eurasia
[8,9]. Climate and environmental changes, population
mobility, uneven settlement, unequal sanitary conditions,
changes in animal habitats, as well as rapidly increasing
antibiotic resistance, lead to increased pressure on the host-
pathogen-environment system. This creates the opportunity
for highly pathogenic viruses of zoonotic origin to cross
the interspecies barrier and stabilize in humans. Infectious
diseases have represented, represent and will probably
represent for many years to come a serious challenge for us
and not only for us clinicians, despite the rapid development
of medicine. During the treatment we often forget that we are
not only treating the host (our body) but also the microbial
communities associated with it.

Over the four billion years since the origin of life on
earth, 1013° protein molecules, 107°° chains and 101
metabolic pathways have evolved. They are the basis of
interspecific interactions between microbiota components,
viral and bacterial pathogens and the host. Knowledge of the
evolutionary changes that organisms have undergone before
mammals and humans appeared will help us unravel the
possibilities for the course of infectious diseases and improve
the effect of our interventions. Information of the protective
mechanisms, virulence factors and positive interactions that
have evolved over billions of years will allow us to shed light
on the ways in which they can bypass (remain unnoticed)
for our immune system and to explain the different course
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of the same disease in patients. An example of this is the
ability of some bacteria to be resistant to predation (PRB) by
unicellular eukaryotes. Packaged in vesicles or fecal pellets,
they have gained an evolutionary advantage for survival in
nutrient-poor environments, are more infectious than free-
living bacteria and possess increased resistance to antibiotics.
Packaged bacteria are a form of pathogenic bacteria that
cooperate with protozoa. Exocytosis is a process by which
protozoa can release hundreds of vesicles containing bacteria
from a single cell [10,11]. Vesicles range in size from 2 to 6
pum in diameter [12,13]. When inhaled particles are smaller
than 3.5 pm, they can penetrate the alveoli and part of them
are with this size. When the vesicles/pellets are aerosolized,
they can be transmitted over long distances. The aerosol
route of transmission is a major route of transmission for
many human pathogens. It is estimated that up to 50% of
lower respiratory tract infections of unknown etiology are
transmitted in this way [14-22].

Understanding the interactions between the host and
its associated microbial communities, and their central role
in host biology, ecology, and evolution is essential for us.
Individual phenotypes should be viewed as expressions of
the relationships between the host and associated microbial
genomes. Symbiosis between species is at the heart of
the concept of the holobiont. It was formulated by Lynn
Margulis in 1991 and initially considered a simple biological
unit - a host and a single hereditary symbiont. Later, the
holobiont was viewed as a single entity between the host
and its associated taxonomically and ecologically diverse
communities of microorganisms or the microbiota. Within
this unit, interactions ranging from synergistic to antagonistic
occur. In Rosenberg E, et al. [19] introduced the term
hologenome, which represents the sum of the host genome
and the genomes of the associated microbial communities or
the collective genome of the holobiont. The human genome
contains about 20,000 genes, but our hologenome contains
>33 million genes [15-22]. Understanding the causes of rapidly
increasing antibiotic resistance has also expanded [23,24].
In respiratory diseases, our area of interest is the upper and
lower respiratory tracts, but in light of the holobiont concept,
it is not correct to consider the interactions in the different
ecological niches of the human body separately.

The human microbiota is a natural community in which
microorganisms are in constant contact and natural selection
governs its dynamics. Bacterial communities must meet the
following criteria: stability, consistency, reproducibility under
different conditions and metabolic activity. According to the
“Black Queen” hypothesis, during the evolution of natural
communities, positive interactions in complex habitats are
strengthened by gene loss, leading to dependencies between
interacting microorganisms [25,26]. Over time, interactions
between strains become so complex that individual strains
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cannot thrive on their own. The theory suggests that
dependencies between microorganisms, especially those
of a nutritional nature, not only improve their vitality, but
also strengthen their bonds against competitors, cheaters
and stress. Analyses show that metabolic dependencies are
major drivers of species coexistence in nature [27]. Sharing
primary metabolites is crucial for positive interactions.
According to D‘Sousa, cross-feeding is extremely important.
Microorganisms use two ways to obtain these metabolites.
The first is by sharing hydrolytic extracellular enzymes such
as invertases, lipases and proteases, which directly degrade
the available substrates from the total pool of molecules.
In the second, we observe cross-feeding, in which one
microorganism/donor converts a primary substrate into a
product that is subsequently used by another/acceptor [28].

Microbiota Composition

Four kingdoms - archaea, viruses, bacteria and fungi
mainly form up the human microbiota and in part of the
population parasites. It performs trophic, metabolic and
protective functions. The metabolic activity of the intestinal
microbiota(predominant) is expressed in the regulation of
positive or negative metabolic homeostasis, the formation
of an anaerobic environment that suppresses the virulence
of pathogens and induces immune tolerance. Its metabolites
are products of the metabolic pathways of tryptophan (Trp),
histidine (His) and phenylalanine (Phe). The protective
function is expressed in the production of bacteriocins that
inhibitthe growth or survival of the pathogens and the trophic
one is expressed in the mobilization of bacteriophages that
attack specific bacterial strains, minimizing their impact
on the commensal microbiota. The colonization of the host
occurs in waves during ontogenesis and through various
mechanisms enters into constant contact with it.

Archaea

The archaeome is the least studied component of the
human microbiota. Archaea inhabit the skin, gastrointestinal,
urogenital and respiratory tracts. The complexity of their
study is due to their similarities and differences with bacteria
and eukaryotes, and at the same time, the possession of a
combination of their specific features. Itis estimated that they
represent 1.2% of the human microbiota. Their diversity, like
other components of the microbiota, depends on ethnicity,
diet, habitat and age. Most gut archaea metabolize H, and
CO,, and release methane during exhalation and flatulence.
Therefore, they are called methanogens. Their abundance
suggests two types of people - those emitting significant
amounts of methane and those with about 1000 times less
gut archaea. Methanogens are an important participant in
the gut community. On the one hand, bacteria produce H,,
a key substrate for the growth of archaea, and they support

Avramov T. The Holobiot and the Possibilities for Intervention in the Interspecies
Interactions of the Microbiota. Otolaryngol Open Access ] 2025, 10(1): 000308.

Otolaryngology Open Access Journal

the growth and metabolism of their bacterial “partners” and
thus participate in shaping the phenotype. The production of
adhesins and the formation of biofilms facilitate their ability
to survive in the host, which in turn uses various strategies
to control them. Archaea-bacteria-host interactions are
increasingly associated with human health, but are still in the
early stages of study due to the availability of only indirect
evidence for this. Alterations in the composition of the
archaeome have been associated with inflammatory bowel
disease (IBD), colorectal carcinoma (CRC), periodontitis
and vaginosis. Methane can slow intestinal motility,
causing constipation and is often associated with irritable
bowel syndrome (IBS). Studies on animal models indicate
that archaea can probably activate human immune cells
and methane can provoke increased production of anti-
inflammatory molecules, and promote reduced production
of pro-inflammatory ones. So far, there is no evidence that
they can independently cause disease in humans.

Virobiota

The virobiota is a poorly understood component of
the microbiota. Its main components are prokaryotic
(bacteriophages), eukaryotic, and human-specific viruses
(human endogenous retroviruses - HERVs). [29,30].
Eukaryotic viruses infect human cells, intestinal fungi and
parasites. They are mainly RNA viruses Prokaryotic viruses
infect bacterial cells. Bacteriophages were discovered and
described by Twort in 1915. They are single-stranded(ss)
and double-stranded(ds) DNA and RNA, with dsDNA phages
predominating. They constitute about 90% of the intestinal
virobiota. Phage infecting bacteria are about 10 times
more numerous. Antibiotic treatment provokes increased
interactions between phages and bacteria [31-33]. By
interacting with symbiotic bacteria, phages colonizing the
human body shape the structural and functional composition
of bacterial communities in the different anatomical zones
of the human body. This occurs by lysing bacteria and
generating new phage particles or by integrating the phage
genome into the bacterial one. This leads to the emergence
of new phages, changes in bacterial vitality and phenotype
(host bacteria), transmission of genes of antibiotic resistance
and virulence, changes in the ability of bacteria to produce
toxins, increased tolerance to oxidative and acid stress, and
improved energy utilization.

To understand the interactions in the microbiota, it
is necessary to know the composition and structure of the
cytoskeleton in each ecological niche. This is important
because changes in mucosal immunity have not only local
but also systemic effects in distant areas of the human body.
The intestinal barrier plays a critical role in our health,
maintaining the tolerance of the intestinal microbiota,
participating in the absorption of nutrients and protecting
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against pathogenic invasion. It is composed by mucus layer,
epithelium and lamina propria. Mucus is a gel-like layer with
variations in thickness, composed mainly of glycoproteins or
mucins secreted by goblet cells. Beneath it is the epithelial
layer, which includes intestinal epithelial cells, immune
cells, microbiota and metabolites. Intestinal cells include:
enterocytes, goblet cells, enteroendocrine cells, M cells and
Paneth cells. They are connected by tight junctions (T]s),
which regulate paracellular transport. Reduced expression
of TJ proteins (occludin, claudin, JAMs and ZO-1) results
in increased intestinal permeability. It is also the reason
for bacteria and their components - lipopolysaccharides
(LPS), antigens and toxins to enter the lamina propria and
trigger an inflammatory response. Intestinal cells express
specific pathogen recognition receptors (PRRs) on their
surface: TLRs (Toll-like receptors), C-type lectin phage
receptors, RLRs-retinoic acid inducible gene (RIG)-I-like
receptors and NLRs-nucleoide binding oligomerization
domain (NOD) like receptors. They control the composition
of the intestinal microbiota - they distinguish pathogens
from non-pathogens. These cells have effector functions
- Paneth cells secrete antimicrobial peptides, M cells are
responsible for antigen uptake, phago- and transcytosis,
and goblet cells secrete mucus. The epithelium has various
lymphoid accumulations, among which the most important
are Peyer’s patches, composed of B-cell follicles and T-cell
areas. They participate in the adaptive immune response,
mucosal immunity and are the main source of IgA, an effector
molecule of adaptive immunity. Beneath the epithelial layer
is the lamina propria, rich in immune cells - macrophages,
dendritic cells and T, and B cells. The balance between anti-
inflammatory (Tregs) and pro-inflammatory T cells (Thl,
Th2 and Th3/Th17) plays a major role in the homeostasis
of the intestinal mucosa [34-40]. By interacting with host
cells, phages induce inflammatory and antiviral immune
responses through activation of virus-discern receptors,
secretion of pro-inflammatory cytokines and activation of
adaptive immune responses without the involvement of
host bacteria. Phages also participate in the regulation of
anti-inflammatory mechanisms of the immune system, on
the one hand by eliminating bacterial pathogens and on the
other hand by directly interacting with pro-inflammatory
cytokines, they reduce the overproduction of reactive oxygen
species (ROS). They can also directly suppress bacterial
growth by binding to intestinal mucosal cells [41-45]. Phago
specific secretory IgA is a key regulatory factor limiting
phage activity [46]. Immune regulation against viruses is
modulated primarily by the intestinal microbiota.

Human endogenous viruses (HERVs) have integrated
into the human genome and represent about 8% of it. They
are transmitted from generation to generation through
vertical transfer. Until recently, they were considered ,junk”
or DNA withoutbiological function. Asaresult of accumulated
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mutations over tens of millions of years, the majority of them
are ,defective” or non-pathogenic, but there are also those
that have the potential to assemble and trigger the immune
response through pathogen recognition receptors (PRRs)
or ,viral switches” Transcriptional activation of HERVs
can induce insertional mutagenesis and chromosomal
rearrangements, leading to altered cellular gene expression.
In addition to regulatory processes(immunity - participation
in the interferon response, brain and placenta development),
their DNA sequences are also associated with regulatory
proteins in cancer cells (21 types of cancer) [47-50].

Benign viral load was observed in healthy controls.
Resident viruses (phages and HERVs) are a powerful
regulator of immunity, especially intestinal, by sending
constant stimuli to the immune system, but without the
manifestation of symptoms. They maintain the balance
between homeostasis and inflammation in the human body:.
The number of bacteriophages in the human intestine is
estimated at 10'. Most enteric viruses (mainly phages) are
strictly dependent on their hosts and are difficult to culture
[51]. The commensals Firmicutes and Proteobacteria in the
small intestine and Bacteroides in the colon are responsible
for maintaining mucosal integrity and immune tolerance. The
former two genera have been shown to harbor the majority
of lysogenic phages, which in turn prevent their infection by
other lytic and lysogenic phages through the phenomenon
of superimmunity, in which preexisting infection protects
against reinfection or infection by closely related viruses [52].
Eukaryotic viruses and bacteriophages interact with mucosal
immune cells. Viral genomes are recognized by intracellular
and cytosolic receptors in epithelial and innate immune
cells and these are viral RNA - TLR3, TLR7 and TLRS8, NLRs
and RLRs and DNA receptors - endoplasmic TLR9 and the
cytoplasmic cGAS-STING pathway. Activation of the receptors
triggers the production of NF-kB, IRF3 and IRF7 inducing the
production of antiviral mediators such as type I IFN, cytokines
(IL-1 and IL-6) and chemokines (CXCL8 and CXCL10). The
action of these mediators on epithelial and immune cells
promotes the formation of an antiviral environment that
prevents pathogenic viral colonization [53].

Rapid colonization ofthe humanbodybeginsimmediately
after birth through contact with the mother‘s skin, milk and
vaginal mucosa. The gut of infants is free of microorganisms
at birth, but within a few hours there is an increase in
microbial diversity. During the first 4 days, there is a poor
bacteriome and a rich phageome, while at 2 years of age the
bacteriome is rich and diverse, and the phageome is poorer
[54]. The phages that initially colonize the gut are induced
phages, originating from the bacteria that first colonize the
baby. For example, bifidobacteria transmitted through breast
milk contain prophages known as bifidophages [55]. Early in
life, the abundance of temperate phages is high because the
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biomass of bacterial species is low or there is a shortage of
potential hosts. As the infant grows, along with the expansion
of bacterial species in the different niches of the gut, there
is also increased colonization by virulent phages from the
crAss-like and Microviridae families, which stabilize in early
childhood. In adults, the virome is already abundant and
highly resistant and consists mainly of the aforementioned
families. These families are considered specific to human
hosts, with only some being shared between individuals -
50% of the phageome is unique to each individual [56]. The
synchronous colonization of the human body by viruses and
bacteria is due to their close interactions. The composition of
the gut virome is very dynamic.

Interactions between phages and bacteria are positive -
inactive/dormant lysogenic phage provides an evolutionary
advantage in replication and survival of the host and negative
- predatory association (lytic phages). Predatory association
is highly specific because it selectively infects only a certain
host ignoring other bacteria. Phages are temperate and lytic
or non-temperate. The former prevail and are characterized
by a lysogenic life cycle in which they integrate into the
chromosomes of bacterial hosts as extrachromosomal
episomes or prophages. The latter can target bacterial “prey”
by recognizing specific receptors on the membrane and
through lysis, can penetrate layer by layer into the bacterial
biofilm and destroy it by their depolymerases, exopolymer
degrading and endolytic enzymes [57]. Phage predation and
lysogenic transformation of bacterial cells play a key role
in horizontal gene transfer and the regulation of bacterial
abundance. Phage insertion can either alter bacterial genes
and suppress their functions or encode genes that enhance
the ability of host bacteria to expand their ecological niche.
The transduction of genes responsible for toxin production
(Shiga toxin) and antibiotic resistance by phages has been
well studied [58,59]. Genes encoding prophages can cause
lysis of related strains and reduce competition (kill relatives).
Prophages also have the ability to be transmitted to the host's
offspring through vertical transmission [60].

Adverse conditions can induce prophages to enter a
lytic replication cycle. The mechanism underlying prophage
induction is due to DNA damage, which destabilizes the
repressors of prophage induction. The rate of phage induction
is regulated by a signaling pathway called quorum sensing
(QS). The effect of prophage induction can be beneficial
or detrimental depending on whether it is activated in
pathogenic or commensal bacteria. Their induction can
create a huge burden on the bacterial host and the potential
to alter the composition of the gut microbiota [57]. Another
type of association is mutualism - virions carry lysogens
(idiot genes) that have no role in the life cycle of the virus
but provide benefits to the bacterial host. Most intestinal
bacteria are colonized by more than one temperate phage.
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On the one hand, temperate phages help the bacterial host
to adapt due to the expression of newly acquired phenotypes
-resistance to other phage superinfections, resistance to
antibiotics, increased genomic complexity, evolution of new
pathogenic forms and tolerance to stresses, while on the
other hand, lysogenic phages, by integrating their genome
with that of the bacterial chromosome, avoid recognition and
elimination by macrophages [61].

The diversity and composition of the phageome are
determined by diet, age, diseases, therapies and environment
[62,63]. Diet is the most significant differentiating factor
for the gut virome. Identical diets across individuals have
the potential to make the microbiota more similar in phage
composition, but not identical [55].

Bacteriota

The bacterial component of the microbiota evolves
simultaneously with its human host, as organisms constantly
move through the commensal-pathogen continuum. Its
composition and abundance can be regulated by phages. The
upper respiratory tract microbiota of healthy individuals
contains several genera. During the first year of life, the
genera Staphylococcus, Streptococcus, Corynebacterium,
Moraxella, Haemophilus and Alloicoccus/Dolosigranulum
predominate. After the third year Staphylococcus,
Streptococcus, Corynebacterium, Prevotella, Veillonella,
Propionibacterium and Fusobacterium are most commonly
found. Corynebacterium, Dolosigranulum, Streptococcus
epidermidis, and Staphylococcus lugdunensis are primarily
responsible for reducing the incidence of disease caused by
S. pneumoniae, H. influenzae, S. aureus and M. catharralis.
The gut microbiome is predominantly anaerobic and
the predominant genera are Firmicutes, Proteobacteria,
Bacteroides and Ruminococcus [64-70].

The bacterial component consists of transient and
permanent members. Transients are opportunistic
pathogens responsible for infectious diseases and most
commercially available probiotics. The permanent members
are most of the non-pathogenic bacteria - colonizers or
commensals, living in symbiosis with the macro-organism.
They colonize the host in waves during ontogenesis and
through various adaptation mechanisms enter into a
permanent relationship with it. While primary colonization
can last for months, subsequent waves are shortened and in
adults reach 2-4 weeks. Commensals are protected by innate
immunity by localizing in the surface layer of the mucous
membrane, while the acquired one kills pathogens that
have invaded the deep layer through lysis. Pneumococcus,
although considered the main cause of pneumonia, is
a member of the healthy nasopharynx in eubiosis, as
Staphylococcus aureus and other microorganisms. From
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the permanent members, those bacteria that have an
immunomodulatory effect are called autobionts and those
that can cause diseases are called pathobionts. They are also
permanent members, but in limited populations. In eubiosis,
autobionts and pathobionts are in perfect balance with the
host. Autobionts are an evolutionarily developed part of the
normal microbiota, actively participating in the immune
regulation of the host and the maintenance of health [71].
The regulation of the host immune responses is carried out
through their influence on the maturation and functioning
of different types of immune cells - IgA secreting plasmotic
cells, Th17, Treg lymphocytes, invariant natural killer T cells
(INKT), NK cells, macrophages, dendritic cells (DC) and etc
[72]. The immune effects controlled by the microbiota also
play an autoregulatory role on the microbiota itself. IgA
secreting plasmatic cells induced by commensal bacteria are
involved in the control of their number and composition, a
mechanism also observed in limiting the activity of phages
[73,74]. The gut microbiota controls immune status in an
effector or regulatory manner [75]. The barrier function in
the nose and nasopharynx is expressed in direct competition
and indirect immune modulation between commensal and
potentially pathogenic bacterial species. When pathogens
attempt to colonize mucosal surfaces, they elicit a strong
immune response aimed at clearing them.

Mechanisms used by commensals in eubiosis to
suppress pathogen colonization: Induction of IFN-A
secretion from the nasal mucosa.

e secretion of antimicrobial peptides, bacteriocins and
proinflammatory cytokines.

e influence on the adaptive immune response and
generation of immune memory. Streptococcus mitis
induces cross-reactive immunity (antibodies and IL-17)
to S. pneumoniae in mice. The same has been observed
with Neisseria lactamica and N. meningitidis.

e production of antibiotics. Staphylococcus lugdunensis
produces lugdunin, an antibiotic with bactericidal
activity againstS. aureus and S. pneumoniae. Lactobacillus
reuteri produces reuterin, which inhibits the growth
and development of a number of bacteria and fungi.
Streptococcus salivarius produces salivaricin A and B.

e inhibitionofbindingtomucousmembranes.Streptococcus
salivarius limits the binding of S. pneumoniae. The genus
Corynebacterium competes with pathogens of the URT.

¢ possibility of commensals of the genus Streptococcus to

destroy the formed biofilms (hypothesis) [76-86].

Intestinal autobionts in healthy hosts produce
indole-3-propionic acid (IPA), which regulates positive
and negative metabolic homeostasis. IPA is a tryptophan
product produced mainly by Clostridium sporogenes. It is
associated with the maturation of lung cells, prevents allergic
inflammation of the respiratory tract and the development
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of asthma. Patients with low IPA levels in the blood also
have insulin resistance, overweight, a tendency towards low-
grade inflammation and symptoms of metabolic syndrome,
unlike those with high IPA. It is characterized by a negative
relationship with polymorbidity. Patients with operational
taxonomic units (OTUs) including Ruminococcus, Alistipes,
Blautia, Butyrivibrio and Akkermansia are in the high IPA
group, while in the low IPA group we observe an abundance of
Escherichia-Shigella, Megasphera and the genus Desulfovibrio
[87]. The use of antibiotics in the first year of life may have an
undesirable effectleading to a decrease in beneficial bacteriain
the intestinal microbiota and causing a cascade of potentially
harmful effects. It is associated with a high risk of developing
various health problems, including those mentioned above.
Fungal dysbiosis and colonization with specific fungi can
further exacerbate the manifestation of allergic diseases.

Extremely close relationships between microbiota
components may have beneficial effects. C. albicansbiofilms
promote recolonization of the gut by Bacteroides after
antibiotic therapy, possibly due to the hypoxic environment
created, facilitating the growth of anaerobic bacteria. In
monocolonization, C. albicansor Saccharomyces cerevisiae
(together antagonists) support the establishment of
intestinal homeostasis and protect us from virus-induced
lung inflammation and intestinal barrier disruption [88,89].
We need to better understand the interactions between the
intestinal commensals responsible for IPA production, the
factors activating or repressing the genes for production, and
the possibility of transduction of genes responsible for toxin
production or antibiotic resistance by phages. Changes in
taxonomic composition have been directly linked to various
inflammatory diseases such as inflammatory bowel disease
(IBD) and asthma. An increased amount of histamine-
secreting bacteria in the intestines has also been observed in
patients with asthma [90-92]. In addition to antibiotics and
diuretics, opiates, beta blockers and other medications can
provoke histamine release in one or another way. Induction
of the DNA repair system or SOS response is associated with
the regulatory response of bacterial cells against the loss of
phageome and gut microbiota diversity, pathogenic bacteria
in the gut and the induction of prophages [93,94] Lactobacillus
reuteri is thought to induce the SOS response by activating
specific metabolic pathways used in the GIT [61]. Our ability
to use it as a probiotic monoproduct during the first 3 years
of life after antibiotic therapy will likely allow us to reduce the
potential risk of developing health problems in atleast some of
the patients, restoring the lineage specificity of the microbiota.

Antonie van Leeuwenhoek (1632-1723) was the first
that investigate the possibilities of coexistence between
bacteria and developed the concept of surface-attached
microorganisms in the form of dental plaque. Bacteria exist
in the human body as individual planktonic forms and in
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organized ecosystems (biofilms). Up to 99% of bacteria in
the human body exist in the form of biofilms. It is a complex
system in which individual planktonic forms fuse and attach
to various surfaces through glucoconjugated bonds and
form an exopolysaccharide matrix. After maturation, the
biofilm releases cells that are directed to colonize another
surface [95]. It usually contains several strains of bacteria
and fungi. The oxygen tension gradient determines the
increased metabolic activity at the surface of the matrix
and the reduced/quiescentce in the deep layers. The spatial
arrangement of the different strains in the biofilm determines
the positive and negative(competition) interactions. Its cells
are constantly in contact with each other through chemical
signaling or quorum sensing (QS), similar to the regulation
of the rate of phage induction. The molecules involved in
QS can modulate the spatiality between the interacting
microorganisms. Two types of signaling molecules
determine the expression of specific genes responsible
for the synthesis of biofilm components, bacteriocins,
spousal transfer of plasmids and the stress response.
These molecules or autoinducers have a function similar to
signaling hormones and when accumulated, trigger a cascade
of events when a threshold concentration or quorum is
reached. Communication between bacterial cells involves the
production of self-secreted extracellular signaling molecules
that accumulate in the local environment and correlate with
cell density. They are: acyl homoserine lactones (AHLs),
autoinducer-2, oligopeptides, diffusible signaling factors
(DSFs) and autoinducing peptides (AIPs). After reaching a
threshold concentration, the molecules signal back to the cell,
coordinating the expression of virulence factors, sporulation
and biofilm formation. In gram-positive (+) bacteria, an
autoinducing peptide (AIP) or peptide pheromone has been
found that provides a species-specific communication signal
[96-98]. Biofilms are characterized by their high degree of
resistance to antibiotics and host immune mechanisms - low
susceptibility to opsonization and phagocytosis [99].

Mycobiota

The mycobiota or fungal component consists of transient
and permanent members similar to the bacterial ones. It
is less abundant and diverse than the other components.
It includes the following genera: Candida, Saccharomyces,
Fusarium, Debaromyces, Penicillum, Pichia, Cladosporium,
Malassezia, Aspergillus, Cryptococcus and others. It works
in synergy with the other components of the microbiota,
modeling the immunity and physiology of the host. Transient
opportunistic fungal pathogens enter the body from
environmental reservoirs and are responsible for diseases
due to local or systemic suppression of the immune system.
They cause superficial infections of the skin, hair and nails,
chronic pulmonary fungal infections and systemic infections
with a mortality rate up to 90%. Permanent members are
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commensals living in symbiosis with the macroorganism.
Among them there are also opportunistic fungal pathogens.
Colonizing the host during ontogenesis, through various
adaptation mechanisms they enter into a permanent
relationship with it. Fungi constantly pass through the
commensal-pathogen continuum, but in eubiosis they are in
balance with the host. From opportunistic fungal infections
capable of causing systemic diseases in humans, the most
studied are the species Candida albicans, Cryptococcus
neoformans and Aspergillus fumigatus. Candida albicans is
a commensal in about 50% of healthy adults, colonizing the
gastrointestinal, urogenital tract and skin. Fungal pathogens
undergo different morphological states using a complex of
adaptive mechanisms and virulence factors, exude proteases
and toxins that aid adhesion, penetration into host tissues,
and evasion of the immune system [100-103].

Complex interactions between viruses, bacteria and fungi,
and possibly archaea, play an important role in human health.
Fungi and viruses engage in symbiotic, synergistic, competitive
and predatory interactions. Synergistic interactions such
as disruption of epithelial integrity, suppression of cellular
immunity through defective antigen-specific cytotoxic T
cell responses, impaired phagocytic activity, production of
cytokines and reactive oxygen species (ROS), and formation
of extracellular neutrophil traps (NETs) create conditions
for fungal coinfection. Mycoviruses can directly infect fungi,
affecting their genotype and virulence. Bacteria influence the
growth and virulence of fungi and the latter regulate bacterial
pathogenesis. Bacteria modulate virulence characteristics
- hyphal formation in Candida albicans, germination in
Aspergillus fumigatus and capsule formation in Cryptococcus
neoformans, melanization and induction of titan cells. Bacteria
help in the formation of biofilms by C. albicansand A. fumigatus
- adhesion, hyphal morphogenesis, maturation and dispersion
have been followed in detail in C. Albicans (Table 1).

+ Positive interactions between fungi and viruses:

Fungi Viruses

Influenza virus(104)
SARS-CoV-2(105)
PIV(106)
CMV(107)

HRV
AdV(108)
Mucorales - CAM(mucormycosis) | SARS-CoV-2(109-113)

HIV

Influenza
virus(114-118)

Table 1: Positive interactions between fungi and viruses.

Aspergillus fumigatus

Pneumocystis pneumonia(PCP)
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e Observed positive interactions between fungi and
bacteria:

1. Modulation of virulence traits in bacteria

2. inhibition of iron uptake and quorum sensing in P.
aeruginosa

3. alpha toxin production in S. aureus

4. Stimulation of fungal growth: reduced colonization
of Lactobacillus spp. leads to an increased risk of
vulvovaginal candidiasis [119,120]

5. The presence of the extracellular molecule N-(3-
oxododecanoyl)-L-homoserine lactones(AHL) in the
biofilm environment increases the resistance of C.
albicansto the most commonly used antifungal agent
fluconazole by expression of the efflux pump and
activation of stress response pathways [121].

6. C. albicanssecretion ethanol during growth stimulates
the production of phenazine derivates by P. aeruginosa,
which further increase fungal secretion of ethanol.
Ethanol reduces the ability of macrophages to clear
P. Aeruginosa and phenazine derivates cause direct
damage to the epithelial lining [122].

7. Formation of polymicrobial biofilms of C. albicanswith
Streptococcus spp., P. aeruginosa and S. aureus
Coexistence with Streptococcus spp. allows additional
colonization of fungi in the oral cavity. S. oralis promotes
the spread of C. albicansand biofilm formation in mice,
increased expression of proinflammatory cytokines,
tissue inflammation and immunopathogenesis [119-123].

8. Modulation of virulence traits in fungi. S. sanguinis and
Actinomyces odontolyticus in the early stages of biofilm
formation increase the virulence of C. Albicans [124].

e Observed negative interactions between fungi and
bacteria:

Inhibition of fungal growth and proliferation:

1. P aeruginosa, due to the extracellular signal molecule
N-(3-oxododecanoyl)-L-homoserine lactones(AHL) in
the local environment, can adhere to the filaments of
C. albicans, which leads to the death of the fungal cells
[125,126].

2. P aeruginosa can also inhibit the growth of C. albicansby
producing phenazine compounds - pyocyanin and
in subconcentration inhibits hyphal morphogenesis
[123,127]

3. Lactobacillus spp. inhibit the proliferation of C. albicansby
secretion of fatty and other weak organic acids

4. Lactobacillus spp. by secretion of cyclic dipeptides inhibit
fungal growth [128-130]

5. Actinomyces israelii, P. aeruginosa, Prevotella nigrescens
and Porphymonas gingivalis in the oral cavity inhibit the
growth of C. albicans.

6. In the intestine, Escherichia coli kills C. albicansin
a magnesium-CD4-dependent manner, depleting
magnesium in C. albicans.
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7. Many bacteria, including opportunistic pathogens such
as C. difficile, secrete short-chain fatty acids (SCFA) into
the colon. These inhibit the growth, filamentation and
biofilm formation of C. albicansin vitro. [11] When murine
models susceptible to C. albicansinfection were treated
with antibiotics, significantly reduced levels of SCFA
were observed in the cecum and high fungal loads were
observed in the feces. This demonstrates the importance
of SCFA in suppressing C. albicansover growth in vivo.
Generation of strains of C. albicansthat are unable to form
hyphae but that stimulate anti-inflammatory cytokines,
providing cross-protection against other intestinal
inhabitants, can also be observed [131].

Inhibition of Fungal Virulence Markers

Salmonella enterica serovar Typhimirium is able to
regulate the virulence of C. albicansin an experimental
models [123,132].

Parasites as an additional member of the microbiota

Helminths are parasitic worms that infect a variety of
hosts. It is estimated that about 2 billion people worldwide
are infected with helminths. It has been shown that the
interaction between helminths and the host immune
system induces immunomodulatory and immunoregulatory
mechanisms that ensure their survival in the host.

Immune interactions between the human immune
system and parasites

Helminths induce a Th2 intestinal immune response
characterized by activation of DCs, type 2 macrophages(M2),
Tregs, Bregs, Eo, Ba and MCs. This leads to the release of
cytokines (IL-4,1L-5,1L-9,1L-10,1L-13,1L-21,IL-25,1L-33) and
transforming growth factor (TGF)-B signaling to CD4+ and
CD8+ T cells of the adaptive immune system [133-137]. The
chronic intestinal infection favors the pathogenesis of most
viruses. Helminths induce strong Th2 cytokine responses
that counteract the effect of IFN-y on the Th1 response and
polarize anti-inflammatory type 1 macrophages (M1) toward
regulatory type 2 macrophages (M2). They are an example of
the ability of a pathogen to modify the immune response to
a related or unrelated pathogen, which results in enhancing
or weakening tolerance, protective immunity and causing
immunopathology. Heterologous immunity is observed in
protozoa, parasites, bacteria and viruses.

There are observations in favor of this thesis in ulcerative
colitis. The cause of the disease is unknown, but it is assumed
to be related to abnormal immunological reactions of the body
to bacteria found in the colon. Interestingly, infection with pig
whipworm in some patients led to a decrease in inflammation,
changing the local immune response. It is important for us
to understand and use these changes in immune responses
in the diagnosis and treatment of some viral infections. The
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transition from a Th1 intestinal immune response to a Th2
response upon infection with intestinal helminths causes IL-
4-enhanced viral replication and blocks the antiviral effects
of IFN-y by regulating the viral latent-to-lytic switch gene 50
[138]. In infected mouse models, reactivation of latent herpes
infection has been observed. Again, in such models, the induced
Th2 immune response induces Eo recruitment, provokes Eo
IL-5 and IL-33 inflammatory cascade, which enhances vaginal
epithelial necrosis induced by HSV-2 infection.

In a study conducted in Peru, an increased level of
human papillomavirus (HPV-DNA) infection was observed
in women infected with helminths. HPV is considered one
of the most common human viruses. Most HPV infections
are transient, very often pass without almost any symptoms
and do not lead to medical problems (clinically insignificant
infections). 70% of present HPV infections disappear within
a period of about one year and 90% of them are completely
curable within two years. For us otolaryngologists, recurrent
respiratory papillomatosis (RRP) represents of interest. The
first reports of this were by Boyle, et al. [139], Spoendlin, et
al. and Arnold [140]. The lesions received their current name
by Morell Mac Kenzie in 1871 [141]. Many lesions are initially
asymptomatic and subsequently manifest as a voice change.
HPV infection/RRP is a disease characterized by recurrent
proliferation of benign squamous cell papillomas in the larynx
and other parts of the aerodigestive tract. Much has been
written, but little is actually known about this relatively rare
disease. Only 5% of patients have involvement of the trachea
and proximal bronchi, and less than 1% have involvement
of the lung parenchyma. In aggressive forms, the interval for
spread from primary involvement of the larynx to spread to
the lower respiratory tract is usually 12 years, but there are
also patients in whom spread occurs much faster. It represents
a serious clinical problem due to its localization, resistance
to the therapies carried out, frequent relapses, spread to the
lower respiratory tract and esophagus (aggressive forms) and
the possibility of malignant transformation into squamous cell
carcinoma. Suppression of the Th1 immune response may be
the basis for its spread and frequent relapses.

Our observations from immunological studies
performed in patients with RRP treated with BCG (Calgevax)
according to the scheme showed that it is a chronic viral
infection and the effectiveness of the antiviral response
depends on the cytokine response. With the administration
of BCG, we increase the effectiveness of the antiviral T-cell
response by restoring the Th1/Th2/Th17 cytokine balance
and inducing Treg differentiation. The latter prevent
the depletion of effector clones in the setting of chronic
infection and promote the development of a protective T-cell
immune response. Our results in the treatment of patients
with persistent HPV infection showed that BCG (Calgevax)
stimulates the secretion of Thl cytokines (IFNy and IL-2)
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and potentiates the differentiation of Treg at the expense
of proinflammatory Th17. This prevents the deepening of
inflammation, overstimulation and exhaustion of virus-
specific T cell subpopulations [142,143]. The treatment
showed an increase in the duration of remissions in the
patients, but not a cure (Figures 1 & 2).

Reduction in Th17 percentage after initiation of
therapy

Figure 1: Percentage of Th17 (CD4+IL17+) cells in patients
with RRP after 12 hours of stimulation with PHA of whole
blood samples from patients with RRP (at (0), 6, 12, 20
months) after the start of Calgevax treatment, *p<0.01,
Man-Whitney.

Normalization of IFNy / IL-4 and IFNy/IL-10 levels
at the 20th month of immunotherapy as a result of
increased IFNy secretion.

Figure 2: A,B: Cytokine background in RRP patients. A: IFNy
/ IL-4 and B: IFNy/IL-10 ratios after 12 h of PHA-stimulation
of whole blood samples from patients with RRP (at (0), 12,
20 months after Calgevax therapy), Significant difference in
comparison with month 20, *p<0.01, Man-Whitney.
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In none of the patients treated and monitored by me
has a family predisposition been established and I have not
tested for helminth carriage.

Mohd Israr et al. in their studies, found Th2/Treg
polarization of acquired immunity in papillomas and blood,
increased numbers of immature Langerhans cells (iLCs) and
increased expression of cyclooxygenase-2/prostaglandin
E2 (PGE2) in the upper respiratory tract. When comparing
monocytes (Mo) extracted from blood and iLCs from tissues
of RRP patients and controls, innate immune dysregulation
was observed in RRP patients. In these patients, monocytes
generated fewer iLCs than controls due to a reduction in the
subpopulation of classical Mo. The authors also observed
increased levels of PGE2 in the plasma of patients, responsible
for reduced Mo-iLC differentiation. Cytokine/chemokine
responses in infected and healthy controls also showed
differences. Freshly extracted tissue-derived iLC expressed
little CCL-1 and increased CCL-20, which did not respond
to IL-36y stimulation. Therefore, the authors concluded
that monocyte/iLC innate immunity is impaired in patients
with RRP. They suggested that the immunosuppressive
papillomavirus microenvironment is likely responsible for
the altered responses of immature Langerhans cells and
similar to PIV infection, supports Th2-like/Treg HPV-specific
adaptive immunity in RRP [144].

It remains to be clarified whether helminths responsible
for chronic intestinal infection, by modifying the immune
response to related or unrelated pathogens, favor viral
pathogenesis or genetically variations in the innate and
acquired immunity of a part of the human population
facilitate the modification of the host immune responses to
helminths and viral pathogens. Since RRP is rare, it remains to
be clarified whether the immunosuppressive papillomavirus
microenvironment manifests itself only in a combination of
the aforementioned factors.

The upper and lower respiratory tracts possess different
ecological niches, which are a combination of taxonomically
rich, such as the nose, naso- and oropharynx, and scarce,
such as the sinuses and lower respiratory tract, as well as
the middle ear. Anaerobic microorganisms are predominant.
Loss of oral-nasopharyngeal distinction usually precedes
respiratory tract infections [145-148].

Benign carriage in healthy controls suggests a viral
load similar to that of commensal bacteria [149]. Most
eukaryotic viruses are RNA, whereas prokaryotic viruses are
up to 99% DNA. DNA viruses are thought to have evolved
over millions of years, while RNA viruses have adapted to
the human population over about 1000 years. From DNA
viruses, 87% have adapted, while only a small proportion
have done so in RNA viruses. The adaptation has occurred
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through mutations, rearrangements or gene recombinations,
leading to the formation of stable viral lineages in the human
population. Some of them circulate asymptomatically until
new clinical manifestations are discovered. The origin of the
majority of human viruses is unknown, but the majority of
them can be categorized as , diseases of the crowd*, requiring
relatively high population densities to stabilize. Over time,
some viral species tend to disappear, while others evolve in
their natural hosts. Most often, new species arise as a result
of jumping from one host to another, crossing the species
barrier, with humans being simply an “accidental” host.
A small proportion of viruses are able to persist in certain
human populations (endemics) or spread between different
populations (epidemics). The metagenomic analysis, in
contrast to PCR-based analysis, showed the presence of
many more viral sequences in children with unexplained
fever. It is believed that the virome is a common cause of
upper respiratory tract diseases.

The respiratory viruses that most commonly attack
the human respiratory tract are: ssRNA - influenza virus,
parainfluenza virus (PIV), RSV, measles virus, rhinovirus
(HRV), coronavirus (CoV) and dsDNA - adenovirus(AdV)
[150]. Viral recognition by cells of the innate immunity
(detrital cells - DC and macrophages - M) activates a
signaling cascade leading to NF-kB-mediated induction
of proinflammatory cytokines IL-6, TNF and IL-1, and
IFN regulatory factor 3 (IRF3), as well as IRF7 mediating
the induction of IFN type I(IFN-a/B) and type III(IFN-A).
IFNs play a fundamental role in effective antiviral
immunity [151,152]. Most respiratory viruses, particularly
influenza and SARS-CoV-2, activate the nucleotide-binding
oligomerization domain (NOD)-like receptor family purine
domain-containing 3(NLRP3) inflammasome via virally
encoded hydrophobic proteins that oligomerize in host cells
and form hydrophilic pores. The two-step process of tissue
injury activates the NLRP3 inflammasome and through
activation of caspase-1 and IL-1, and IL-18 leads to the
recruitment of macrophages, monocytes and neutrophils to
the site of infection [153-159].

Provoked Immune Interactions

Various respiratory viruses bind to and infect epithelial
cells of the respiratory tract expressing specific receptors.
This requires knowledge of the cytoskeleton covering the
different parts of the respiratory tract. Pseudostratified
epithelium, composed of ciliated and secretory cells, covers
most of the upper respiratory tract and the trachea. Cuboidal
epithelium covers the lower respiratory tract. Squamous
alveolar type I cells, which are involved in gas exchange,
together with cuboidal alveolar type II cells, form the alveoli
[160] Influenza virus entry into cells is due to binding of viral
hemagglutinin to sialo-oligosaccharide receptors attached
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to the surface via a2,3 and a2,6 linkages. IAV (H1N1) binds
primarily to a2,6-linked receptors, which are prevalent on
non-ciliated cells of the upper respiratory tract, while avian
influenza H5N1 and H7N9 bind to a2,3-linked receptors on
ciliated epithelial cells of the lower respiratory tract.(161-
165) SARS-CoV and SARS-CoV-2 primarily target type Il
pneumocytes expressing angiotensin-converting enzyme 2
(ACE2), with infection of alveolar macrophages supporting
viral replication. However, SARS-CoV-2 also replicates in
the epithelium of the upper respiratory tract, allowing for
efficient transmission [166-169]. Productive viral infection of
specific epithelial cells determines the clinical manifestations
of the disease. Respiratory viruses cause a variety of changes
in the respiratory tract, including alterations in extracellular
matrix components that facilitate adhesion and damage to
the epithelial cytoskeletal complex that compromises barrier
function.

Determining the causes and mechanisms leading to the
replacement of a “healthy carrier” by viral pathogens can help
us understand the interactions between the virobiota and
viral pathogens, the establishment of individual infectious
risk and the dynamics of the course of the disease. Viral
interactions or interferences depend on:

e the ability of the interfering virus to induce a rapid IFN
response expressed in the expression of IFN-stimulating
genes(ISGs) type I(IFN-a/f) and type III(IFN-A), and
providing temporary non-specific immunity to the
host. The release of effectors that directly inhibit viral
replication - chemokines and cytokines, triggering viral
defense [170,171].

¢ the degree of sensitivity of the second virus to immune
mediators

e the extent to which different viruses counteract the
induction and antiviral effects of IFN and

¢ the pattern of virus-induced innate immune responses
in the respiratory tract [172].

e Depending on whether infection of the first virus
enhances or attenuates infection and replication of the
second virus, we observe a positive (synergistic) or
negative (antagonistic) interaction. The viruses can infect
the respiratory tract simultaneously or sequentially.

The creation of a division of labor (DOL) in positive
interactions allows for the reduction of their metabolic
burden. It is an association of strains that allows the
performance of complex tasks. Energetically expensive
pathways requiring cellular building blocks and ATP are
shared between strains. Giri in 2019 formulated four criteria
for determining whether interactions constitute DOL. They
are:

e functional complementarity - each partner in the
interaction performs a function better.
¢ the interaction involves a synergistic advantage.
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e the interaction is maintained over a long period of time.
e natural selection favors positive assortment.

Positive interactions between viruses allow a reduction
in metabolic burden by creating a division of labor. Positive
interactions have been observed with:
¢ SARS-CoV-2, RSV and pandemic influenza A (pH1N1)

[173]

e PIV1andPIV2
e RSV and HMPV

In HBV and HDV, the surface antigen of the former serves
as a receptor for the second (HbSg of HBV for HDV). These
are not respiratory viruses, but they clearly illustrate how
our defenses can be circumvented. Coinfection increases the
severity of the disease by excessive production of IFN and
proinflammatory cytokines or by reduced secretion of non-
inflammatory mediators such as IL10 [174].

In negative interviral interactions, we observe blocking
and/or reduction of cell surface receptors and competition
for cellular resources. They are homologous and heterologous
depending on whether the viruses belong to the same or
different families.

In homologous interaction, cross-reactive immunity
against the first virus prevents infection by the second virus.
A hierarchical pattern has been observed for IAVs (pH1N1,
H1N1 and H3N2) and time pattern for RSV, HMPV and PIV.
These are an expression of their taxonomic affiliation to the
same family.

In heterologous interaction the provoking of a non-
specific immune response by the first virus reduces or
prevents infection and replication of the second virus:
¢ coinfection with IAVs (H1IN1 or H3N2) in MDCK cells

inhibits RSV replication by removing sialic acid from the

cell surface and competing for viral protein synthesis

[175-177].

e oral administration of live enterovirus vaccines (LEV)
in children reduces the detection of some unrelated
respiratory viruses - influenza, PIV, RSV, HRV and AdV
[178,179].

e previous infection with [IAVs (H1IN1 or H3N2) prevents
subsequent infection with retroviruses.

e IBV prevents subsequent infection with RSV [180].

e BV reduces the rate of AdV infection [181].

¢ RSVreduces the rate of HRV infection.

e RSV reduces the probability of detection of HMPV.

¢ HRV limits the replication of SARS-CoV-2.

¢ HRV reduces the likelihood of IAV detection.

¢ Influenza and SARS-CoV-2 viruses employ a broader
range of mechanisms to evade IFN induction and
signaling compared to RSV, HMPV and HRV.

Copyright© Avramov T.


https://medwinpublishers.com/OOAJ/

The bacterial pathogens that most commonly attack
the human respiratory tract are: Gram(+) - Staphylococcus
aureus, Streptococcus pneumoniae, Streptococcus pyogenes
and Mpycobacterium tuberculosis, Gram(-) -Haemophilus
influenzae, Neisseria meningitidis, Bordetella pertussis and
in immunocompromised patients Pseudomonas aeruginosa
[182].

Viral-bacterial interactions play a critical role in the
pathogenesis of bacterial infections. Knowledge of the
interactions between viral pathogens with pathobionts and
exogenous pathogens will allow us to predict the severity of
respiratory diseases. We observe three types of interactions:
o the virus potentiates bacterial colonization
e bacteria enhance viral infection by activating host

proteases
e proteases of respiratory tract bacteria cause structural

changes leading to increased pathogenicity and tissue

tropism of the virus [183-187].

Together, viruses and bacteria cause diseases more
severe than those caused by either pathogen alone, which
explains why the majority of deaths during influenza
epidemics are due to secondary bacterial infections [188-
192]. They are expressed:

e Apriorviral attack, by damaging the mucociliary system,
facilitates bacterial colonization of the airway

e surface. In RSV infection, we observe loss of cilia in
human bronchial cells in vitro, and in influenza virus,
damage to the ciliated epithelium and bronchial
epithelial lining [193-195]. Disruption of epithelial
integrity impairs the mechanical clearance of pathogens
and facilitates secondary infection. Injured cells or
cells in an intermediate state of differentiation express
apical a5B1 integrin receptors to which bacterial and
fungal pathogens attach [196,197] Respiratory viruses
disrupt cytoskeletal organization, influence innate
immune responses (IFN-dependent induction of IFN-
stimulated genes) and using the enzyme neuraminidase,
they cleave mucins, which form a primary protective
barrier that prevents pathogens to reach the underlying
epithelium [198,199] Impairment of immunoregulatory
mechanisms prevents epithelial cells to control
hyperinflammation by releasing anti-inflammatory
mediators. This leads to uncontrolled inflammation,
tissue damage, immunopathology and increased
susceptibility to bacterial and fungal coinfections. In
severe influenza infection, the shedding of fibrinous
material and cells in the distal airways causes reduced
diffusion of oxygen and carbon dioxide. Hypoxia
affects the virulence of the pathogen and the immune
responses of the patient. Activated endothelial cells
release mediators, pro-inflammatory cytokines, platelet
activating factor and adhesion molecules that enhance
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tissue destruction and inflammation of the small airways
[200-205]. A hypoxic environment is an important factor
facilitating coinfection.

Virus-induced changes in host cell membrane potential
lead to increased bacterial adhesion. Viral glycoproteins
expressed on host cell membranes serve as bacterial
receptors. Alteration of the glucoconjugate structure
of murine nasopharyngeal mucosa caused by influenza
infection is associated with changes in lectin binding
[206,207]. The influenza virus hemagglutinin esterase
(HE) on infected MDCK cells serves as a receptor for
group B streptococci. As a possible mechanism for
staphylococci to attach to virus-infected cells in vivo, it
is assumed that the viral antibody serves as a receptor
for staphylococcal protein A. Staphylococci attack only
those mucosal surfaces that are damaged by the virus.
Immunoglobulin superantigens such as protein A of S.
aureus can bind to immunoglobulins secreted by mast
cells (MCs). Their activation leads to degranulation
and release of histamine and leukotrienes. Examples
of activation of MCs by bacterial superantigens include
enterotoxins A and B and superantigen-like proteins
(exotoxins) from S. aureus [208-211]. Injury to the
respiratory epithelium by other viruses may occur in a
similar manner [212,213]. RSV glycoproteins F and G
induce increased attachment of Neisseria meningitidis to
cells (214).

Viral infections suppress host defence mechanisms
against bacterial attack: nonspecific humoral factors,
nonspecificphagocytosisbyneutrophilsandmacrophages
early in the infection, and later specific antibody-
mediated immune responses. Suppressed chemokine
production leads to reduced neutrophil recruitment and
dysfunction due to defective myeloperoxidase (MPO) in
the area of inflammation, reactive oxygen species (ROS)
and formation of neutrophil extracellular traps (NETSs).
Influenza virus-induced polymorphonuclear dysfunction
underlies secondary pneumococcal disease. Its action on
human neutrophils in vitro causes reduced chemotaxis,
phagocytic activity and reduced bactericidal potency of
neutrophils and macrophages against staphylococci due
to impaired lysozyme production by both phagocytes
[215-218]. Interactions between neutrophils and effector
cells, monocytes and macrophages, lead to activation
of the macrophage inflammasome by respiratory
viruses and prevent their depletion during coinfection
with S. pneumoniae [219,220]. Monocytes induce
neutrophil activation and ROS production through type
I IFN secretion. Neutrophils and Mos also control the
maturation and proliferation of DCs. In patients with
severe COVID-19, errors in genes involved in regulation
cause defective monocyte activation and dysregulated
myelopoiesis with release of immature neutrophils
into the circulation. Flow cytometry analyses reveal a

Copyright© Avramov T.


https://medwinpublishers.com/OOAJ/

redistribution of monocyte subsets with a predominance
of intermediate monocytes with a hyperinflammatory
signature and the appearance of suppressor-like
monocyte myeloid cells. Excessive activation and/or
recruitment of phagocytes can lead to lung injury [221-
238]. Influenza virus is the most studied example of
a positive collaboration between a virus, bacteria and
fungus. Influenza primarily causes upper respiratory tract
infections, but when the lungs are involved it can be fatal
due to pulmonary edema and hemorrhage. RSV results in
suppression of TNFa production and bactericidal activity
against H. influenzae and S. pneumoniae [239].

e Altered IFN response following viral infection. SARS-CoV
and SARS-CoV-2 induce a lower antiviral transcriptional
response, expressed as low levels of IFN types I and III
and increased expression of chemokines, in contrast
to other respiratory viruses including IAV. This is
presumably due to antibodies against IFN type I or
“errors” in genes involved in the regulation of IFN type
[ and III immunity. Uncontrolled IFN production causes
tissue damage and immunopathology.

e Type I IFN(IFN-a/fB) is responsible for lymphopenia
in severe influenza and SARS-CoV-2 infections and
increases the likelihood of secondary bacterial and
fungal infections. The type I IFN response is critical for
the development of ARDS and increased mortality in
severe SARS-CoV-2 infection [240-242].

e Type Il IFN(IFN-A) reduces epithelial proliferation
and differentiation, and may impair lung recovery
after influenza, as well as increase susceptibility to
coinfections [243-249] High levels of type III IFN in the
upper respiratory tract and to a lesser extent type I IFN
determine mild pathology in patients, whereas high
levels in the lower respiratory tract are associated with
severe COVID-19 [250,251].

¢ TypellIFNininfluenzainfection contributes to increased
susceptibility to secondary bacterial infections by
depleting alveolar macrophages and suppressing their
capacity. IFN-y regulates Th17 memory responses and
reduces bacterial clearance after influenza infection
[252-254].

e A delayed type I IFN response is associated with
increased viral persistence and inflammation, while an
early type I IFN response, which limits viral replication,
results in mild disease [255,256].

¢ Impaired NK cell function during influenza and SARS-
CoV-2 infections leads to increased susceptibility to
coinfections (257).

¢  Short- and long-term effects of damage to dendritic cells
(DCs) by viral infections. DCs are of two types- myeloid
conventional (cDCs) and lymphoid plasmacytoid (pDCs).
pDCs secrete type I IFN, causing expansion of antigen-
specific T cells and inhibiting viral replication in airway
epithelial cells. In severe COVID-19, apoptosis of pDCs is
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observed, correlating with their reduced number [258-
260]. cDCs are involved in antigen presentation and T
cell activation, which is the basis of adaptive immunity.
After antigen recognition, uptake and processing,
they mature and migrate to regional lymph nodes to
present antigen peptides to CD8+ or CD4+ T cells. In
severe viral infections, both short-term and long-term
effects of DC damage are observed. In the former case,
DC signaling pathways for antigen presentation are
restored immediately after viral infection is cleared.
Human herpesviruses (HHVs-DNA) affect the antigen
presentation pathway. RNA viruses - influenza and
SARS-CoV-2 use antigen cross-presentation - exogenous
antigens loaded in the major histocompatibility complex
class II(MHC-II) are transferred via the MHC-I pathway.
In influenza infection, dendritic cells (DCs) that capture
dead cells containing influenza virus are unable to
activate CD8+T cells specific for cell-associated antigens
on captured cells and show impaired antigen cross-
presentation. SARS-CoV-2 infection induces reduced
numbers of DCs. The functional impairment is expressed
in impaired maturation, cytokine production and
impaired T cell activation [261-264] Long-term damage
can persist for weeks or even months, during which time
we observe an increased susceptibility to coinfections.
Studies have shown that influenza infections induce
metabolic reprogramming of DCs, leading to significant
alterations in their innate immune functions and reduced
motility and impaired T cell activation. However, the
duration of this reprogramming is unknown [265].

Understanding the negative interactions between
viruses and bacteria is crucial for our assessment of infection
risk. It has been suggested that chronically resident viruses
in human tissues such as HHVs, Polioviruses, AdVs, HPVs,
HBVs, HCVs and HIV, by causing acute and chronic infections,
may prevent colonization of bacterial pathogens in the gut. A
mouse model with latent herpes infection has been shown to
be resistant to infections caused by Listeria monocytogenes
and Yersinia pestis. This is due to a activation of innate
antiviral immunity, expressed in cytokine production and
macrophage activation [266].

Jennifer Klunk et al's study of the impact of pathogens
on the type of immune response and variations in immune-
related genes provides some answers about how such
pandemics contribute to our susceptibility to infection. It
examines the impact of Yersinia pestis during the second
plague pandemic in shaping the human immune system.
Before the pandemic with the highest mortality in history, it
is suggested that Europeans were likely an immunologically
naive population with little or no adaptation to Yersinia
pestis. This study tracks target immune genes of immune-
related processes responsible for the expression of innate
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immune receptors, immune transcription factors, cytokines,
chemokines and other effector molecules. To identify alleles
conferring protection or increased susceptibility to Yersinia
pestis, the authors searched for target regions for variants
showing unexpectedly large changes in allele frequency
in samples before and after the plague pandemic. They
monitored their impact on the gene expression of immune
cell types involved in the host response to Yersinia pestis
infection. It was found that macrophages are recruited to
sites of infection and phagocytize the bacteria. The infection
spreads to the lymph nodes, where the bacteria replicate
uncontrollably, so some pathogens survive. The authors
used incubated macrophages derived from monocytes. They
analyzed changes in gene expression of macrophages in
their study using data from cross-infection with live Listeria
monocytogenes Gram (+) and Salmonella typhimurium Gram
(-), as well as monocytes activated by the Toll-like receptors
(TLR, TLR1/2, TLR4 and TLR7/8) pathways. In vivo, TLR4
detects Yersinia pestis by recognizing lipopolysaccharide
(LPS) on the bacterial membrane. Y. pestis attempts to evade
detection by deacylating surface LPS. The authors identified
a protective C allele that confers protection against Y. pestis
by increasing sensitivity to LPS and promoting an effective
immune response in contrast to the putatively deleterious T
allele. They experimentally demonstrated that carriers of the
locus with the protective C allele present a greater variety
of antigens via major histocompatibility complex molecules
to CD8+ T cells, stimulating a protective immune response
against Y. pestis. In addition to its role in antigen presentation
and activation of CD8+ T cells, the locus is involved in viral
clearance and cytokine responses. Levels of the granulocyte
colony-stimulating factor IL-1B are significantly reduced
in the presence of the protective C alleles, while levels of
CCL3, involved in neutrophil recruitment upon infection,
are increased. Individuals carrying the locus with more
copies of the selectively favored protective allele are better
able to limit intracellular replication of Yersinia pestis.
Macrophages of individuals, possessing a protective allele,
engage in a unique cytokine response to the pathogen and
are able to limit bacterial replication in vitro. The authors
came across an interesting phenomenon. The selectively
favorable variant, however, is a risk factor for Crohn’s disease
and other candidate loci are associated with increased risk of
rheumatoid arthritis and systemic lupus erythematosus. For
now, the evidence for balanced selection, i.e. the relationship
between autoimmune risk alleles and adaptation to past
infectious diseases, remains tenuous, as the agents driving
selection remain elusive. We need to investigate whether
latent or chronic herpes intestinal infection due to vertical
gene transfer provides a protective C allele against Y. pestis
by increasing sensitivity to LPS and promoting an effective
immune response. We also need to clarify the reason for the
difference in HERV expression in patients with inflammatory
bowel disease and healthy individuals [267-271].
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When the immune system is weakened or damaged
due to a viral infection, almost any infection can become
opportunistic. Depending on the causative agent, they can
be: viral, bacterial, fungal or parasitic.

¢ Viral opportunisticinfectionsinclude: a. Cytomegalovirus
(CMV) from the respiratory virus family, b. Human
polyomavirus or John Cunningham virus causing
multifocal leukoencephalopathy and Human herpesvirus
8 or Kaposi sarcoma.

e Opportunistic bacterial infections include: Clostridium
difficile causing gastrointestinal infection, Legionella
pneumophila-respiratory, Mycobacterium avium
complex-a typical coinfection by two bacteria-
Mycobacterium avium and M. intracellulare-respiratory,
Mycobacterium tuberculosis-respiratory, Pseudomonas
aeruginosa-respiratory, Salmonella-gastrointestinal,
Staphylococcus aureus including methicillin-resistant
strains, Streptococcus pneumoniae and Streptococcus
pyogenes - respirator

¢ Fungal infections include: Aspergillus-respiratory,
Candida albicans-most often oral and gastrointestinal,
Coccidioides immitis - coccidioidomycosis or Valley fever,
Cryptococcosis neoformans - cryptococcosis causing both
respiratory and nervous system infections including
meningitis, Histoplasma capsulatum-histoplasmosis -
respiratory, Microsporidia - microsporidiosis mainly in
immunocompromised patients, Pneumocystis jirovecii or
Pneumocystis carinii - causes pneumocystis pneumonia.

¢ Opportunistic parasitic infections include:
Cryptosporidium toxoplasma gondii.

Mast Cell Activation

Mast cells (MC) are responsible for the secretion
up to 200 different mediators and the protection of the
host from pathogens. They are found in “control” zones
interacting with the environment such as the skin, mucous
membranes, lungs and intestines. They are components of
innate immunity. Located mainly in the subepithelial layer
adjacent to blood vessels, they are also in contact with other
control cells - dendritic cells. The connection between MCs
and blood vessels help to quickly pull effector cells from
outside the bloodstream. This facilitates the production of
cytokines - TNF and IL-1(, activating the endothelium and
lipid mediators facilitating vasodilation and the production
of chemokines. MCs are a major local source of IFN types I
and III. Their interactions with viruses and their products are
complex and can lead to both harmful and positive effects.
In infection, MCs can stimulate effective immunity in some
cases and at the same time have the potential to cause tissue
damage and endothelial barrier dysfunction in secondary
infection when their numbers are increased. Their activation
causes symptoms in the cardiovascular, digestive, nervous,
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respiratory systems, skin and mucous membranes as well as

hormonal imbalance.

e When MCs are infected with PIV, histamine and
leukotrienes are released [272]. In rat models, there
is evidence of a higher number of activated MCs in
the airways, Th2 dominance and more severe airway
inflammation [235,236].

e MCs degranulation associated with RSV infection in vivo
has been observed in bovine models. The degranulation
andrelease oflipid mediatoristhe cause of bronchospasm
in infants with RSV infection. The presence or absence
of virus-specific IgE during MC activation is associated
with complement activation or not, with degranulation
and release of lipid factor or limited degranulation and
generation of leukotrienes. RSV demonstrates limited
transcription in human MCs. Upon contact with them,
the latter induce significant production of chemokines
and type I IFN [273-275].

e In human MC lines, there is limited evidence for
productive 1AV replication and production of cytokines,
chemokines and type I IFN [276].

¢ HRV infection is best studied as being associated with
asthma exacerbations. MC lines release mediators,
generate leukotrienes and induce IFN. In asthmatics,
insufficient production of IFNB is observed. HRV
provokes apoptosis of human MClines. In HRV infection,
MCs are productively infected, but retain their ability to
activate host defense processes. In influenza and RSV,
MCs are resistant to productive infection, but trigger
a protective response expressed in the production of
cytokines, chemokines and the recruitment of antiviral
effector cells. Human MCs produce significant amounts
of type I IFN, leading to local antiviral response and
increased resistance to infection. In cases of severe
infection and increased numbers of MCs, these
immune responses can lead to potentially damaging
inflammation [277-279].

Seasonal associations are observed in viral and
bacterial infections. Influenza, pneumococcal infection and
meningococcal disease occur during the winter months
[280-282]. Similar associations with S. pneumoniae have
been found for RSV and PIV [283,284]. There is no evidence
of a seasonal association for the seasonal coronaviruses
(HCoV-229E, HCoV-NL63, HCoV-0C43 and HCoV-HKU1) and
they are thought to act independently [187].

Bacterial proteases in respiratory tract cleave influenza
virus HA and increase viral pathogenicity in vivo. This
was first demonstrated for the protease from S. aureus
and subsequently to Streptomyces griseus and Aerococcus
viridans. Cleavage of HA by S. aureus and A. viridans enhances
viral replication and pathogenicity in mice in vitro [147,285-
288] (Table 2).
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Viruses Bacteria

Moraxella catharralis

Adenovirus -
Bordetella pertussis

Measles virus Streptococcus pneumoniae

Haemophilus influenzae

Streptococcus pneumoniae

RSV
Bordetella pertussis
Staphylococcus aureus
PIV Streptococcus pneumoniae

Streptococcus pneumoniae

Rhinovirus A
Haemophilus spp

Streptococcus pneumoniae

Rhinovirus C
Moraxella catharralis

Streptococcus pneumoniae

Staphylococcus aureus

Neisseria meningitidis

Influenza A virus
Moraxella spp.

Corynebacterium spp.

Haemophilus influenzae

Table 2: Positive virus-bacterial interactions [284,289-293].

In children, RSV and bacteria interact more frequently
than influenza virus and bacteria. Other positive viral-
bacterial interactions are:
¢ Sendai virus enhanced respiratory infections with

Mycoplasma pulmonis [294].
¢ Reovirus - Staphylococcal infections [295].

e CMV - P ageruginosa infections [296].

Several respiratory viruses are thought to be associated
with sudden infant death syndrome (SIDS). These include
RSV, influenza virus, PIV, adenovirus and HRV. Changes in
the bacterial population of the nasopharynx, particularly
increases in Staphylococcus aureus and Enterobacteriaceae,
have also been associated with SIDS [297,298].

Bacterial pathogens compete with each other for
space and energy resources, and information about their
interactions is also important for us. Competitors of
pathogens can sometimes become our allies. Intraspecific
competition is observed when two different groups of S.
aureus are co-infected. One group of S. aureus, through QS
inhibition, suppresses the other by secreting autoinduced
peptides (AIPs). In 5 to 40% of the human population,
pneumococci are normal inhabitants of the upper respiratory
tract. Nasopharyngeal colonization with S. pneumoniae
protects against S. aureus and reduced S. pneumoniae counts
after pharmacological intervention lead to increased S.
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aureus. Reduced S. pneumoniae colonization also leads to
increased H. influenzae, N. meningitidis and M. catarrhalis
[299-302]. Therefore, we need to carefully consider our
antibiotic interventions. Invasive streptococcal infection
(IPI) is caused by 20 to 30 serotypes of S. pneumoniae. To
evade the immune response, pneumococci easily change
their capsular serotype through genetic transformation. A
phenomenon we are facing is that pneumococcal vaccines
(PCV-10/13/21 and PPSV-23) due to limited coverage cause
replacement of vaccine serotypes of S. pneumoniae with non-
vaccine ones in the nose and nasopharynx and increased
carriage of non-typable Haemophilus influenzae. Although
they reduce disease caused by vaccine serotypes, overall
colonization rates have not changed. This is where probiotics
can be of benefit:
e Lactobacillus casei surface protein antigen (PspA)
induces antibodies against S. pneumoniae.
e Streptococcus mitis generates immune memory,
inducing cross-immunity (antibodies and IL-17) against
S. pneumoniae in mice [303].

Microbiota imbalance in acute respiratory infections
allows pathogens to spread to adjacent poorer ecological
niches and cause disease. Cocolonization and polymicrobial
interactions between pneumococci and other respiratory
colonizers, nontypeable H. influenzae and M. catarrhalis lead
to an increased risk of acute otitis media [304-307].

Viralinfections, by suppressinghostdefense mechanisms,
help to replace the normal microbiota. The use of antibiotics,
especially in the first year of life, may have an additional
unintended effect of reducing the beneficial bacteria of the
gut microbiota and a higher risk of developing various health
problems The disturbed balance between auto-, pathobionts
and external pathogens facilitates the colonization and
replacement of histamine-secreting strains in five of the main
genera of the human intestinal microbiota, which aggravates
the course of the disease. Histamine is a biogenic amine
that plays a role in vascular permeability, mucus secretion
and neurotransmission. It is endogenous and exogenous. It
is produced by decarboxylation of the amino acid histidine
by the enzyme histidine decarboxylase. Two families of
histidine decarboxylases have been identified: pyridoxal-5-
phosphate (PLP)-dependent histidine decarboxylases and
pyruvoyl-dependent histidine decarboxylases [308, 309].
Decarboxylation occurs in the bacterial cytoplasm and the
histidine/histamine antiporter transports histidine into the
cell and then removes histamine from the cell. Histamine-
secreting bacteria, generating histamine and other amines,
maintain a neutral cytoplasmic pH, which allows them to
survive in acidic conditions. They are part of the transientand
permanent members of the human microbiota. Exogenous
histamine has been studied mainly in food poisoning. Foods
with high concentrations of histamine cause neurological,
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gastrointestinal and respiratory disorders.(310-319)
Knowledge of transient bacterial members secreting
histamine - Morganella morganii (Proteus morganii) gram(-)
bacterium, Hafnia alvei - gram (-) bacterium - commensal and
probiotic strain causing diseases in immunocompromised
patients, gram(+) members of the genus Clostridium,
gram(-) members of the genus Yersiniaceae, mainly Yersinia
enterocolitica and Pseudomonas aeruginosa - gram(-)
bacterium in immunocompromised patients, is important
for us. Antibiotics affect microbial diversity and this is
particularly pronounced in anaerobic bacterial species
of the intestinal microbiota. Bacteria important for our
health that are damaged by their use include: Clostridia,
Bacteroides, Lactobacilli and Bifidobacteria.(320) The
increased presence of the genus Proteobacteria, species of
which contain PLP-dependent histidine decarboxylase, is
considered an indicator of intestinal dysbiosis and a cause
of inflammatory diseases.(321) In the Genome Taxonomic
Database (GTDB), five genera commonly found in the human
gut microbiota have putative histamine-secreting bacteria:
Bacteroides, Clostridium, Bifidobacterium, Fusobacterium
and Lactobacillus [51,322,323]. The genomic potential
for histamine secretion has been found to be strain-
specific within each family. Streptococcus thermophilus,
Staphylococcus warneri, Lactobacillus parabuchneri and
Lactobacillus reuteri have been studied as specific strains
for histamine production [324-327]. It is due to horizontal
gene transfer from mobile gene elements. In turn, temperate
phages help the bacterial host to adapt better due to the
expression of newly acquired phenotypes [328-330]. In the
above-mentioned five genera, antibiotic therapy is a common
reason for replacing their composition with histamine-
secreting strains [51,322,331,332]. The presence of them
in the families Enterobacteriaceae and Lactobacillaceae
in the small intestine can lead to serious immunological
consequences for the organism [333-337]. Adventitious
strains of histamine-secreting probiotic bacterial transient
members Clostridium, Bifidobacterium and Lactobacillus
should also be considered as they may aggravate the course
of the disease.

In determining our susceptibility to infection, factors
that play an important role are: age, gender, health status,
diet, exposure to pathogens, concomitant infection, immune
status and the genome of the individuals. Each of these has
the ability to alter the abundance and species diversity of the
microbiota.

Appropriate antibiotic therapy is an important
component of our pharmacological interventions. But it must
be based on evidence that it will provide patient benefits,
not just putative ones. The observed global increase in
antibiotic use between 2000 and 2015 was 65%. Sequencing
patients at an early stage of the disease will help us identify
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increased viral load. Evidence of bacterial carriage by
whole genome sequencing (WGS) is much more sensitive
in detecting pathogens after antimicrobial treatment, and
fluorescence in situ hybridization (FISH) will help us detect
bacterial pathogens in biofilms [338-341]. Amplicon-based
sequencing techniques targeting the 16S ribosomal RNA
gene (16S rRNA) reduce the time to 2 days and help identify
bacterial pathogens in critical infections when standard tests
are negative due to prior empirical antibiotic treatment.

Why should antibiotic therapy be well-targeted?
Because it is the other most common cause of dysbiosis. The
use of antibiotics, even over this relatively short period of
time, approximately the length of a human lifespan, has had
a profound impact on the evolution of the holobiont. It has
led to increased interactions between phages and bacteria by
enhancing gene exchange networks, facilitating colonization,
bacterial growth and adaptation. The shiftin equilibrium also
affects other components of the holobiont due to their close
relationships. Broad-spectrum antibiotics do not distinguish
between commensal and pathogenic bacteria and can lead to
a 30% reduction in the microbiota and disruption of bacterial
and phage communities. Their use has a long-lasting effect
on the intestinal microbiota, especially during the first years
of life. Bacterial dysbiosis as a result of antibiotic use leads to
an increased severity of influenza infection and a subsequent
increased risk of secondary infections. Separately, influenza
infection itself can complicate intestinal dysbiosis. Pathogens
filling the gap, by secreting toxins, provide themselves with an
additional advantage necessary for their survival [320,342].

In recent decades, we have been faced with an increasing
rate of antimicrobial resistance (AMR), which poses a threat
to publichealth. In plasmid-mediated resistance mechanisms,
genes can be shared between different microorganisms
and spread [343]. The extent of damage to each microbial
population depends on the type of antibiotic. They induce
the expression of genes responsible for the induction and
transcription of lytic genes in prophages and cause lysis
of infected bacterial cells. Quinolones are considered to
be major inducers of prophages, causing double-stranded
DNA breaks. The mechanism of prophage induction is due
to DNA damage destabilizing the repressors of prophage
induction. The rate of phage induction itself is regulated
by quorum sensing (QS). In the induction of prophages by
fluoroquinolones and mitomycin C, the bacterial protein RecA
serves as a response sensor [344-346]. When the diversity of
the healthy phageome is altered, this provokes the activation
of the DNA repair system, regulated by the repressor LexA
and the inducer RecA or the SOS response. It is triggered by
the loss of phageome diversity, pathogenic bacteria in the
gut, and the induction of prophages [347]. During antibiotic
treatment, the reduced amount of commensal bacteria is
compensated by other pathogens that cause similar or more

Avramov T. The Holobiot and the Possibilities for Intervention in the Interspecies
Interactions of the Microbiota. Otolaryngol Open Access ] 2025, 10(1): 000308.

Otolaryngology Open Access Journal

severe disease, further worsening the clinical picture of
patients.

Diethasasignificantimpacton the microbial composition
of the microbiota. It is determined by our habits, customs
and individual preferences. Long-term dietary patterns are
among the factors determining the enterotype of the gut
microbiota [348]. The Bacteroides enterotype is associated
with reduced microbial activity and genetic diversity, insulin
resistance, risk of obesity and nonalcoholic steatosis, and
the Prevotella enterotype with a diet dominated by plant
carbohydrates [349]. Changes due to the type of diet play a
role in the health-disease balance. The microbiota of infants
is much richer even than that of children fed with formula
milk with added Dolosigranulum and Corynebacterium. The
genus Lactobacillus has probiotic characteristics and is a
common inhabitant of the gastrointestinal tract of humans
and animals [350]. It belongs to the lactic acid bacteria with
a protective function and was described by Dodderlein in
1892. It is widely used in the food industry. Their protective
function is due to their surface protein layer, providing an
antimicrobial inhibitory effect in competition for binding
sites on the surface of epithelial cells and in antagonism for
entry and replication of viruses, but not for attachment. The
genus contains strains producing (HP+) and not producing
hydrogen peroxide (HP-). Depending on the transitory
balance, lactobacilli producing hydrogen peroxide (HP+) act
in a protective, indifferent or abdication state (patients with
infection). The ability of lactobacilli to adhere to epithelial
surfaces is essential for maintaining persistent colonization
in the gut and other tissues of mammals, but a microbiota
dominated by the genus Lactobacillus does not always reduce
the risk of some infections. A diet rich in dairy products is
associated with a richer and more diverse microbiota. A
study shows that in dairy farmers, the nasal microbiota
is more complex and protects them from infection, as well
as limiting colonization by S. aureus [351]. Regular coffee
consumption is associated with a fourfold higher amount
of the intestinal bacterium Lawsonibacter asaccharolyticus,
which necessitates studying the influence of specific foods
on the intestinal microbiota. This necessitates ruling out
other causes for this, as the increased amount is observed
in the European population, while the opposite is true in
the Asian population. A study by Qiu, et al. indicated that
dietary supplementation with Bacillus subtilis significantly
increased the number of Lactobacillus and Bifidobacterium
in the ileum and cecum and decreased Coliforms, and
Clostridium perfringens in the cecum.

Diet during infectious diseases can have unintended
effects and aggravate the course of the disease. Itis important
to limit the use of histamine-rich foods during the disease
such as nuts, tomato paste, mature cheese, cocoa, chocolate,
sauerkraut, smoked fish, salami, ham, dried fruits, some
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fruits and vegetables, yeast and others, as they can intensify
neurological, gastrointestinal and respiratory complaints.
Almostall organs and systems have the four types ofhistamine
receptors - H1, H2, H3 and H4. The enzymes responsible for
the breakdown of histamine are two. DAO (diamine oxidase),
which is produced by the intestinal mucosa and breaks down
extracellular (free histamine). With reduced secretion or
insufficient amount in the intestine, the latter accumulates
in the blood. HNMT (histamine N-methyltransferase) is
the other and is responsible for the decomposition of
intracellular histamine in the bronchial mucosa, CNS, kidneys
and liver. Calcium, magnesium and casein in dairy products,
as well as iron in dietary supplements, can affect the action
of quinolones and tetracyclines.

Therapeutic options

Probiotics are increasingly entering our daily lives. Fuller
defines them as living organisms contained in food, which
when ingested can change the intestinal microbiota and
stimulate the immune system. Taken in sufficient quantities,
they have certain benefits for human and animal health. In
poultry farming, they have already proven themselves as an
alternative to antibiotics [352]. Their important properties
are: acid resistance, specificity, lack of side effects, reduction
of microbial numbers of pathogens and viability during
storage. But before using them we must know them well if
we want to achieve maximum effect. Microorganisms live
together as natural, cultivated and synthetic communities.
Their interactions are highly intertwined. The observed
interactions between organisms are: positive: a) one-
way(commensalism) and b)  two-way-cooperation,
mutualism and syntrophy, and negative-competition,
deception and parasitism. In positive interactions, physical
contact between organisms is often necessary - flagellum,
nanotubes, membrane and chains of vesicles [353]. Their
interactions are based on the sharing of a large set of
molecules - enzymes, QS molecules, siderophores and others
[354]. Natural self-assembled communities are easier to
use in our dietary interventions. Probiotics are mostly
assembled cooperative communities - consortia of 2 or more
strains. With proper selection and cultivation, this leads to
better combined metabolic efficiency (DOL), higher fitness
of members and avoidance of competition. Microorganisms
grown in the laboratory often have a harder time surviving in
real life, due to the specific growing conditions and nutrients
that do not always correspond to those in nature. This makes
them more vulnerable to the unfavorable environment of
the outside world and easy prey for the natural predators
of bacteria - bacteriophages. The possible use of synthetic
assembled communities could lead to their difficulty in
being detected or killed by our immune system and serious
health problems. Another problem we may encounter is
that, according to the Black Queen hypothesis, during the
evolution of natural communities, positive interactions are
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strengthened by gene loss, leading to dependencies between
interacting microorganisms. When interactions between
strains become complex, this can lead to individual strains
not being able to thrive independently. Transitional strains
can introduce evolutionarily lost genes or simply replace
commensals, with the result not always being predictable.
Transitional strains can introduce evolutionarily lost genes,
strains that aid in the synthesis of missing essential amino
acids and even strains that may replace commensals, with
the result not always being predictable. Knowledge of the
ecological niches they inhabit is also extremely important for
us clinicians. The biggest challenge before us is to direct the
preparations specific to the causative agent and the specific
ecological niche so that they reach only the target area for
maximum effect. It has been proven that many lactic acid
bacteria (LAB) cannot produce the precursors of RNA and
DNA or, more precisely, are auxotrophic for nucleosides
and nucleic acids [28]. Not all LAB strains can grow or grow
poorly in environments poor in vitamins (mainly from the
B group - pantothenate, pyridoxine, riboflavin, niacin and
biotin), peptides and amino acids (mainly leucine, isoleucine,
valine, methionine and glutamate). L. lactis is auxotrophic
for 14 of the 20 amino acids, while L. plantarum and L.
mesenteroides require 3 to 11 amino acids. Some LAB strains
have adapted to hydrolyze proteins in the environment by
means of cell wall proteinase (CEP) [355-359]. They differ
in their ability to utilize external resources and oligopeptide
intracellular transport system to acquire amino acids. In
dysbiosis due to our pharmacological interventions in the
nose and throat, bacteria from these niches can migrate to
the gut, overcoming physical and chemical barriers and
promoting inflammation and intestinal microbial imbalance.
We need to reduce the risk of such microbial transfer.
Therefore, the correct combination of symbiotic strains is
of paramount importance. The use of transient strains leads
to increased competition for adhesion and nutrients with
those with pathogenic potential (pathobionts and exogenous
pathogens) and we will be able to limit the invasion and
overgrowth of the latter to some extent [360].

In addition to the “classic probiotics” (Lactobacillus
and Bifidobacteria), new bacterial and fungal strains with
potential for improving health have been identified. Some of
them are: Clostridium butyricum CBM588 or Miyairi strain,
Saccharomyces boulardii and Bacillus subtilis.

Proper selection of dietary components, vaccine strains
and probiotics will allow us to:

e Significantly reduce nasal colonization  with
potential pathogens such as S. aureus, S. pneumoniae
and [-hemolytic streptococci, and hence reduce
respiratory infections using Lactobacillus rhamnosus
GG, Bifidobacterium Spp, Lactobacillus acidophilus and
Streptococcus thermophilus [361-363].
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Lower incidence of respiratory tract infections in
newborns receiving prebiotics and probiotics [364-366].
Significantly reduce the abundance of S. aureus and
increase the total number of beneficial microorganisms
using S. salivarius and S. Oralis [367].

Anti-inflammatory effects and change in the IL-10/IL-
12 ratio by the use of Bifidobacterium infantis. Use of its
immunomodulatory effect expressed in an increase in
the number of mucosal dendritic cells and a decrease in
Th1 and Th17 helper T cells.

Induction of antibodies against S. pneumoniae, due to
the expression of the surface protein antigen PspA of
Lactobacillus casei [368].

Oral administration of Bifidobacterium longum,
observed in mice, induces reactive oxygen species in
alveolar macrophages and enhances protection against
pulmonary infection caused by Klebsiella pneumoniae
[369].

Probiotics containing strains of the genus Lactobacillus
attenuateviral diarrhea caused by rotavirus infection and
together with commensals of the genera Lactobacillus
and Bacteroides, inhibit the attachment of rotaviruses by
modulating glycan receptors on intestinal epithelial cells
[370].

Saccharomyces boulardii CNCM 1-745 secretes a protease
that degrades the A169 toxin of C. difficile.

Separately Everard, et al. found that administration of
Saccharomyces boulardii changes the gut microbiota,
reduces liver fat accumulation, inflammation and
total fat mass in mouse models of obesity and T2D. In
healthy humans, its administration has no effect on the
microbiota, but after diarrhea it helps restore eubiosis of
the gut microbiota [371].

Clostridium butyricum CBM588 of the genus Furmicutes
uses indigestible fiber and releases short-chain fatty
acids (SCFA) - acetate and butyrate. They are excreted
in the colon. Its effects include modulation of immune
homeostasis, improvement of intestinal barrier function,
and influence on inflammation [372]. Genomic analyses
of some strains of Clostridium butyricum have shown
that they lack genes responsible for pathogenicity and
encoding toxin production [373]. The observed effects
are:

Butyrate stimulates mucin production by goblet cells
in vitro and increases the thickness of the mucus layer
[374].

Clostridium butyricum modulates immune homeostasis
by stimulating IL-17 production by y8 T cells, a subset
of intraepithelial T cells that act as part of the first line
of defense in the lamina propria of the colon [375,376].
In mouse models, Clostridium butyricum promotes IL-
10 secretion by Tregs cells through the production
of anti-inflammatory lipid metabolites-palmitoleic
acid, prostaglandin metabolites and others - in colonic
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tissues [46]. It also suppresses DC maturation and the
appearance of an inflammatory phenotype as well as the
levels of proinflammatory cytokines of Th1l and Th17
cells-IFNy and IL-17 [377].

Allergic diseases are provoked by inappropriate
activation of the Th2 immune response. Th2 cytokines
(IL-4 and IL-5) provoke B cells to produce antibodies -
immunoglobulin E (IgE) and activate eosinophils (Eo),
basophils (Ba) and MCs - immune cells responding to
allergy. Although the Th2 response is considered anti-
inflammatory, in allergic disease, the overproduction of
Th2 cells causes harmful immune responses. Clostridium
butyricum can alleviate the allergic reaction, probably by
modulating Tregs [378].

In mouse models of asthma, Clostridium butyricum
CGMCC0313.1 reduces airway hyperreactivity and
lung inflammation by suppressing the Th2 response
and increasing IL-10 production. MCs infiltrate the
airways and upon degranulation release inflammatory
molecules and proteases, leading to tissue edema in
asthmatic lungs. In this model, the number of infiltrating
MCs, levels of Th2 cytokines (IL-4 and IL-5), markers of
MC degranulation and IgE levels are reduced [379,380].
Antibiotic-associated diarrhea(AAD). Seki reported a
reduction in the incidence of diarrhea from 59% in the
group receiving antibiotics alone to 5% in the group
receiving Clostridium butyricum.

It is suggested that it can modulate the composition of
the gut microbiome, increasing bacterial taxa from the
genera Lactobacillus and Bifidobacteria.

Induced phages prevent infection of commensal bacteria
by other lysogenic or lytic phages through a phenomenon
of superimmunity [381,382].

Bacillus subtilis to significantly increase the number of
Lactobacillus and Bifidobacteria in the ileum and cecum,
and reduce the amount of coliforms and Clostridium
perfringens in the cecum.

The use of probiotics in allergies also brings certain
benefits:

L. acidophilus significantly improves nasal symptoms in
some patients with perennial allergic rhinitis.

L. paracasei affects the quality of life in allergic
rhinoconjunctivitis in children.

L. rhamnosus GG improves the immune response in
immunotherapy.

Much work remains to be done to clarify when and
in which patients it is appropriate to use them in
conjunction with other therapeutic strategies [383-
386]?

The use of topical vaccines or oral supplements
containing a-hemolytic streptococci - AHS (Streptococcus
sanguis, Streptococcus mitis, Streptococcus salivarius
and Streptococcus oralis) is also an option to increase
microbial diversity.
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¢ Study and use of the metabolic pathways of Lactobacillus
microbes.

1. Their use in the decomposition of dietary purines
for the production of energy and molecular building
blocks by certain strains of the Lactobacillus genus
helps break down urates, reduce their reabsorption and
hyperuricemia.

2. An important component of the renal microbiota is the
uroprotective bacterium Lactobacillus crispatus, which,
through the inclusion of CaOx inhibitors and promoters
together withastrain of E. coli, controls the crystallization
of CaOx and the formation of kidney stones. The use
of antibiotics changes the renal microbiota and shifts
the balance from beneficial Lactobacillus to E. coli,
which stimulates the formation of stones. It is assumed
that Lactobacillus is a protective factor and opposite
Enterobacteriaceae are pathogenic factor contributing
to the formation of urate kidney stones.

Discussion

We are yet to clarify whether it is more correct to
consider the phenotype as made up of two components -
static (the part of the commensal communities unique to
each individual) and dynamic (changing throughout our
lives and responsible for newly acquired phenotypes).
Based on the “Black Queen” hypothesis for the evolution of
natural communities, can it be assumed that regardless of
the advantages that food-type dependencies provide, the
loss of genes does not make the static component more
susceptible to adverse environmental influences such as
viral infections, antibiotics and others. Viral infections, by
suppressing the host’s defense mechanisms, help replace
the normal microbiota and antibiotics affect microbial
diversity, especially pronounced in anaerobic species of the
intestinal microbiota. Complex interactions between viruses,
bacteria, and fungi, and possibly archaea, underlie normal
physiological functions or eubiosis. By altering the static
component of the phenotype, dysbiosis has profound effects
on human health, triggering many diseases.

It was assumed that the cause of paranasal sinus
infections is the correspondence between pathogens of the
nasopharynx and the osteomeatal complex. However, gene
sequencing of the microbiota of patients after FESS revealed
a microbiome similar to that of the anterior nose. It remains
similar to that of the nasopharynx after surgery for about 6
weeks and then returns to its original state. After antibiotic
treatment, the microbiome composition largely returns to
its pre-infection state, but the predisposition to re-infection
in these individuals is higher. (Ravel ].) Is the restoration of
permanent relationships not an expression of the ,memory*
of the static component of the niche and is it possible that
the intake of prebiotics can accelerate the restoration of the
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microbiota after antibiotic therapy?

Studies in mouse models have shown that changes in
number and diversity in the microbial composition of the
gastrointestinal tract during antibiotic therapy can have a
negative effect on the patient's response to immunotherapy
for malignant neoplasms. We cannot exclude a similar effect
on the immune response after viral and bacterial infections.
Taking an antibiotic shortly before or after starting therapy
with immune checkpointinhibitors (ICls) significantly affects
overall survival (0OS) and progression-free survival (PFS).
It is believed that taking prebiotics is more appropriate.
During digestion, prebiotics are broken down to short-
chain fatty acids by bacterial enzymes and support the
growth of a certain microbiota. Should we prophylactically
administer prebiotics during immunotherapy? Is the use
of Saccharomyces boulardii appropriate to restore the
intestinal microbiota, as after diarrhea in such patients?

Phenotype formation during the first three years of life,
especially the first, is in its infancy because host colonization
has not been completed and permanent relationships in the
holobiont have not been established. During this period,
our interventions must be extremely balanced so as not to
push phenotype formation in one direction or another, the
consequences of which are currently unpredictable.

Transient members are part of most of the probiotics
sold. It is time to define the value of “sufficient amount”
for probiotics. We are yet to clarify how long they should
be administered and the duration of their life in the
gastrointestinal tract? Despite being transient strains, do they
have the opportunity to become permanent members of the
microbiota? And finally. If they become permanent members,
what will happen to the composition of the given ecological
niche, especially if they become dominant species? It should
not be forgotten that microbes constantly pass through the
commensal-pathogen continuum. This will help to avoid
problems that may arise in the foreseeable future, similar to
those with antibiotics. It will be much easier for us to foresee
possible risks than to look for a solution to problems we have
caused. The selection and application of probiotics must be
differentiated, as some viruses(noroviruses) can suppress
many of the beneficial functions of symbiotic bacteria, which
has been demonstrated in animal models [387].

The assumption that thanks to our interventions we can
observe the possible extinction of a viral strain sounds too
good, especially for members of the young and much more
aggressive RNA branch of the virus kingdom. It is much
more likely, due to their taxonomic affiliation to families,
that we observe one or another variant of a hierarchical
or time pattern of homologous interaction preventing its
manifestation. Circulating asymptomatically after a certain
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period of time, a ,stimulus” can provoke the initiation of its
replication.

We mustnotforget, thatany microorganismto surviveina
given ecosystem passing permanently through the continuum
commensal-pathogen depending on the conditions and co-
infections. S. sanguis is the first colonizer and commensal in
the oral cavity, a vaccine and probiotic strain, but in some
patients it can cause severe endocarditis and even death.
Conversely, Pneumococcus, although considered the main
cause of pneumonia, in eubiosis is a member of the healthy
nasopharynx, as well as Staphylococcus aureus and other
microorganismes.

The concept of the holobiont will help us understand
how this complex, relatively static and at the same time
dynamically evolving ecosystem adapts to continuous
environmental challenges. Mapping the ecological niches in
our organism with the species that colonize them will allow
us to predict possible unintended effects, such as a decrease
in beneficial bacteria under adverse conditions. The use
of probiotics, topical vaccines and dietary components to
achieve artificially modeled co-colonies during the first
48 hours of illness may help us to reduce and partially
compensate for the impaired functions of the natural
community. We also have to answer whether pandemics
are not simply a quantitative expression of the qualitative
critical changes accumulated in the hologenome due to
seasonal viral infections. We also come to the reasonable
question of whether the dynamic equilibrium or eubiosis
of the holobiont returns to the same equilibrium point as
it was before the disease, or does a new equilibrium occur
between the components of the holobiont, which in certain
situations is responsible for unlocking various diseases,
including tumors that were not manifested until then If so,
then probably the phenotype is only relatively constant
and the aforementioned accumulations lead to continuous
partial changes allowing us to adapt to emerging challenges
and how not to unconsciously change the equilibrium point
with our interventions.

Conclusion

Understanding the interactions between viral and
bacterial pathogens and the components of the holobiont is
important for us. Individual phenotypes are an expression
of the interactions between the host and the associated
microbial genomes. Some of the components are unique to
each of us and we should strive to avoid abrupt changes in the
phenotype. In the personalized treatment of patients with
infectious diseases, respiratory PCR panels and platforms
for proving viral and bacterial carriage are important but not
always available.
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We should not be too “strict” on commensal and transient
microorganisms that make up the microbiota because of
the diagnostic and therapeutic challenges they create for
us. They have many advantages. First, billions of years
before the emergence of humanity, they have developed
mechanisms for survival under adverse conditions. Second,
they do not read our studies to make us comfortable in our
work. Third, not only the depth, but also the generalization of
knowledge is important in understanding the relationships
in the holobiont. The ability of four kingdoms that make up
the microbiota to live in equilibrium to create conditions for
the survival of species and last but not least, unintentional
and unmeasured interventions can probably cause changes
in the hologenome that trigger new diseases.

Despite the rapid progress of medicine, we still have a lot
of work to do. Our search should be directed not only towards
the development of new antibiotics, but also towards means
that help restore the microbiota. Knowing the relationships
in the holobiont will help us avoid superficial handling of
them and using pre- and probiotic strains before the main
drug treatment. But even with their seemingly correct use,
there is a risk of unintentionally triggering a cascade of
negative interactions during our interventions, leading to
serious risks to patients' health. When we treat one of the
components of the microbiota, we indirectly affect the others,
which must be taken into account in our therapeutic plan.
For now, our task is to find the right time, type and volume
of pharmacological, non-pharmacological and dietary
interventions. In the future, it is likely that the knowing
and use of the information about 10130 protein molecules,
10700 circuits and 101000 metabolic pathways that have
been evolutionarily established in nature will allow us to
control the course of diseases by using metabolic remodeling
of the interactions of the components of the holobiont and
pathogens.
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