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Abstract—Microbiota as an integral component of human body is actively investigated, including by massively parallel
sequencing. However, microbiomes of lungs and sinuses have become the object of scientific attention only in the last
decade. For patients with cystic fibrosis, monitoring the state of respiratory tract microorganisms is essential for maintain-
ing lung function. Here, we studied the role of sinuses and polyps in the formation of respiratory tract microbiome. We iden-
tified Proteobacteria in the sinuses and samples from the lower respiratory tract (even in childhood). In some cases, they
were accompanied by potentially dangerous basidiomycetes. The presence of polyps did not affect formation of the sinus
microbiome. Proteobacteria are decisive in reducing the biodiversity of lung and sinus microbiomes, which correlated with
the worsening of the lung function indicators. Soft mutations in the CFTR gene contribute to the formation of safer micro-

biome even in heterozygotes with class I mutations.
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Microbiota is currently recognized as an essential
component of human body that affects gastrointestinal,
immune, nervous, and other systems. The term micro-
biome was introduced in the XXI century to denote com-
bined microbial genomes in an ecological niche or a bio-
logical sample. However, the majority of studies defines
microbiome as combined microbiota-derived ribosomal
RNA (rRNA) genes.

Woese et al. demonstrated that these genes are uni-
versal in living organisms and, therefore, can be used as
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molecular clocks in phylogenetics [1]. Stackebrandt and
Woese discussed the role of rRNAs in the phylogeny and
taxonomy of prokaryotes [2]. Accumulation of rRNA gene
data has started in 1970s and was significantly promoted
by the development of the DNA sequencing method by
Sanger in 1977. The obtained data needed systemization,
and in 1982, GenBank NCBI was formed to serve as a
nucleic acid sequence database [3]. In 1990s, Woese et al.
conducted two projects on the generation of rRNA
sequence database [4]. Altogether, these achiecvements
have helped to avoid the chaos by further automatization
of nucleic acid sequencing and development of new gen-
eration sequencers, resulting in obtaining large-scale data
arrays that have allowed to update existing databases with
novel information. Woese aptly noted that in the XX cen-
tury, biology has turned into an engineering discipline [1],
and it has been thoroughly computerized. Newly devel-
oped and constantly improving software, as well as
advancing hardware, allow to analyze sequencing data to
be further compared with available sequencing databases.

These developments made it possible to start in 2008
a new project called The Human Microbiome Project
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(HMP) based on the existing informational environment
and sequencing experience obtained during completing
The Human Genome Project [5]. The 165 rDNA gene and,
later, its fragment consisting of several variable regions
(usually V1-V4 or shorter, depending on the possibilities
of the used sequencing platform) was chosen for sequenc-
ing in the process of optimization of the ongoing studies.
Examining microbiome in the context of 165 rDNA gene
segments allows to get an insight into the bacteriome, i.e.,
phylogenetic bacterial diversity.

However, metagenomic studies aimed at the exami-
nation of microbial community metabolism are expensive
and therefore available solely within the framework of
some highly funded projects.

The Human Microbiome Project has targeted bacteri-
al communities in the gut, skin, and urogenital tract, but
not in the lungs (because of the dogma of lung sterility)
[5, 6]. This misconception had been refuted only with the
onset of the study started in 2014 and called The
Integrative Human Microbiome Project iHMP) [5]. The
studies of microbiomes in the lungs and parts of the upper
respiratory tract both in normal and pathological condi-
tions have started only in 2010s using the methods of mas-
sively parallel sequencing.

Normally, the formation of lung microbiome is
determined by two events: aspiration of microbes from
the oral cavity and mucociliary clearance that removes
most of the foreign matter from the lower respiratory
tract. That provides the development of a balanced
microbial community controlled by the host immune sys-
tem that is able to eliminate pathogenic species via activ-
ity of phagolysosomes.

Monogenic cystic fibrosis (CF) is caused by muta-
tions in the cystic fibrosis transmembrane regulator
(CFTR) gene resulting in altered chloride ion transport
activity that leads to the multi-organ damage. The physi-
cians’ focus in CF is the state of the lower respiratory tract
because of the deteriorated respiratory function that affects
the quality of life and life expectancy of CF patients.

It should be noted that the mutant chloride ion
channel impairs the mucociliary clearance not only inside
the lungs, bronchi, and trachea, but also in the nasal cav-
ity, including sinuses. Denser secretions hinder the ciliat-
ed epithelium activity, which results in a higher microbial
burden. These microorganisms are attacked but not elim-
inated by immune cells, as altered chloride ion channel
activity impairs proper acidification of the phagolysoso-
mal lumen. Moreover, neutrophils recruited by the
macrophage-released cues also express the mutant
CFTR. Necrosis of immune cells contributes to the dys-
regulation of inflammatory response upon chronic infec-
tion caused by the propagating microbes [7].

Changes in the microbiome of CF patients are
detected in early age [8]. Periodic microbiome exanima-
tions throughout the entire patient’s life period might help
to unveil the causative trigger for the disease. The infor-

mation accumulated so far has shaped our concept of the
so-called healthy lower respiratory tract microbiome that
includes microorganisms from the three major phyla:
Actinobacteria, Bacteroidetes, and Firmicutes [9].
Despite the fact that Proteobacteria are found in a bal-
anced microbiome in healthy people [10], their emer-
gence in CF patients is a warning sign; therefore, the lower
respiratory tract of CF patients has to be regularly moni-
tored for the presence of these microorganisms. The data
on patients with chronic lung infections are available both
from the Russian Federation Cystic Fibrosis Patient
Registry and the European Cystic Fibrosis Society Patient
Registry [11, 12].

Comparing the composition of lung microbiomes
derived from healthy volunteers and CF patients requires
assessment of the bacterial burden, which was found to be
low throughout the entire life period in healthy individu-
als and in early childhood in CF patients. The onset of
changes in the microbiome of CF patients involves an
increase in the bacterial burden and number of
Proteobacteria and reduction of the microbial species
diversity. These changes can be affected by many factors,
the most important of which still remains unknown [13].

Proteobacteria that enter the human body from the
environment are of particular significance in CF patients.
The studies started in 1950s have proven that potentially
pathogenic species Pseudomonas aeruginosa, Burkholderia
spp., Achromobacter spp., and Stenotrophomonas mal-
tophilia are pathogenic in CF patients [14]. In particular, it
was found that infections caused by these bacteria impair
lung function, reduce 5-year survival rate [15], and pose a
threat of colonization in lung transplants [16].

Disease exacerbation, antibiotic therapy, mutant
CFTR gene, and other factors affect the microbiota state,
development of pathogenic microbes, and deterioration
of lung functions [17-19].

However, even after successful antibiotic therapy,
Proteobacteria with the genotype similar to the genotype
of microorganisms previously colonizing lower respirato-
ry tract may re-emerge in the lungs. The follow-up of
Burkholderia-infected patients after lung transplantation
demonstrated that depending on the patient’s state and
Burkholderia virulence potential, bacteria of the same
genotype colonized transplanted lungs either immediate-
ly or three, twelve, or more months after the surgical
intervention and were detected in all the examined
patients 2.5 years after the surgery [20].

Such evidence has prompted physicians to examine
the upper respiratory tract, particularly, paranasal sinuses,
as a potential reservoir of infection. In particular, we
demonstrated in the pilot study that all analyzed CF
patients were positive for pathogenic microbes with the
same genotype that were detected both in the paranasal
sinus lavage and sputum samples [21].

Since chronic rhinosinusitis and altered sinus
mucociliary clearance have been observed in all CF
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patients, but only some of them displayed sinonasal poly-
posis and middle turbinate hypertrophy, we examined the
role of morphological nasal structures in the shaping of
microbiome composition of the upper respiratory tract
and its impact on lung microbiome.

MATERIALS AND METHODS

Materials. In the study, we used 53 samples collect-
ed from 21 CF patients (15 adults, median age 27.3 years;
6 children, median age 8.7 years): 22 sputum samples, 14
maxillary sinus lavage samples, 2 nasopharyngeal swabs, 8
tracheal aspirates, and 7 polyp fragments obtained during
polypectomy. Based on the upper respiratory tract state,
all patients were diagnosed with (mostly severe) chronic
rhinosinusitis with/without nasal polyps by an ENT (ear,
nose and throat) doctor. All samples were collected by in-
hospital medical specialists.

DNA from sputum samples was isolated with a
Maxwell 16 Tissue DNA Purification Kit in accordance
with the manufacturer’s recommendations and analyzed
with a Maxwell MDX Instrument (Promega, USA).

Dominant microbial species in each biological sample
was identified using 765 rDNA amplification and sequenc-
ing according to Voronina et al. [22]. Rapid test for
detecting bacteria of the Order Burkholderiales in the res-
piratory tract of a CF patient was performed according to
the genotyping protocol proposed by Voronina et al. [23].
Pseudomonas aeruginosa was identified by detecting trpF
(the most variable target) in the MLST (multilocus
sequence typing) scheme according to Curran et al. [24]
with modifications.

Identification of the mecA gene within the staphylo-
coccal cassette chromosome mec (SCCmec) responsible
for methicillin resistance was performed using the primers
Mec_10-11_For (5'-ATGTATGCTTTGGTCTTTCT-3")
and Mec_10-11_Rev (5'-TACACATATCGTGAGCAAT-
GA-3") designed by us. The amplification regime for the
mecA gene fragment was as follows: 95°C — 10 min; 35
cycles of 95°C — 30 sec, 52°C — 1 min, 72°C — | min;
72°C — 5 min. Positive samples contains a 584-bp-long
amplification product.

Mycosis-causing pathogens were identified by ampli-
fication and sequencing of the ITS1_5.8S_ITS2 region as
suggested by Voronina et al. [25].

Microbiome composition in the upper respiratory
tract was determined by massively parallel sequencing of
the 165 rDNA gene amplicons with an MiSeq Illumina
platform as proposed by Ryzhova et al. [19].

The data were analyzed with the Microbial Genomics
module of the CLC Genomic Workbench v.11-12 software.
The Greengenes v.13_8 database was used to identify
OTUs (operational taxonomic units) with 97% similarity.

Sequencing data were deposited to the SRA
(Sequence Read Archive) NCBI under the BioProject
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accession numbers PRINAS544655 and PRINA544933
for the adult and children microbiome data, respectively.

Phylogenetic diversity index, Simpson diversity
index, Shannon entropy, and Chao 1 bias-corrected esti-
mator were used for assessing the alpha diversity (micro-
biota taxonomic diversity in samples). The beta-diversity
(ratio between microbiota taxonomic diversities in vari-
ous samples) was assessed by using the Jaccard index,
Bray—Curtis index, Euclidean distance, and various
UniFrac metrics (Unweighted UniFrac, Weighted
UniFrac, Weighted unnormalized UniFrac, D_0
UniFrac, and D_0.5 UniFrac) accounting for the phylo-
genetic interspecific relationships [26].

Similarity of microbiota in the samples was assessed
using the Principal Coordinate Analysis (PCoA) based on
the multidimensional data scaling [27]. Adult CF patients
were stratified based on the following parameters: 1) age:
18-25 and 26-30 years; 2) FEVI (forced expiratory vol-
ume in one second) range: 70-115, 40-69, or <40%;
3) type of sample: derived from the upper or lower respi-
ratory tract; 4) clinical score of lung disease: mild, mod-
erate, or severe; 5) prevalent microbial species in commu-
nity (eight groups); 6) class of mutations in the CFTR
gene according to the LOVD v.0.1 database compiled by
the Research Centre for Medical Genetics [28].

Statistical analysis for the significance of differences
between the groups was performed using the PER-
MANOVA (permutational multivariate analysis of vari-
ance) test [29]. Each pairwise comparison was analyzed
by calculating the pseudo-f statistic criteria, significance
p-value, and Bonferroni-adjusted p-values. Inter-group
significance level was set at p < 0.05.

RESULTS

Comparison of the microbiome composition in the
upper vs. lower respiratory tract in pediatric CF patients.
Studies published over the last decade have proven that
the composition of the upper respiratory tract micro-
biome in CF patients should be continuously monitored.
It is unclear, however, at what age microbes harmful to
the lung function colonize the upper respiratory tract,
especially paranasal sinuses and middle and superior
turbinates. It is difficult to collect such biological samples
in children, because the collection procedure is painful.
Hence, polyp fragments excised during polypectomy can
be used as a source of biological samples.

Analysis of samples obtained from CF patients
demonstrated that four out of five patients were positive
for Staphylococcus aureus, which is an autochthonous
microorganism of the nasal cavity. In addition, methi-
cillin sensitivity of S. aureus was confirmed by the lack of
mecA gene signal in pediatric samples, suggesting an addi-
tional evidencing in favor of the autochthonous origin of
this bacterial species. Patient 3-CHP, whose polyp-
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derived sample was positive for S. aureus, demonstrated
normal lung function in the follow-up observations, as
well as the absence of Proteobacteria in the
tracheal aspirate sample that was dominated by
Streptococcus spp.

Polyp and tracheal aspirate samples in four patients
were positive for P. aeruginosa. In all the four patients, the
genotypes of bacteria from the lower and upper parts of the
respiratory tract were the same. It should be noted that the
tracheal aspirates of patient 2-CHP at the age from 9 to 12
years were positive solely for Achromobacter xylosoxidans
ST251 (a member of Proteobacteria); after its eradication,
the lower respiratory tract was inhabited by P. aeruginosa
with the genotype identical to the genotype of the bacteri-
um previously detected in the nasal polyps.

Polyp samples from the twin patients 4-CHP and 5-
CHP contained the fungus Auriculariopsis ampla (Fungi;
Dikarya; Basidiomycota; Agaricomycotina; Agarico-
mycetes; Agaricomycetidae; Agaricales; Schizophyll-
aceae) along with P. aeruginosa of the same genotype,
whereas the tracheal aspirates from both patients con-
tained the yeast-like fungus Candida albicans. The micro-
biome composition differed even in the twin patients:
S. aureus dominated in the polyp microbiome in patient
4-CHP, while Haemophilus influenzae (earlier detected in
the tracheal aspirate sample) prevailed in the polyp sam-
ple from patient 5-CHP.

Therefore, the obtained data confirm that as early as
in the childhood age, the upper respiratory tract in CF
patients may become colonized by bacterial species able
to infect the lungs.

Comparison of bacterial microbiome alpha diversity in
pediatric and adult CF patients. Proteobacteria of the
order Burkholderiales are hazardous to CF patients

because of the potential to generate epidemic strains that
can be transmitted by the airborne route. In Russia, the
most clinically significant for CF patients microorganisms
are Burkholderia cenocepacia ST709 (sequence type) and
Achromobacter ruhlandii ST36 [21]. No eradication of
these bacteria from the airway tract was observed during
infection transition to the chronic stage. Hence, when the
patient 82-CF aged 4 years 9 months tested positive for
B. cenocepacia ST709, this patient was subjected to inten-
sive therapy and surgical irrigation of the sinuses. It was
found that even after eradicating these bacteria from the
lungs, the sinus lavage sample contained various
Burkholderiales spp. and other Proteobacteria. Despite the
fact that antibiotic therapy was able to get rid of Firmicutes,
the alpha diversity index (max 12) in the tracheal aspirate
and sinus samples from the patient 82-CF was relatively
high (Fig. 1) and markedly exceeded the alpha diversity
index (max 7) in adult CF patients, including patient 61-
CF with favorable prognosis, preserved lung function, and
mild chronic rhinosinusitis with clean sinuses.

These data confirm that regular exacerbation of the
disease and repeated antibiotic therapy reduce the micro-
biome diversity in CF patients, thereby lowering the abil-
ity of the “healthy” microbiota to withstand pathogenic
microorganisms.

Comparison of the sinus and lower respiratory tract
microbiomes in adult CF patients. Adult CF patients were
divided into three groups according to the severity of lung
disease: mild (Group 1), moderate (Group 2) and severe
(Group 3). The only patient (61-CF) in Group 1 did not
have Proteobacteria in the sputum sample; the sputum
samples from all other patients were positive for species
from the genera Burkholderia, Achromobacter, and
Pseudomonas regardless of the severity score.
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Fig. 2. Prevalence of bacterial phyla (a) and Proteobacteria taxa (b) in the respiratory tract samples from adult CF patients: n, maxillary sinus
lavage (nasopharyngeal swabs enriched in nasal sinus content in the case of patients 70-CF and 71-CF); s, sputum. Curly brackets denote

samples from each patient.

The sinus lavage sample from patient 61-CF was
negative for bacterial and fungal species. Patient 74-CF
contained trace amount of Burkholderia in the sinus
lavage sample analyzed after polypectomy and sinus sur-
gery (Fig. 2); S. aureus was prevalent in the sinus lavage
sample, whereas B. cenocepacia ST709 comprised up to
90% total lung microbiome, which might be accounted
for by an extremely impaired nasal airflow due to enlarged
polyps.

The prevalence of Firmicutes in the upper respirato-
ry tract samples (“n”) from patients 70-CF and 71-CF
could result from the difficulty in collecting biological
material. Due to the disease severity, the sample were col-
lected via sinus puncture allowing to obtain nasal wash-
ings that contained not only purulent nasal discharge, but
also pharyngeal microbes. Therefore, these samples
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should be considered as nasopharyngeal washings
enriched with the sinus discharge. Although “n” samples
from these patients contained 80-90% Firmicutes in the
microbiome (Fig. 2), the genotype of the identified
Proteobacteria matched the genotype of bacteria earlier
found in the sputum samples.

In other patients (e.g., patients 60-CF and 64-CF),
Proteobacteria dominated in the sinus microbiome even
during a period of favorable lung microbiome state.

Comparison of all sputum and sinus lavage samples
revealed a significant difference in Unweighted UniFrac
(p=0.00118) and D_0 UniFrac (p = 0.0001) (Fig. 3). The
sinus and sputum microbiomes differed in the prevalence
of Firmicutes, as well as minor Actinobacteria and
Bacteroides (see Fig. 3 and table for the taxon composi-
tion and significance levels). In the sinus samples, the pre-
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Significance level for the differences in the taxon compo-
sition of Actinobacteria, Bacteroides, and Firmicutes in
the sputum and sinus lavage samples

Genus, OTU p FDR p
Prevotella, 530206 8.84E-09 2.43E-07
Actinomyces, 875735 4.28E-11 2.44E-09
Atopobium, 4451251 4.04E-11 2.41E-09
Capnocytophaga, 1106150 1.88E-12 2.07E-10
Staphylococcus, 1084906 2.93E-11 1.99E-09
Streptococcus, 561636 7.14E-11 3.71E-09

Note: FDR, false discovery rate.
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vailing Firmicutes were Staphylococcus species (as expect-
ed), whereas in the sputum, they were Streptococcus
species. Bacteroides Prevotella and Capnocytophaga
detected in the sputum samples were virtually absent in the
sinus microbiome. The phylum Actinobacteria was main-
ly represented by Actinomyces and Atopobium in the spu-
tum samples and Propionibacterium in the sinus micro-
biome. The species composition of Proteobacteria preva-
lent in the sinus and lung microbiomes did not differ. The
sinus microbiome also contained Enterobacteria.
Therefore, we obtained another evidence indicating that
paranasal sinuses serve as a reservoir for Proteobacteria
able to perpetuate lung infection in CF patients.
Comparison of the sinus microbiome composition in
adult CF patients with and without nasal polyps. Chronic
rhinosinusitis was diagnosed by an ENT specialist in all
adult CF patients enrolled in the study. Only patient 61-
CF had a mild disease course; the rest 14 patients were
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Fig. 3. Species composition of the phyla Actinobacteria (a), Bacteroidetes (b), Firmicutes (c), and Proteobacteria (d) in the sputum and upper
respiratory tract samples from adult CF patients: s, 21 sputum samples; n, 13 maxillary sinus lavage samples and 2 nasopharyngeal swabs

enriched in the nasal sinus content.
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characterized by severe rhinosinusitis. Eight of them fully
lacked polyps, and six patients had grade 2 polyps on both
sides. In patient 68-CF, the sinus microbiome composi-
tion was analyzed before and after polypectomy and sinus
surgery, whereas in patient 72-CF, it was assessed in the
sinus lavage two months after the third polypectomy and
sinus surgery performed over the last 16 years.

As seen from the PCoA plots for the sinus microbi-
ome data presented in Fig. 4a, no polyp-dependent clus-
tering was observed. However, the microbiome composi-
tion differed significantly in groups I and II dominated by
Burkholderia and Pseudomonas, respectively. Moreover,
group I included both samples collected from patient 68-
CF. In patient 72-CF, the sinus microbiome, even after
the third surgery, contained only Proteobacteria (100%)
with E. coli as a dominant species, whereas P. aeruginosa
prevailed in the lung microbiome (<10%) (Fig. 2).
Therefore, surgical intervention alone is insufficient for
eradication of Proteobacteria and should be accompanied
by prolonged antibiotic therapy via inhalation, which
requires patient’s compliance with treatment.

Comparison of the respiratory tract microbiome com-
position in groups of adult CF patients. Analysis of PCoA
data for all respiratory tract samples (Fig. 4b) revealed
three significantly different groups featured by different
dominant microbial species. The most abundant Group I
(Burkholderia) differed from Group II (Achromobacter) by
eight diversity indices (Bray—Curtis p = 0.00016) and from
Group III (Pseudomonas) — by all indices except
Euclidean (Bray—Curtis p = 0.000116). The difference
between Group II and Group III was confirmed by assess-
ing eight diversity indices (Bray—Curtis p = 0.00433).
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Of note is location of samples obtained from patient
61-CF with the healthiest microbiome composition (the
most distant points on the PCo3 axis, 12%). An increased
percentage of Firmicutes and decreased abundancy of
Proteobacteria (down to 30%) in the sputum samples
from patients 60-CF and 62-CF obtained during the
favorable period resulted in the shift of the sample points
upwards on the PCo2 axis (19%).

At the same time, sinus lavage samples with a com-
plex combination of several Proteobacteria species (22P3,
22P8, 19P20) were clustered along the PCol axis 31%,
whereas the sputum samples containing a combination of
Proteobacteria species (19P21 and 22P7) were shifted
along the PCo2 axis 19%.

The microbiome composition in the subgroups with
different FEV1 values (70-115% vs. <40%) differed sig-
nificantly (Bray—Curtis p = 0.00899).

Comparison of subgroups identified according to the
Class of mutations revealed that they differed significant-
ly between Class II/Class I and Class V/Class 1
(Bray—Curtis p = 0.02857), as well as between Class
I1/Class II and Class V/Class I (Euclidean p = 0.02573).
These data emphasize the contribution of mild mutations
(Class V), even in the heterozygous state in a combination
with Class I mutations.

DISCUSSION

Personalized medicine that takes into account the
impact of genetic and environmental factors on human
health [30], cannot ignore an essential influence of the
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microbiome-derived gene set. Pediatric and adult CF
Centers have developed a systemic approach to the treat-
ment of this disease that affects multiple organs and tis-
sues. One of the therapeutic strategy components is
microbiological diagnostics. Collection of biological
samples by pulmonologists and ENT specialists and long-
term follow-up with the consideration of antibiotic
regime, physiotherapy, and nutrition, as well as patient
migration across different geographic regions, help in the
interpretation of changes in the patient’s respiratory tract
microbiome in order to provide timely adjustments to the
treatment and stabilization of the patient’s condition.

Studies of the upper respiratory tract microbiome
have revealed another reservoir of the infection, as well as
justified and facilitated active introduction of inhalation
therapy in CF patients. Morphological changes in the
nasal cavity (e.g., polyps) that can decrease the efficacy of
inhalation therapy have recently come into attention of
ENT specialists and microbiologists.

According to Pletcher et al. [18], sinonasal polyps
are found in more than 40% children with CF
Polypectomy in childhood results in better sinonasal
blood flow, which indirectly improves patient’s quality of
life, but does not guarantee the absence of further polyp
recurrence. For instance, patient 72-CF in our study
underwent polypectomy three times.

Examining microbiome composition in polyp wash-
ings after surgical removal demonstrated that as early as at
the age of seven years, sinuses of CF patients were infect-
ed with P. aeruginosa that was found to be prevalent in our
small patient cohort. Detection of the basidiomycete
Auriculariopsis ampla from the Schizophyllaceae family in
the samples from the twin patients is a warning sign.
Thus, Schizophyllum commune (another microorganism
from this family) is known to infect humans since 1950,
mainly affecting the respiratory system and causing bron-
chopulmonary disease in 63% cases and sinusitis in 31%
cases [31].

It should be noted that the twin patients had individ-
ual changes in the respiratory tract microbiome. A 3-year
follow-up of the lower respiratory tract microbiome
allowed to identify such changes even before detecting
P. aeruginosa, when the microbiome of one of twins was
dominated by H. influenzae, now found in the sinus sam-
ples. However, in the latest tests, the tracheal aspirate
samples from the twin patients, otherwise similar in the
majority of microbial species, differed in the composition
of prevalent Flavobacterium spp.: patient 4-CHP was pos-
itive for Capnocytophaga spp., while patient 5-CHP — for
Chryseobacterium spp.

Polyps were observed in 40% adult CF patients.
Comparison of the phylogenetic diversity of the sinonasal
microbiome in both groups revealed no significant differ-
ences between them. Polypectomy and sinus surgery did
not result in the short-term changes in the sinus micro-
biome composition in two post-surgery patients; there-

fore, long-lasting antibiotic therapy under compliance
with physician’s recommendations might be more effi-
cient in affecting the sinus microbiome. Currently, we can
state that the altered mucociliary clearance is the deter-
mining factor in the development of sinonasal infections.

Non-CF patients with chronic rhinosinusitis were
studied by Biswas et al., who demonstrated no difference
in the phylogenetic diversity or the level of inflammatory
markers between the patients with or without polyps [32].

Proteobacteria (the most dangerous pathogenic
microbes) of the same genotype as was detected in both
respiratory tract regions in 13 out of 15 adult CF patients.
Moreover, in 10 patients, this species comprised up to 70-
100% of sinus microbiome; in three of these patients, the
prevalence of Proteobacteria was observed even during
the period of relatively beneficial lung microbiome com-
position. In addition, we also found Burkholderia,
Pseudomonas, and Achromobacter and their combination,
as well as Stenotrophomonas and E. coli combined with
Pseudomonas. Biswas et al. observed decreased sinus
microbiome diversity in samples with Proteobacteria
spp., such as Pseudomonas, Haemophilus, and Achromo-
bacter [32].

Eight out of analyzed 14 adult patients displayed
markedly overlapping patterns of microbial species in the
sinus and lung microbiomes. However, six CF patients
contained sinus microbial species that were absent in the
lung microbiome, e.g., E. coli in patient 72-CF
According to some researchers (see Lucas et al. [33]), the
presence of a pathogenic microbial species in the sinus
does not predict its emergence later in the lungs [33],
whereas Fothergill et al. [34] demonstrated that
Pseudomonas bacteria in the sinus can acquire adapta-
tions ensuring their efficient colonization of the lower
respiratory tract.

Therefore, further lung colonization by sinonasal
microbes is solely a matter of time, and properly chosen
therapeutic strategy may serve as a restriction factor.

Currently, because of the emergence of targeted
drugs allowing partial restoration of the chloride channel
activity, the CF therapeutic strategy is determined by the
class of mutation in the CFTR gene. Here, we demon-
strated a correlation between the class of mutation and
diversity of microbial communities in the respiratory
tract. In particular, a mild mutation (Class V) even com-
bined with the Class I mutation improved the microbi-
ome composition. The most unusual microbiome com-
position was found in patient 67-CF carrying the
[delta] F508/P205S (Class 1I/Class V) mutations: the
lung microbiome contained Actinobacteria (Rothia,
29%), Firmicutes (Lactobacillus, 6%; Lactococcus, 2%:;
Streptococcus, 37%), and Proteobacteria (Pseudomonas,
1%; Xanthomonadaceae, 10%; Stenotrophomonas, 12%),
whereas the sinus microbiome contained Proteobacteria
(Pseudomonas, 2%; Xanthomonadaceae, 47%; Stenotro-
phomonas, 51%).
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Hence, our data support the concept of microbial
translocation occurring across the respiratory tract in CF
patients, but disprove the role of sinonasal polyps in shap-
ing the composition and diversity of microbial communi-
ties. Most likely, an individual state of mucosal layers and
mucociliary clearance, as well as anatomical features of
patient’s paranasal sinuses, are of importance. The lack of
pathogenic microbes in one region of the respiratory
tract, but their presence in another region is likely a tem-
porary event related to the antibiotic resistance and the
used treatment strategy.

Our study demonstrated a need for monitoring the
microbiome composition of the sinuses and lungs and
proved a higher value of molecular and genetic approach-
es vs. bacterial cultivation. The continued microbiome
analysis, including assessment of microbiome minor
components, will provide better understanding of the
triggers in the infectious process development.
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