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Dmitry P. Gladin. To date, some progress has been made in the fight against this serious disease, but problems such
E-m?”i . as the multidrug resistance of Mycobacterium tuberculosis and tuberculosis/HIV coinfection are of
gladin1975@mail.ru serious concern. A significant discovery was the discovery of microbiota in the distal parts of the

respiratory tract — respiratory bronchioles and alveoli, which, as it turned out, plays an important
role in maintaining local immunity and protecting against pathogens. It has been established
that in healthy people this locus is dominated by commensals, for example Prevotella, whereas
in tuberculosis dysbiosis develops: species diversity decreases and the number of opportunistic
microorganisms (Streptococcus, Neisseria) increases. This specific microbiota profile can serve as
a diagnostic and prognostic marker, helping to detect the disease at an early stage and predict the
risk of developing drug resistance of Mycobacterium tuberculosis. At the same time, tuberculosis
therapy restores the normal composition of the lung microbiota, but at the same time promotes the
growth of antibiotic resistance among opportunistic bacteria. A promising area is the management
of the lung microbiota. The development of inhaled probiotics opens up new opportunities for
tuberculosis prevention and improved treatment effectiveness, especially in complex cases of
multidrug resistance of Mycobacterium tuberculosis. Thus, the study of the lung microbiota marks
the transition to personalized approaches in the fight against tuberculosis.
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Moctynuna: 10.12.2025 OpoGpeHa: 30.01.2026 MpuHsaTa k nevatu: 27.03.2026
AsTop Pestome. Tybepkynes 0CTaeTcsl OAHOM 13 BEAYLLMX MPUYMH CMEPTHOCTM OT MHEKLMOHHBIX 3a-
Ansl KOPPECMOHAGHLUMM:  GoneBaHU BO BCEM MUPE. Ha CEeroaHsWHNA [eHb JOCTUIHYT ONpeAeneHHbIn nporpecc B bopbbe
Amumputi laenosuy C 3TUM TsXenbIM 3abonesaHnem, HO Takue Npobnembl, kKak MHOXECTBEHHAS NIeKapCTBEHHas
’7730‘{"’ ycTonumMBoCTb MukobakTepuin Tybepkynesa v kouHdekuumn Ty6epkynes/BlY, Bei3biBaloT cepbes-
E'm?": . Hyt0 06eCNOKOEHHOCTb. 3HAUMMbIM OTKPLITUEM CTano 06HapyXeHne MUKPOONOThI B AMCTamNbHbIX
gladint975@mail.ru OT/enax [blxaTenbHoro TpakTa — pecnupaTopHbIx GPOHXMONAX 1 anbBeonax, kotopas, kak Bbi-

SICHUMOCh, UrPAET BaXXHY0 POnb B NOAAEPXKAHUM MECTHOTO IMMYHUTETA U 3aLLMTe OT NaTOrEHOB.
Y 300pO0BbIX MI04EN B 3TOM NOKYCE AOMUHUPYIOT KOMMEHCanbl, Hanpumep Prevotella, Torga kak
npw Tybepkynese pa3snBaeTcst AMCOMO3: CHIKAETCS BUOOBOE pa3HooOpasune 1 yBenniMBaeTcs
YNCINEHHOCTb YCIOBHO-NATOTEHHbIX MUKPOOPraHn3moB (Streptococcus, Neisseria). 3ToT cneundu-
Yeckuit NpocKnb MUKPOBUOTHLI MOXKET CMYXKUTb AMArHOCTUYECKUM W MPOrHOCTUYECKUM MapKepoM,
nomoras BbISIBNATL 60Ne3Hb Ha PaHHEN CTafu 1 NPOrHO3MPOBaTh PUCK PA3BUTUS JTEKAPCTBEHHO
YCTOMYMBOCTM MukobakTepuit Tybepkynesa. MpoTnBoTybepkynesHas Tepanus Npu aToM BoccTa-
HaBNMBAET HOPMaIbHbIA COCTAB MUKPOBKOTLI Nerkux, Ho OAHOBPEMEHHO CNOCOOCTBYET POCTY
aHTMOMOTMKOPE3NCTEHTHOCTM CPEeaM YCIOBHO-NATOreHHbIX 6akTepuit. MepcnekTUBHLIM Hanpas-
NeHneM sBNseTCs ynpaBneHne MUKPoObroTor nerkux. PazpaboTka NHransLuMoHHbIX NPOBKUOTHKOB
OTKPbIBAET HOBbLIE BO3MOXHOCTM ANs NpoUnakTukL Tybepkyneaa 1 noBbleHNs 3hHEKTUBHOCTY
JlevYeHns, 0COOEHHO B CIOXHbIX cnyvanax MHOXECTBEHHON ﬂeKapCTBeHHOVI yCTOVI‘-IVIBOCTI/I MWUKO-
Oaktepwnit Ty6epkynesa. Taknum 06pa3om, U3yyeHne MUKPODUOTLI NErkMX 3HaMeHYET NePeXoa K
nepcoHann3npoBaHHbLIM nogxoaam B 6opbbe ¢ Tybepkynesom.

KntoueBble cnoBa: Ty6epkynes, MukpobuoTa nerkux, bpoHxoanbBEONApHbIN NaBax, naTo-
OWoHTbI, NpOTMBOTYOEpKYNe3Has Tepanus, cekBeHnpoBaHue reHa 16S pudocomansHomn PHK,
CeKBEeHNpoBaHWe NOTHOTO reHoMa MeToLoM ApoboBYMKa, METareHOMHOE CEKBEHMPOBAHWE HOBOMO
NOKONEHUS, MHransLMOHHbIE NPOBUOTUKM, FOPU3OHTASBbHBIA NEPEHOC FEHOB

WcTouHMK dhmHaHcMpoBaHUA. ABTOpbLI 3asiBNSIOT 00 OTCYTCTBUM BHELIHErO (MHAHCUPOBAHUS
© KonnexTvs asTopos, 2026 NPU NPOBELEHNN UCCNE0BAHNS.
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INTRODUCTION theless, its composition in conditionally healthy indi-
Despite significant progress made by the global viduals remains relatively constant due to a dynamic
community in the fight against tuberculosis (TB), equilibrium between the influx of microorganisms, the
the disease remains a pressing concern. It is still a upper respiratory tract (URT) and the host's immune
source of anxiety for scientists, clinicians, and public response [11, 12]. Researchers have figuratively
health officials. named this model “Yin and Yang” [13], as the optimal
According to the 2024 Global Tuberculosis Report qualitative and quantitative composition of the micro-
published by the World Health Organization (WHO), biota (eubiosis) arises from the dynamic interplay of
in 2023 TB once again became the leading cause various forces.
of death among all infectious diseases, displacing It should be noted that the URT system consists of
COVID-19 (CoronaVirus Disease 2019), which had the nasal cavity, nasopharynx, and oropharynx, while
dominated in the previous three years [1]. The COVID-19 the LRT includes the larynx, trachea, bronchi, bronchi-
pandemic severely damaged the health care systems oles, and alveoli [14].
of many countries and became one of several factors The LRT microbiota in a healthy individual is pri-
preventing humanity from achieving the WHO’s 2025 marily composed of phyla such as Pseudomonadota
TB elimination targets [2]. (Proteobacteria), Bacillota (Firmicutes), and Bacteroi-
Thanks to significant efforts by the Russian health-  dota (Bacteroides), which together account for about
care system, Russia joined the ranks of 13 countries  90% of the bacteria inhabiting this area [15] At the ge-
that managed to reduce TB deaths by 50% or more nus level, the following taxa predominate: Veillonella,
between 2015 and 2023. In 2021, the WHO removed Prevotella, Sphingomonas, Pseudomonas, Acineto-
Russia from the list of countries with a high TB bur-  bacter, Fusobacterium, Megasphaera, Staphylococ-
den. However, our country still remains on the so- cus, and Streptococcus [16].
called Global TB Watchlist [1, 3]. This is primarily due It is important to note that the microbiota of the
to problems with TB caused by multidrug-resistant LRT has been studied mainly by molecular genetic
(MDR-TB) strains of the Mycobacterium tuberculosis methods. Traditional culture-based methods almost
complex (MTB) and co-infection caused by MTB and never yield results [17]. Detection of DNA fragments
the human immunodeficiency virus (TB/HIV) in the does not allow us to determine whether they origi-
Russian Federation [3, 4]. nate from a living or a dead bacterial cell. There-
Currently, the Russian Federation is also seeing fore, it is extremely difficult to establish which mi-
a sustained positive trend in the TB epidemic among croorganisms are resident and which are transient
children [5], but sporadic cases of late-stage TB dia- in the LRT.
gnosis in this population group mean that physicians The nasal cavity is colonized by Corynebacterium,
of all specialties must remain vigilant regarding this  Propionibacterium, Staphylococcus spp., Moraxella,
infection. Pseudomonadota (Proteobacteria), and Fusobacterium
Thus, measures for the prevention, diagnosis, [14]. Corynebacterium and Staphylococcus dominate
and treatment of TB require constant improvement. the nasopharynx [18]. The oropharynx is inhabited by
Since TB is the result of a complex interaction Streptococcus, Haemophilus, Neisseria, Prevotella,
between MTB and the host’'s immune system [6], Veillonella, and Leptotrichia [14].
which is significantly modulated by the pulmonary The microbiota of the URT is richer than in the LRT
microbiota [7], a detailed study of the latter is of in both quantitative and qualitative terms. However,

particular relevance. their composition largely correlates due to the direct
connection between these two sites [19]. In addition,
NORMAL LUNG MICROBIOTA the upper respiratory tract represents an ecological

Previously, the respiratory bronchioles and alveoli  niche for important pathobionts: Streptococcus pneu-
were considered completely sterile [8]. However, it is  moniae, Haemophilus influenzae, and Staphylococ-
now known that all sections of the respiratory tract in  cus aureus (S. aureus). These are symbiotic micro-
a healthy person, including the lower respiratory tract, organisms, however, they can cause disease under
are colonized by various commensal microorganisms:  certain conditions [20].
bacteria, viruses, fungi [9], and, according to the latest Viruses found in the respiratory tract include
data, even archaea [10] . families such as Picornaviridae, Paramyxoviridae,

It is believed that the microbiota of the lower res-  Orthomyxoviridae, Coronaviridae, Adenoviridae,
piratory tract (LRT) is exclusively transient. Never- Parvoviridae, Herpesviridae, Anelloviridae, Papillo-
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maviridae, Polyomaviridae, and numerous bacterio- proliferation of pathogenic microorganisms by compe-
phages [21]. ting with them [25]; enhances antiviral immunity [26];
Fungi are predominantly represented by the ge- prevents the development of lung cancer [27]; and,
nera Aspergillus, Cladosporium, Eurotium, Penicil- through the production of various bioactive substanc-
lium, and several others [22]. es, participates in forming the “gut-lung axis” [28].
Archaea in the respiratory tract include such types A disruption in the qualitative and quantitative
as Euryarchaeota (e.g., Methanobrevibacter smithiiasa composition of the respiratory tract microbiota, or
result of microaspiration from the gastrointestinal tract), dysbiosis, can lead to impairment of the aforemen-
Thaumarchaeota (representatives of the skin and up- tioned protective functions and declined resistance to
per respiratory tract microbiota) and Woesearchaeota, both specific [29] and nonspecific respiratory infec-
which are specific to the lower respiratory tract. Their tions [24, 30].
role in a healthy organism and in pathological condi- Factors leading to respiratory tract dysbiosis in-
tions has not yet been sufficiently studied [23]. clude smoking, air pollution, immunodeficiency states
Some representatives of the normal human res- (including HIV/AIDS), infectious and non-infectious
piratory tract microbiota are shown in the diagram respiratory diseases, the use of antibacterial drugs,
(Fig. 1). medical interventions (mechanical ventilation, bron-
The beneficial role of the respiratory tract micro- choscopy, etc.), as well as an imbalance in the gut
biota is extremely diverse. In particular, it ensures the microbiota and diseases of other organs and systems
formation of a balanced immune response, preventing  [11, 31, 32]. Figure 2 illustrates the functions of the
the development of excessive inflammation when ex-  lung microbiota as well as factors leading to its imba-
posed to harmless antigens [24] . It also inhibits the lance.

MwkpobuoTa pecnupaTopHoro Tpakta
Microbiota of the respiratory tract
Y Y Y Y
[pubbl Bupycebl Bakrepum Apxeu
Fungi Viruses Bacteria Archaea
Aspergillus Picornaviridae BepxHue fpixatenbHble HwxHWe abixaTenbHble Woesearchaeota
Cladosporium Paramyxoviridae nyT nyTv Euryarchaeota
Eurotium Orthomyxoviridae Upper respiratory tract Lower respiratory tract Thaumarchaeota
Penicillium Coronaviridae
Fusarium Adenoviridae l
Parvoviridae \
Herpesviridae Pseudomonadota dunbl
Anelloviridae Fusobacterium Phyla
Papillomaviridae Corynebacterium Pseudomonadota
Polyomaviridae Propionibacterium Bacillota
Moraxella Bacteroidota.
Staphylococcus Popa
Haemophilus Genera
Neisseria Veillonella
Prevotella Prevotella
Veillonella Sphingomonas
Leptotrichia, Pseudomonas
B TOM yucre Acinetobacter
naTo6UOHTI Fusobacterium
Including pathobionts Megasphaera
Staphylococcus
Streptococcus
u apyrue
and others

Fig. 1. Microbiota of the respiratory tract (the figure is prepared by the authors of this article)
Puc.1.  MukpobuoTa pecnnpaTopHOro Tpakta (pUCyHOK aBTOPOB JaHHOM CTaThbh)
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Infectious and non-infectious nonspecific

[MpeaynpexaeHne KONOHM3aLMn NaToreHHbIMM
11 YCNOBHO-NATOrEHHbIMI MUKPOOPraHu3mamu
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/ pecnupaTopHoro
1

Microbiota
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Antitumor effect The “gut-lung” axis

Fig. 2.
Puc. 2.

Hecneundmuyeckme
VHEKLKN
pecnupaTopHoOro Tpakta
Nonspecific infections
of the respiratory tract

Tybepkynes opraHoB
OblXaHus
Tuberculosis
of the respiratory system

[incbnos pecnmpaTopHoro
TpakTa

Dysbiosis of the respiratory

tract

Fig.3. A schematic diagram of the relationship between dysbi-
osis, pulmonary tuberculosis and nonspecific infection
(the figure is prepared by the authors of this article)

Puc. 3. lpuHuunnanbHas cxema B3anMOCBA3V Aucbrosa pecnupa-

TOPHOrO TpakTa, Tybepkynesa nerkux n Hecneuuu4eckon
NHeKUUM (PUCYHOK aBTOPOB AaHHON CTaTby)

Thus, a bidirectional relationship or vicious cy-
cle is formed. Both TB and nonspecific lung infec-
tions can lead to local dysbiosis, which increases
susceptibility to these diseases [33]. Fig. 3 presents

POCCUMNCKUE BUOMEANLMHCKUE UCCNEAOBAHUA

The functions of the lung microbiota and the factors leading to its imbalance (the figure is prepared by the authors of this article)
OyHKLMM MUKPOBMOTBI NETKMX W hakTopbI, NPUBOASLLME K €€ AucbanaHcy (PUCYHOK aBTOPOB [aHHOM CTaTby)

a schematic diagram of the relationship between
respiratory tract dysbiosis, pulmonary TB, and non-
specific infection.

Tuberculosis Impact on Lung Microbiome

In 2022, Chinese researchers conducted a large-
scale study examining the lung microbiome profile in
patients with TB [34]. Bronchoalveolar lavage fluid
samples were collected to study the lung microbiota,
which is more informative than sputum analysis, as
sputum collection inevitably introduces microorga-
nisms from the nasopharynx and oral cavity into sam-
ple [15]. The qualitative and quantitative composition
of the microbiota was determined using metagenomic
next-generation sequencing (MNGS).

Samples obtained from healthy individuals in the
control group contained higher levels of Prevotella
melaninogenica (P. melaninogenica) and Ralstonia
pickettii (R. pickettii), while samples from patients with
untreated TB contained S. aureus and Neisseria spp.
[34]. These results are partially consistent with data
from a 2019 meta-analysis, according to which Strep-
tococcus and Neisseria were more common in TB pa-
tients (35.01 and 27.1% of the total, respectively), while
Prevotella was more common in healthy individuals
from the control group (36.9%) [35]. The same study
reported that Veillonella, Rothia, Leuconostoc, and

2026;11(1):7-22
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Lactobacillus were detected only in TB patients and
foundin 7,8, 4, 3, 2, and 1.8% of patients, respectively.
In addition, the genera Gammaproteobacteria, Haemo-
philus, and Actinobacillus were found only in healthy in-
dividuals from the control group [35]. Differences in the
composition of the lung microbiota at the genus level
between TB patients and healthy individuals from the
control group are shown in Fig. 4 [34].

It is worth noting that the proportion of MBT in TB
patients, according to some data, accounts for only
about 0.06% of the total number of all bacteria detec-
ted in sputum analysis [36].

Whether TB or respiratory tract dysbiosis is the pri-
mary factor remains uncertain. However, MBT appear
to significantly influence the lung microenvironment,
thereby promoting proliferation of certain microorga-
nisms and suppressing others [34].

Additionally, according to the literature, the micro-
biota identified in TB patients’ sputum via 16S rRNA
gene sequencing may vary significantly at the genus
level depending on resistance or susceptibility of MTB
to various drugs (Fig. 5) [36]. Thus, it has been estab-
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¢ Tybepkynesom
nerkux
Patients with pulmonary
tuberculosis
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The composition of the lung microbiota at the genus
level in patients with tuberculosis and in healthy people
(https:/icdn.ncbi.nim.nih.gov/pmc/blobs/e984/6347808/
ff898c63225f/12879_2019_3712_Fig3_HTML.jpg)

CocTaB MMKPOGMOTLI FETKMX Ha YPOBHE poja y nauu-
eHToB C Tybepkynesom wu y 3goposbix ntogen (https:/
cdn.nchi.nlm.nih.gov/pmc/blobs/e984/6347808/
ff898c63225f/12879_2019_3712_Fig3_HTML.jpg)
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lished that Delftia can serve as a potential diagnostic
marker for identifying patients with TB caused by MTB
resistant to rifampicin; Kingella and Chlamydophila — to
isoniazid; and Bordetella — to rifampicin and isoniazid

(in patie
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©
o
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OtHocuTenbHas pacnpoctpaHeHHocTb / Relative abundance

10 1

Fig. 5.

Puc. 5.
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nts with MDR to the pathogen) [36].

mm [Ipyrve
Other
mm Bacteroides
= Porphyromonas
mm Escherichia
wm Veillonella
mm [ actobacillus
wm Alloprevotella
w= Sphingomonas
Neisseria
mm Delftia
Streptococcus
== Prevotella
Ochrobactrum
mm Raistonial2|
e Raistonial1|

DS MR-INH MR-RFP MDR PR

Composition of the upper respiratory tract microbiota at
the genus level in patients with tuberculosis caused by
Mycobacterium tuberculosis with different sensitivity
profiles to anti-tuberculosis drugs. Relative abundance —
prevalence of microorganisms of different species;
DS — drug-sensitive tuberculosis; MR-INH — monoresis-
tance isoniazid; MR-RFP — monoresistance rifampicin;
MDR — multidrug resistance; PR — polyresistance (this
is resistance to two first-line anti-tuberculosis drugs and
more, while maintaining sensitivity to at least isoniazid
and rifampicin simultaneously) (https://cdn.ncbi.nim.
nih.gov/pmc/blobs/ca0b/8040397/f0e6c4a78badlijms-
v18p1935g003.jpg)

CocTaB MUKpPOOWOTBI BEPXHUX [bIXaTeNbHbIX MyTei Ha
YPOBHE pofa Yy nauueHToB C TyGepkynesom, Bbl3BaHHbIM
MukobakTepusammu Tybepkynesa ¢ pasnuyHbIMM NPOMUASMA
UyBCTBMTENBHOCTY K MPOTMBOTYBEPKYNEe3HbIM npenapatam.
OTHocuTENbHAs pacnpoCTPaHEHHOCTb — PacnpoCTpaHeH-
HOCTb MMKPOOPraHu3MoB pasHblx BuaoB; DS — nekapcrt-
BEHHO-4yBCTBUTENbHbIN TyOepkynes; MR-INH — MoHopeau-
CTEHTHOCTb K U30HWasnay; MR-RFP — MoHopesucTeHTHOCTb
k pucpamnuumHy; MDR — MHOXeCTBEHHas nekapcTBeHHast
ycToNuMBOCTb; PR — NOMMpPesncTeHTHOCTb (3TO yCTONYM-
BOCTb K ABYM NMpOTMBOTY6EPKYNE3HbIM Npenapatam nepeo-
ro psiga v Gonee npu coxpaHeHUM YyBCTBUTEMBHOCTU Kak
MUHUMYM K U30HMa3nay 1 pudamnuumHy OAHOBPEMEHHO)
(https:/fcdn.ncbi.nim.nih.gov/pmc/blobs/ca0b/8040397/
f0e6cda78badlijmsv18p19359003.jpg)

POCCUINCKUE BUOMEANLMHCKUE NCCNELOBAHUA

RUSSIAN BIOMEDICAL RESEARCH




NMATOPU3NOJIOTNA — MEAULIUHE 13
PATHOPHYSIOLOGY — MEDICINE

ANTITUBERCULOSIS THERAPY

E 60 Mef(En2)

AND LUNG MICROBIOME & B s

The lung microbiome is significantly influenced by 8 f;g““
antituberculosis therapy (ATT) [34, 37]. All patients £ el
included in the study had drug-sensitive TB and re- < adet
ceived treatment according to the following regimen: £S5 ianas aeruginosa c2lB7
2 months of HRZE (isoniazid, rifampicin, pyrazi- omi "
namide, and ethambutol) and 4 months of HR (iso- 2 = (gl
niazid and rifampicin). The microbial composition of = / N
healthy individuals, TB patients receiving ATT during € Qfﬁ%ﬁie"””e“m°”‘“*‘"’°”*
the study, and patients who had recently completed & %;:{(Egm
a course of chemotherapy (clinically cured with bac- ~ § _.\‘ | fCiayter
teriological confirmation) was similar. However, there ¢ " o RBECa b
was a marked difference in the taxonomic profile of £ 20 7 el
the microbiota among those patients with pulmonary & o poh,
TB who were not receiving treatment during the study. g R
It was noted that the opportunistic pathogen S. aureus & Ene
was significantly more prevalent in the group of pa- & e
tients with untreated TB, while the relative abundance = elQ
of R. pickettii and P. melaninogenica, conversely, was & o Eme
much lower [34]. It has been reported that R. picket- fz-i 0 ﬁfﬁze
tii is capable of converting ethionamide into its active & UTG TG cTG
form, and a deqrease in its abundance in patients with Fig.6.  The abundance of different lung microbiota resistance
L may negatively affect trea,tment outcomes [38]. genes in different observation groups. Average ARG
According to some data, bacteria of the genus Prevo- Abundance — average number of antibiotic resistance
tella play a positive role in maintaining lung function genes; UTG — the untreated pulmonary TB group;
and controlling inflammation. Accordingly, a decrease TTG — the treated pulmonary TB group; CTG — the
in the abundance of P melaninogenica may be as- cured pulmonary TB group (https://cdn.ncbi.nlm.nih.gov/

pmc/blobs/3411/8865484/d7e5b5637cde/spectrum.01901-
21-f005.jpg)
Puc. 6.  KomnmuecTBo pa3nuyHbIX reHOB Pe3UCTEHTHOCTU MUKPOBUOTHI

nerkux B pasHbix rpynnax Habnogenns. UTG — naumeHTs ¢
TyGepkynesom, He Nonyyaslume neyeHnsi; TTG — naLmeHTbl

sociated with impaired lung function and an excessive
inflammatory response [39].

Overall, microbial diversity in patients with untrea-
ted TB was significantly lower than in other groups.

Thus, ATT rapidly restored normal microbial composi- ¢ TyGepKyne3om B npouecce nedensi; CTG — nauueHTs,
tion in this study, contrary to expectations [34]. Appa- M3rieveHHble OT TyBepkyniesa NIeTkMX B HeAaBHEM MpoLu-
rently, this is due to the strong local effect of MBT on nom (https://cdn.ncbi.nlm.nih.gov/pmc/blobs/3411/8865484/

the microecology of the lower respiratory tract. There d7e5b5637cde/spectrum.01901-21-1005.jpg)

are studies both confirming [40] and refuting this ob-
servation [37]. the diversity and number of genes responsible for
At the same time, ATT undoubtedly has negative antimicrobial resistance across an entire microbial
consequences as well. Of the four drugs prescribed community. This raises concerns regarding the poten-
to patients in the study, rifampicin is a broad-spec- tial development of nonspecific respiratory infections
trum antibiotic and may lead to the development of in patients caused by antibiotic-resistant strains of
antibiotic resistance, including in opportunistic patho-  pathobionts during or after ATT. A histogram showing
gens [34]. Other broad-spectrum antibiotics used in the number of different resistance genes in the pulmo-
various TB treatment regimens include rifabutin and nary microbiota across different observation groups is
rifapentine; fluoroquinolones (levofloxacin, moxifloxa- presented in Fig. 6 [34].
cin, sparfloxacin); aminoglycosides (kanamycin, ami- It should be noted that nonspecific lung infections
kacin, capreomycin); carbapenems (the combination complicating the course of TB are often caused not by
drug imipenem + cilastatin and meropenem); and the the patient’s own pathobionts, but by hospital-acquired
semi-synthetic penicillin antibiotic in combination with  strains of microorganisms circulating within hospitals
a beta-lactamase inhibitor—amoxicillin + clavulanic with antibiotic resistance profiles specific to them
acid [3]. It has been demonstrated that ATT increases [41]. This is particularly relevant during prolonged
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Mycobacterium sp. JDM601 [NC_015576]

M. avium 104 [NC_008595]
M. avium K-10 [NC_002944]

M. marinum M [NC_010612]
M. ulcerans Agy99 [NC_008611]

M. tuberculosis group [NC_000962, NC_002755 NC_002945,

—10,001
M. vanbaalenii PYR-1 [NC_008726] Mycobacterium sp. Spyr1 [NC_014814]

Mycobacterium sp. MCS [NC_008146]

Mycobacterium sp. KMS [NC_008705]

Mycobacterium sp. JLS [NC_009077]

M. smegmatis MC2 155 [NC_008596]
M. abscessus [NC_010397]
M. leprae [NC_011896 and NC_002677] NC_008769, NC_009525, NC_009565, NC_012207, NC_015848]
Fig. 7. Areticulate network showing the events of the exchange of conserved genes between different Mycobacteria (https://cdn.
ncbi.nim.nih.gov/pmc/blobs/d4f0/4331801/b230cfc44751/1471-2148-15-S1-S2-4.jpg)

Puc.7. Cetyatas CTpyKTypa, AEMOHCTpUpYlowas cobbiTus obMeHa KOHCepBaTWBHBIMM TEHaMW Mexay PpasfuyHbiMM MuUKobBaKTepusMu

(https:/lcdn.ncbi.nim.nih.gov/pmc/blobs/d4f0/4331801/b230cfcd4751/1471-2148-15-S1-S2-4.jpg)

hospitalization of patients with tuberculosis, as well
as during their stay in intensive care units, especial-
ly when mechanical ventilation is used, which is not
uncommon among patients with TB/HIV coinfection,
whose immune systems are, moreover, severely com-
promised [42-44].

In addition, horizontal gene transfer must be men-
tioned in this context. This process occurs when a
microorganism transfers genetic material to another
microorganism that is not its descendant via various
mobile genetic elements (plasmids, transposons, in-
tegrons) [45]. Thanks to this mechanism, resistance
determinants can rapidly spread among pathogens
causing nosocomial infections, including those be-
longing to the so-called ESKAPE group, which poses
a significant problem for both individual hospitals and
healthcare systems worldwide [46].

However, it is encouraging that horizontal gene
transfer is not possible between M. tuberculosis and
pathogens of nonspecific infections. Currently, the
evolution of M. tuberculosis, including the acquisition
of drug resistance, is entirely driven by spontaneous
mutations, genomic recombination, gene duplication,
and selective pressure [47]. Nevertheless, pathogeni-
city clusters have been identified in the M. tuberculo-
sis genome. They may have been acquired by the mi-
croorganism from external sources during its phylog-
eny and account for its high virulence. Furthermore,
other mycobacteria, such as Mycobacterium avium
and Mycobacterium marinum, are currently actively
exchanging mobile genetic elements both with each
other and with taxonomically distant microorganisms.

Thus, we cannot exclude the possibility that, sooner
or later in the future, conditionally pathogenic myco-
bacteria will evolve from pathogens of predominantly
opportunistic infections into pathogens that are no
less dangerous than MTB [47]. It is particularly impor-
tant to take this fact into account given the increasing
frequency of mycobacterial infections not only among
individuals with HIV infection but also among the im-
munocompetent population [48]. Figure 7 presents
a network diagram illustrating the exchange of con-
served genes among various mycobacteria [47].

DIAGNOSTIC SIGNIFICANCE
OF ASSESSING LUNG MICROBIOME
IN ASSOCIATION WITH TUBERCULOSIS

Therefore, assessing the lung microbiome appears
to be an important diagnostic tool for pulmonologists
and other specialists. Patients with TB have a unique
lung microbiome profile, and its determination can
help verify TB in early stages, conduct differential
diagnosis between TB and lung cancer, as well as
other pathologies, and predict the severity of TB, the
likelihood of a secondary nonspecific infection, and
the development of drug resistance in a specific pa-
tient [34-36, 49]. Furthermore, since respiratory tract
dysbiosis is one of the risk factors for developing TB,
modifying a microbal composition could help to pre-
vent TB [50, 51].

Currently, three main molecular genetic methods
are used to study the microbiota. Each of these
methods has its own advantages and disadvanta-
ges: 16S rRNA gene sequencing [52], whole-genome
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Table 1

Comparison of some molecular genetic methods of microbiota research

Tabnuua 1

CpaBHeHI/Ie HEKOTOPbIX MOJIEKYNAPHO-reHeTU4eCKMX MeToA4oB UccrnenoBaHusa MI/IKpOGI/IOTbI

XapakTtepuctuka
Characteristic

CekBeHnpoBaHue
reHa 16S pubocomanbHoi PHK
16S ribosomal RNA
Gene Sequencing [52]

CeKkBeHUpOBaHWe NONHOro reHoMa
MeTOA0M Apo6oBuMKa
Shotgun Whole-Genome
Sequencing [53]

MeTareHomMHOe cekBeHMpOBaHue
HOBOrO MOKONeHus
Next-generation metagenomic
sequencing (mMNGS) [54]

OObEKT CeKBEHMPO-
BaHus
Sequencing facility

OpuH reH (16S pubocomanbHo
PHK)
Assingle gene (16S ribosomal RNA)

Becb reHoM 0ZHOI M30MMPOBaAHHON
HakTepum

The entire genome of a single, isolated
bacterium

Bcsi HK/PHK n3 obpasua (6aktepum,
apxew, BUpychl, rpubbi)

All DNA/RNA from a sample (bacteria,
archaea, viruses, fungi)

MpuHUMN MeToda
The principle
of the method

AmMnnndukaLms n cekBeHMpoBaHmne
KOHCEpBaTMBHOTO reHa ¢ Bapuabens-
HbIMU pervoHamu Ans uaeHTuduka-
LIMN TaKCOHOB

Amplification and sequencing

of a conserved gene with variable
regions to identify taxa

CnyvaiiHas parmenTauus ceit JHK
GakTepuu, cekBeHpoBaHme dpar-
MEHTOB U «cOopka» MOMHOro reHoma
Random fragmentation of the entire
bacterial DNA, sequencing fragments
and “assembling” the complete
genome

CekseHupoBaHue Bceil [HK/PHK,
13BneYeHHomn n3 obpasua cpepsl,

¢ nocneaytoLLen cOOpKoM 1 TAKCOHOMM-
YeCKuM/hyHKLMOHANbHLIM aHanu3om
Sequencing of all DNA/RNA extracted from
a medium sample, followed by assembly
and taxonomic/functional analysis

PaspewatoLas
€nocobHoCTb
Resolution capacity

YpoBeHb poaa, pexe Buaa
Genus-level, rarely species-level

YpoBeHb LUTamMma, BO3MOXHO
onpefeneHne reHoB BUPYIEHTHOCTU
1 PE3NCTEHTHOCTU

Strain level, possible determination

of virulence and resistance genes

YpoBeHb BUAA, MHOTAA LWTaMMa.
[aet npeacraBnenue o0 GyHKLMO-
HanbHOM noTeHuuane coobulecTsa
Species-level, sometimes strain-level.
Functional potential of the community

KonnyecteeHHas
oLeHKa
Quantitative
assessment

OTHOCUTENbHAs YUCTIEHHOCTb MUKPO-
OpraHu3mMoB B MUKpoGHOM cooblLue-
cTBe (nons B coobLyecTse)

Relative abundance (proportion within
the community)

HeBo3moxHa (MeTog 1Cnonb3ayoT
ANst YUCTON KynbTypbl)

Not applicable (the method is used
for pure culture)

OTHocuTenbHas n abconoTHas
YNCMEHHOCTb MUKPOOPraHn3moB (npu
1CMONb30BaHWUM METOZ0B KannbpoBkw)
Relative and absolute abundance

of microorganisms (when using
calibration methods)

OcHoBHoe npume-
HeHve
Main application

OueHka TakCOHOMIUYECKOTO Mpocuns
coobLecTBa, anbga- u beTa-pasHo-
obpaans

Taxonomic profile of a community,
alpha- and beta-diversity

[eTanbHoe 13y4yeHne KOHKPETHOro
MUKPOOpPraHu3ma: reHomuka, Bupy-
NEHTHOCTb, 3BONOLMS

Detailed study of a specific
microorganism: genomics, virulence,
evolution

MonHas kapTuHa coobluecTsa:
TaKCOHbI 1 FeHbl BUPYMEHTHOCTH,
PE3UCTEHTHOCTY U T.4. (TO €CTb
(PYHKLMOHANBHBIA NOTEHLMan)

The full picture of the community: taxa
and genes of virulence, resistance, etc.
(i.e. functional potential)

MpenmyLiectaa
meToga
Advantages of the
method

Huskas ctoumocTb, CTaHgapTU3Mpo-
BaHHbIN METO/, Hanuyme BonbLUMX
6a3 JaHHbIX

Low cost, standardized method,
availability of large databases

«3010TON CTaHZapT» 4151 N3y4YeHns
VHAMBMAYANbHbIX FEHOMOB, BbICOKas
paspeLuaroLLas cnocobHoCTb

The “gold standard” for studying
individual genomes, high resolution

Haunbonee nonHas nHcopmaums 6es
HeobX0AMMOCTY KynbTUBMPOBAHMS
The most complete information without
the need for cultivation

Hepoctatku metoaa
Disadvantages
of the method

Hu3skoe paspeluenve, He faet
npeacTaBneHns 0 yHKLMOHANbHOM
noteHumane coobuiecTsa, MLP-
amnanuKkaLns BHOCUT UCKaXKEHNS,
He NPUMeHSEeTCS AN U3y4YeHns
BMPYCOB U rpn6oB

Low resolution, does not provide an
idea of the functional potential of

the community, PCR amplification
introduces distortions, and is not used
to study viruses and fungi

TpebyeT BblAeneHus u KynbTUBMPO-
BaHWS YUCTON KynbTypbl (TPYAOEM-
KOCTb)

Requires isolation and cultivation

of pure culture (labor intensity)

BbIcokast CTOMMOCTb, CHIOXKHbIN
aHanus, Tpebyet BonbLUKX BblYNCTIN-
TembHbIX MOLLHOCTEN

High cost, complex analysis, requires
a lot of computing power

Note: PCR — polymerase chain reaction.
Mpumeyanue: MLUP — nonumepasHas LenHas peakyus.

The table is prepared by the authors
Tabnuya cocmaesneHa asmopamu
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shotgun sequencing [53], and mNGS [54]. A compari- undergo the same analysis as main samples [56].
son of these methods for sequencing the microbiota’s  Then, using bioinformatics methods, a “subtraction” is
genetic material is presented in Table 1. performed: the number of counts of all microbial taxa
All methods have their own unique capabilities and ~ detected in the additional controls is subtracted from
limitations, making them complementary tools in the the corresponding counts obtained from the main sam-
modern microbiologist’s arsenal. ples, which allows to exclude contaminants from the
As mentioned above, the upper respiratory tract final analysis [55, 56].
is colonized by a much greater variety of microor-
ganisms than the lower respiratory tract. Therefore, INHALED PROBIOTICS
certain aspects of sampling from the latter deserve IN TREATMENT AND PREVENTION
special mention. To avoid unwanted contamination, OF LUNG DISEASES
the following techniques are used: rinsing the mouth As described above, the normal lung microbiota
before the procedure, refraining from aspiration du- performs a large number of beneficial functions [24-
ring bronchoscope insertion until it enters the tra-  28]. In this regard, it is proposed to use special probio-
chea, and the use of protected sampling methods tics for inhalation to treat and prevent various infec-
[55]. These methods include protected bronchoal- tious and non-infectious lung diseases [49, 50].
veolar lavage, in which a sterile protected catheter There are a number of challenges in developing
is passed through the working channel of the bron-  probiotics that can be delivered to the lungs by means
choscope, after which sterile saline is introduced of inhalation. Particles with a diameter of 1-5 um are
and aspirated from the distal airways, and protected considered ideal for accumulating in the lungs. Larger
brush biopsy (protected brush biopsy), which in- particles are cleared retrograde via mucociliary clea-
volves keeping the brush within a special sheath rance, while smaller ones are cleared with exhaled
before and after obtaining material from the area of air [57]. Therefore, to ensure the required particle
interest [55]. Performing these procedures can be size, drug delivery systems such as microcapsules,
associated with significant difficulties and requires microspheres, liposomes, and niosomes (similar to li-
specific training for endoscopists. Figure 8 shows posomes but containing synthetic nonionic surfactants)
a photograph from the endoscope camera depic- are preferred [51].

ting bronchoalveolar lavage fluid in the bronchial Careful selection of a device is also necessary to
lumen, which, when properly obtained, should have ensure effective delivery of probiotics into the lungs.
a foamy look. Nebulizers with vibrating mesh technology and “soft

When studying the microbiota of the lower respira- mist” inhalers (respirators) are best suited for this
tory tract, it is essential to examine control samples, task [58]. One limitation is that the preparation must
namely flushing fluid from a working channel, uninocu-  be soluble in water or in a mixture of water and etha-
lated sterile saline solution, and throat swabs, which nol to prevent filter clogging [59]. Another option is
the use of dried powdered probiotics via dry powder
inhalers. Lactose is used as a carrier in approximate-
ly 90% of dry powder inhalers that are currently avai-
lable on the market. Consequently, the drug under
development must remain stable and effective in the
presence of lactose [51].

Already today, there are proposals to use an in-
haled biotherapeutic preparation based on lactoba-
cilli for treating bronchopulmonary dysplasia in pre-
term newborns and chronic obstructive pulmonary
disease. It has demonstrated its efficacy in various
experimental models in vitro and in vivo [60]. There
are proposals to consider lung microbiota transplan-
tation by analogy with gut microbiota transplanta-

Fig. 8. A photograph of foamy bronchoalveolar lavage fluid in
the bronchial lumen, taken using an endoscope camera

(from the personal archive of A.V. Derevyanko) tion [61]. o '

Puc.8. doTorpacdusi NMEHUCTON BPOHXOANbBEONSAPHON NaBaXHON In_haled prob|0t|c§ W|.” be _undOUbtedlly useful for
XUAKOCTY B npocBeTe Bpokxa, caenanHas npu novoww ka-  treating and preventing infectious lung diseases [50,
Mepbi aH7ocKona (3 nuyHoro apxuBa A.B. [lepeBsiHko) 51], including TB. The use of such preparations is
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particularly promising in treating TB caused by drug- fective approaches in the diagnosis, treatment, and
resistant mycobacteria or complicated by a nonspe- prevention of one of the oldest and most socially sig-
cific infection, as well as for the rapid normalization nificant infections in human history.
of the lung microbiota in convalescents. This area is
highly interesting for future scientific research. ADDITIONAL INFORMATION

The lung microbiota is a highly active participant Author contribution. |.A. Baranov — review con-
in maintaining respiratory homeostasis. By shaping cept, writing the final text of the article; N.V. Tivirikin —
local immunity and providing colonization resis- writing and editing the test, developing infographics;
tance, it acts as a key factor in defense against res- A.V. Derevyanko — editing the text, providing photo
piratory pathogens, including M. tuberculosis [24, materials; D.P. Gladin, M.E. Lozovskaya — manage-

25, 33, 34]. ment, editing the text; E.S. Zubareva, N.S. Kozlova —
As studies have shown, tuberculosis infection has a  writing and editing the text.
profound effect on lung microbial communities, leading All authors made a substantial contribution to the

to characteristic dysbiosis. Specifically, this involves a  conception of the study, acquisition, analysis, interpre-
decrease in biodiversity, a reduction in commensals tation of data for the work, drafting and revising the ar-
such as Prevotella, and an increase in the abundance ticle, final approval of the version to be published and
of pathobionts [34, 35]. This specific profile has sig- agree to be accountable for all aspects of the study.
nificant diagnostic and prognostic potential and opens Competing interests. The authors declare that
up prospects for developing non-invasive methods for they have no competing interests.
detecting TB in cases that are difficult to diagnose, as-
sessing the risk of drug resistance, and predicting di- AOMNOJIHUTE/IbHAA MH®OPMALMA
sease progression. It is important to note that modern Bknap aBTopoB. 1.A. bapaHoB — KoHLenUms 0b-
anti-tuberculosis chemotherapy may partly restore 3opa, HanucaHue puHanbHoro TekcTa cratom; H.B. Tu-
normal lung microbiota composition but simultaneous-  BUPUKUH — HanucaHWe u pefakTUpoBaHue TecTa, pas-
ly induces the selective growth of antibiotic-resistant pa6otka uHdorpacuku; A.B. [lepeBsiHko — penaktu-
strains among opportunistic pathogens [34, 40, 62]. pOBaHWe TeKCTa, NPeAocTaBneHne GoToMaTepmarnos;
In this regard, modulating the lung microbiota ap-  [.1. FnaguH, M.3. JlosoBckas — pykoBOACTBO, peaak-
pears to be an extremely promising strategy in com- TuposaHue Tekcta; E.C. 3ybapesa, H.C. Kosanosa —
bating TB. The development of inhaled probiotics and  HanucaHue v pegakTupoBaHue TekcTa.
methods for correcting pulmonary dysbiosis could Bce aBTOpbI BHECNU CYLIECTBEHHbIN BKNag B pas-
become a new tool for improving treatment efficacy, paboTky KoHUenuuu, mpoBefeHWEe WCCNEAoBaHUs 1
especially in cases of drug-resistant TB, as well as nogroToBky ctatbu, Npoynn 1 0gobpunu dhuHanbHyto
for preventing the disease in at-risk populations, in-  Bepcuio nepeg nybnukawmen.
cluding children [50, 51, 60, 61]. KoHdbnukt uHTepecoB. ABTOpbl [eknapupyoT
Thus, an in-depth study of the microecology of the ~ oTcyTCTBME $BHBIX M MOTEHUMANbHBIX KOHQIIMKTOB
respiratory tract opens new horizons for phthisiology, WHTepecoB, cBsizaHHbIX C nybrukauuen HacTosLlen
heralding a transition to more personalized and ef- cTatbm.

4. World Health Organization. WHO global lists of high burden
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