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MYCOBACTERIUM TUBERCULOSIS: DRUG RESISTANCE, VIRULENCE AND
POSSIBLE SOLUTIONS
Danilenko VN2 Zaychikova MV', Dyakov IN3, Shur KV, Maslov DA'

" Laboratory of Bacterial Genetics, Department Genetics and Biotechnology, Vavilov Institute of General Genetics, Moscow
2 BIOAN Research Center for Biotechnology of Antibiotics, Moscow
8 Laboratory of Immunoglobulin Biosynthesis, Mechnikov Research Institute of Vaccine and Sera, Moscow

In spite of successful measures taken to reduce mortality associated with tuberculosis, this disease is still widely spread.
In some Russian regions the number of patients with tuberculosis is no short of the epidemic level. The long-term use of
antibiotics, changes in the composition of the human microbiota and a few other factors have contributed to the emergence
of drug-resistant and hypervirulent sublineages of Mycobacterium tuberculosis. Insufficient fundamental knowledge of
mechanisms underlying the emergence and evolution of M. tuberculosis clones simultaneously resistant to a wide spectrum
of antibiotics and exhibiting increased virulence complicates the situation and necessitates a new strategy to combat the
disease. The key concepts of this strategy are «superorganisms», «microbiota» and «resistome». The emergence of multidrug-
resistant (MDR) and extensively drug-resistant (XDR) strains should be addressed in the context of the «superorganism»;
among its components are the human body, its microbiota (specifically, the bacteria that affect the immune status), and
M. tuberculosis itself. Clinically studied phenotypes and genotypes of MDR/XDR strains are a result of clonal variability that
M. tuberculosis develops as part of this «superorganism». Therefore, it is important to focus on the development of vaccines,
adjuvants and probiotics with selective immunomodulating and antioxidant properties.

Keywords: tuberculosis, Mycobacterium tuberculosis, drug resistance, adjuvants, vaccines, cross-drug resistance

Funding: this work was supported by the Project of the Ministry of Education and Science of the Russian Federation «The role of region-specific polymorphisms of
virulence genes in the formation of drug resistance of Mycobacterium tuberculosis» (Project ID RFMEFI61317X0068).
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MYCOBACTERIUM TUBERCULOSIS: NPOBJIEMbIl JIEKAPCTBEHHOW
YCTONHMNBOCTN, BUPYJIEHTHOCTU U NOAXOAbl K UX PELLUEHNIO

B. H. danuneHko'? M. B. Sandmkosa’, V. H. Obskos®, K. B. LLyp', [. A. Macnos'

" JlabopaTtopust reHETUKIN MUKPOOPIraHN3MOB, OTAEN FEHETUYECKX OCHOB BUoTexHoNorm, MIHCTUTYT 0bLLel reHeTukn umenHn H. V1. BaBunosa, Mocksa
2 Hay4Ho-vccnenoBatensCKuii LieHTp 6roTtexHonorin aHtnénoTtrkos «BIOAH», Mockea
3 Nabopatopusi BUOCMHTE3A MMMYHOMMOBYNMHOB, Hay4YHO-MCCNefoBaTENbCKNIA MHCTUTYT BakLWH 1 CbIBOPOTOK MMeHM W. . MevHnkoBa, Mockea

HecmMoTpst Ha OOCTUrHYTbIE YCMEX MEPOMPUATUA, HampPaBReHHbIX Ha CHYDKEHWE CMEPTHOCTW OT Tybepkynesa, AaHHOoe
3abofieBaHNE MO MPEXXHEMY KpanHe pachpOCTPaHEHO, a B HEKOTOPbIX pernoHax Poccum YMCneHHOCTb 60MbHbIX JOCTUraeT
riokagarefien, XapakTepHbIX AN YPOBHS anaeMnm. MHOroNETHeE LUMPOKOE MPVIMEHEHME aHTUONOTUKOB, M3MEHEHME CocTaBa
MUKPOBMOTLI YenoBeka 1 psg, Apyrx hakTopoB MPUBENN K MOABAEHNIO NNEKaPCTBEHHOYCTOMHMBBIX 11 BbICOKOBUPYNEHTHbIX
cybnuHun Mycobacterium tuberculosis. HegocTaTouHOCTb YPOBHSA UM obbema dyHAaMEHTasbHbIX 3HaHWN O MexaHn3max
BO3HVKHOBEHMSA 1 (HOPMUPOBaHMS KNOHOB M. tuberculosis, OOHOBPEMEHHO YCTOMYMBBLIX KO MHOMMM aHTUOWOTUKaM W
ob6nafatoLLIX MOBBILLEHHOM MAaTOrEHHOCTBIO, YCNOXHSET NpobnemMy 1 TpebyeT pa3paboTky HOBOW KoHLUEenumn 60opbbbl C
Tybepkynesom. KnrodeBble MOHATUSE 3TOM KOHLIENUMN — «CyNepopraHn3mM», «MMKpobuoTa» 1 «pe3ncToM». BO3HMKHOBEHWE
dopm ¢ MHOXKecTBEHHOM (MJTY) 1 Lunpokon (LLISTY) nekapCTBEHHOM YCTOMHMBOCTLIO CNEAYET PACCMATPUBATL B KOHTEKCTE UX
hopMMPOBaHVA B COCTaBE HEKOTOPOIrO CynepopraHramMa, afieMeHTamMm KOTOPOro ABASOTCSA COBCTBEHHO OPraHn3m YenoBeka,
€ro MMKpobroTa (B TOM HYCE BAUSIOLLAA HA UMMYHHBIV CTaTtyc) 1 M. tuberculosis. KnuHudeckn TecTrpyemble (OeHoTUMbI U
reHoTUMbI WtammoB MJTY/LLITTY hopMmnpyroTCa Ha OCHOBE KITOHAIbHOW M3MeHUMBOCTU M. tuberculosis B «Cynepopranvame».
[MosTomy npu pa3paboTke MPOTUBOTYOEPKYNE3HBIX MPENapaToB CnedyeT obpalliartb 0COb0e BHUMaHME Ha CO3AaHNe BakLUMH,
a0 blOBaHTOB 1 MPOBNOTUKOB C CENEKTUBHBIMY MMYHOMOZYIMPYIOLLMMU 1 @HTVOKCUAAHTHBIMW CBOVICTBAMN.

KntoueBble cnoBa: Ty6epkynes, Mycobacterium tuberculosis, NnekapCTBEHHas yCTONYMBOCTb, aAbloBaHTbl, BaKLHbI,
rnepekpecTHast NeKapCTBEHHAA YCTONYNBOCTb

®uHaHcupoBaHue: paboTa bbina BbiNoNHeHa B pamkax npoekta MuHMcTepcTBa obpasdoBaHms 1 Hayku Poccuiickoin ®enepaumm NeRFMEFI61317X0068 —
«Ponb pernoH-cneumhuyHbIX NOAMMOPMU3MOB rEHOB BUPYAEHTHOCTM B (DOPMMPOBaHMN NIeKapCTBEHHOW yCcTonYMBOCTU Mycobacterium tuberculosis».
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In 2017 the Russian government adopted a strategy to prevent
the spread of antimicrobial resistance in the Russian Federation
by 2030. One of the goals set by the strategy is to study
the mechanisms underlying the emergence of antimicrobial
resistance and to develop novel antimicrobial medications,
alternative methods, technologies and means of prevention,
diagnosis and treatment of infectious diseases in humans,
animals and plants.

According to the 2016 report by the World Health
Organization, that year tuberculosis reached the incidence
of 10.4 milion new cases and kiled 1.8 milion people
becoming the leading cause of death associated with infection
[1]. Mycobacterium tuberculosis is the causative agent of
tuberculosis. The emergence and spread of its multidrug-
resistant (MDR) and extensively drug-resistant (XDR) strains are
the central challenges in the battle against this disease [2-4].
Statistically, 4% of new and 21% of previously treated cases
are multidrug-resistant. In Russia these numbers are 22% and
53%, respectively. To survive, mycobacteria can evolve new
mechanisms of resistance in response to any currently known
drug. They are also naturally resistant to antibiotics, being
equipped with a large arsenal of genes and genetic systems
that make up the resistome. Proposed in 2006, the resistome
concept refers to the set of antibiotic resistance determinants,
including resistance genes that are intrinsic to a certain
bacterial strain, organism or ecosystem [5, 6]. The resistome of
M. tuberculosis comprises genes coding for different protein
classes, such as transporters, proteins that modify the targets
or chemical structure of pharmaceutical drugs, transcription
factors involved in stress response, and some others.

Another alarming trend is the emergence of previously
unknown hypervirulent M. tuberculosis sublineages [7-9].
In vitro and in vivo studies carried out in macrophage and
mouse models, respectively, have established an association
between virulence and a genotype the pathogen belongs to
[10]. Increased virulence is mostly observed in the Beijing
genotype (lineage). Its epidemiological significance cannot be
overestimated as it continues to spread globally and tends to
frequently evolve into MDR forms [11, 12]. The Beijing strains are
genetically heterogenous branching off into a few sublineages.
Although the high frequency of increasingly virulent and drug-
resistant forms is generally typical for the entire Beijing family,
it still varies among its sublineages [13, 14]. Moreover, the
clinically significant characteristics of these bacteria can vary
among the strains representing the same sublineage.

Over the past decades, the study of mechanisms underlying
the emergence of MDR/XDR strains of M. tuberculosis, the
discovery of antibiotics capable of killing these strains and the
development of genetically engineered vaccines and adjuvants
to prevent and treat the disease have helped the researchers
to identify a few important problems [15]. We cannot develop
a novel effective drug unless we understand molecular and
genetic mechanisms underlying the emergence and evolution
of multiple drug resistance and virulence.

Drug resistance and development of novel
antituberculosis antibiotics

Bacteria are not limited to acquired drug resistance. They are
also naturally, though not so strongly, resistant to antibiotics.
When M. tuberculosis cells are exposed to an antibacterial
agent, the pathogen activates its transcription factors
that regulate the expression of genes responsible for the
modification of the drug or its target and activation of reverse
transport systems that pump the drug or its derivatives out of

the bacterial cell. Genes underpinning the mechanisms that
ensure natural resistance to antibiotics are targeted by a variety
of biological factors including antibiotics, which affects their
expression and therefore reduces susceptibility to drugs.

The use of antibiotics for treating co-infections in patients
with tuberculosis or their absorption with food can contribute to
increasing drug resistance of M. tuberculosis.

In 2015 there were over 580,000 patients infected with
MDR and XDR tuberculosis strains worldwide. Their dramatic
spread was driven by the long-term use of the same old
medications. It was not until recently that bedaquiline, the first
new antituberculosis drug in 40 years, was introduced into
clinical practice [16].

In this light, development of novel antituberculous
drugs is becoming a task of paramount importance. These
pharmaceutical agents are expected to satisfy a number
of requirements, such as high antimicrobial activity against
both drug-sensitive and MDR strains of M. tuberculosis and
excellent specificity to a new biological target. At present,
development of novel antituberculosis drugs that have a
potential to overcome the phenomenon of drug resistance and/
or to reduce the length of treatment is carried out by the leading
pharmaceutical companies and research groups all over the
world, including Lilly TB Drug Discovery Initiative, GSK, Roche,
Sanofi, TB Alliance, Colorado State University, and some others
(http://www.newtbdrugs.org).

In Russia, research in this field was stimulated by the
Pharma-2020 federal program. For example, Vavilov Institute
of General Genetics, Moscow, has been conducting a series of
preclinical trials in collaboration with medicinal chemists from
state-funded and commercial research institutions, such as
Postovsky Institute of Organic Synthesis, the Ural Branch of
RAS; Gause Institute of New Antibiotics; Novosibirsk Institute
of Organic Chemistry, the Siberian Branch of RAS; Zelinsky
Institute of Organic Chemistry; BIOAN Research Center, and
New Science Technologies Ltd. The tested drugs belong
to new classes of medical compounds, such as derivatives
of usnic acid [17], substituted azolo(1,2,4,5)tetrazines [18],
aminopyridines and aminopyrimidines[19], and aminopurine
derivatives [20].

The advent of the postgenomic era witnessed two
approaches to the discovery of novel antituberculosis drugs:
target-to-drug and drug-to-target [21-23].

Unfortunately, the first approach did not fully live up to
the expectations. Many drug candidates with good inhibiting
properties exhibited against the target enzyme in vitro either
were not active against M. tuberculosis in vitro due to the
low permeability of the bacterial cell wall or were ineffective in
in vivo models because the target was no longer vitally
important for the bacteria under those conditions [22, 24].

Yet there are a few successful experiments worth
mentioning. In one of them, a compound termed BDM31343
was identified capable of inhibiting EtHR, the EthA repressor
which, in turn, activated ethionamide [25]. This compound was
shown to increase susceptibility of mycobacteria to ethionamide
enhancing its effect threefold in mouse models [26].

Because the target-to-drug approach proved to be less
than effective, researchers turned to a more traditional drug-to-
target search strategy based on whole-cell screening [24]. All
drugs currently used to treat tuberculosis, including bedaquiline,
pretomanid, delamanid, Q203, SQ-109, and BTZ043, were
discovered using this approach [27].

The drug-to-target search strategy often involves high-
throughput screening against M. tuberculosis H37Rv cultures
and related M. bovis BCG and M. smegmatis model strains
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[24, 28]. The libraries of chemical compounds used in such
experiments are enormously huge. For example, GSK
researchers consecutively screened a total of 2 million
compounds against M. bovis BCG and M. tuberculosis H37Rv
to select 7 low-toxic drug candidates exhibiting high activity
and capable of diffusing through the cell membrane [29].

The drug-to-target approach entails the need for whole-
genome sequencing of antibiotic-resistant mutants in order
to identify potential biotargets and for further research aimed
at confirming the activity of selected drug candidates against
those targets [24].

The discovery of drugs capable of kiling persistent forms
of M. tuberculosis remains a global challenge. So far,
pyrazinamide appears to be the most effective antibiotic against
persistent M. tuberculosis [30]. Resistance to pyrazinamide
can significantly worsen clinical prognosis, especially in patients
with MDR tuberculosis [31, 32].

Development of antituberculosis vaccines

Although vaccination against tuberculosis is advocated
everywhere, the incidence of the disease remains abnormally
high. This can be explained by the low efficacy of the BCG
vaccine used for global immunization, which varies between
0% and 80% depending on the individual’s age, immune status,
area of residence, etc. [33]. Among other reasons reducing the
efficacy of the vaccine is the genetic diversity of the pathogen.
It is hypothesized that resistance to vaccination demonstrated
by the ubiquitous Beijing strains may explain their evolutional
success [11]. Considering that, creation of novel vaccines
against tuberculosis should be a top-priority task.

Development of such vaccines has taken two paths. The
first is to use the attenuated pathogen itself. For this purpose,
deletion mutants of M. tuberculosis are being engineered. Among
the knocked-out genes are those coding for virulence factors,
such as Mce (mammalian cell entry) proteins facilitating pathogen
invasion; PPE proteins; proteins participating in lipid synthesis;
sigma factors; two-component systems, and some others.

The second approach is to compose a subunit vaccine
containing genetically engineered pathogen antigens [34, 35].
Advantageously, such vaccines are highly specific, have a low
allergenic potential, are easy to fabricate, cost-effective, and
convenient to store and transport [36].

Candidate proteins for next-generation vaccines include
secretory proteins of the Ag85 complex that interact with
T cells; TB10.4 (rv0288); Hsp65; PE and PPE proteins. The
greatest promise is held by the protein components of the
ESAT6 and CFP secretion systems [36].

However, in spite of the considerable interest in this
field, genetically engineered vaccines did not live up to the
expectations. The main drawback of such vaccines is their low
immunogenicity.

The key challenge in the development of genetically
engineered vaccines is the selection of optimal antigens [36].
Here, strong antigenic potential is exhibited by the structural
elements conferring pathogenicity, of which M. tuberculosis
has over 300; some of them have already been segregated
to design a subunit vaccine [37]. Many of these genes
typically have a single nucleotide polymorphism resulting in
an amino acid substitution, which affects the structure of
the protein modulating its antigenic activity. At present, the
intraspecies diversity of M. tuberculosis is unfairly overlooked
in the production of genetically engineered vaccines, which are
usually based on a sequence of the standard laboratory strain
H37Rv. If cultured for too long, the M. bovis strain used for BCG
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production can develop mutations (a natural consequence of
its microevolution) reducing the efficacy of the vaccine [38]. It is
possible that the antigenic activity of proteins is not identical in
different M. tuberculosis strains.

Another promising area of research is related to the
development of a candidate mucosal vaccine against
tuberculosis that induces the sustained local mucosal immune
response. The importance of the local immunity against
tuberculosis has been demonstrated in a number of works. It
has been shown that intranasal administration of protective IgA,
pretreatment of virulent M. tuberculosis with protective IgA and
intranasal administration of M. bovis BCG trigger a sustained
immune response to M. tuberculosis infection. [39-42]. The
mucosal vaccine administered alone or in combination with
its subcutaneous form could offer a solution to the problems
accompanying BCG vaccination.

It should be noted, though, that so far none of the mentioned
vaccines have been introduced into clinical practice. Again,
the drawback of such vaccines is their low immunogenicity
necessitating the use of adjuvants.

Prospects for the development of antituberculosis
vaccine adjuvants based on probiotic strains

An adjuvant is a compound with non-specific activity that
enhances the immune response to antigens administered
in combination with adjuvants [43]. Of all commonly used
adjuvants, aluminum hydroxide and aluminum phosphate are
the most remarkable [44]. However, the boosting effect of
these compounds is not always sufficient. Other substances
that can serve as adjuvants include synthetic polyoxidonium
and chitosan, a naturally obtained polysaccharide. Bacterial
cell components are also tested for their adjuvant properties,
specifically those that contain pathogen-associated molecular
patterns (PAMP) triggering the immune response. A few
works have already described the adjuvant effects of lactic
acid bacteria [45], bacterial cell wall components [46, 47], the
fibronectin-binding protein 1 of Streptococcus pyogenes [48],
surface flagellins [49], etc.

Some strains of probiotic bacteria, bifidobacteria in particular,
can trigger production of Th17 and Th1 cytokines [50] that
play an important role in the induction of the mucosal immune
response against tuberculosis [39]. Administered intranasally,
probiotics can exert their vaccine-boosting effect, inducing
protective immunity against virulent strains of M. tuberculosis.
Commensal bifidobacteria and lactobacilli are capable of
stimulating the mechanisms of protective immunity, regulating
the secretion of both pro- and anti-inflammatory cytokines.
As a rule, in vitro studies of the immunomodulating activity of
bacterial strains employ intestinal cell lines (Caco-2, HT-29)
or immunocytes (EC-6, THP-1). Similar in vivo experiments
are carried out in lab animals (healthy or with compromised
immunity, gnotobiotic or those with experimentally induced
infections or non-infectious pathologies) [51, 52].

It should be noted that different strains of bifidobacteria
and lactobacilli, as well as their components, have different
immunomodulating effects in terms of intensity [53-55].
Lactobacilli and bifidobacteria have already demonstrated
their adjuvant effects in the vaccines against viruses [56,
57], streptococci [58], and allergies [48, 59]. Intranasal
lactobacilli boost local mucosal immunity and modulate
systemic mechanisms of the immune defense, increasing
resistance to the respiratory syncytial [56, 57, 60] and influenza
viruses. These findings allow us to conclude that intranasally
administered probiotics can act as adjuvants to a vaccine,
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Mycobacterium tuberculosis

(the hypothetical ancestral)

7.000 years ago

Emergence of the Beijing-ancestral lineage

on the territory of North China

1.000 years ago

Formation of the Beijing-modern sublineage in China

The Beijing-modern

sublineage (modern)

The spread of the Beijing-ancestral in South Africa following
migration from China in the late 18"- early 19" century

100 years ago

The Beijing-modern sublineage appears on the territory of Russia,

Globally observed changes in the immune status of the world
population resulting from HIV, chronic conditions and stress

brought there by the migrants

50 years ago (the era of antibiotics)

The BO/W sublineage branches off from the Beijing-modern sublineage

in the Russian Federation

Present day

Fig. 1. Evolution of the Beijing lineages. Wide use of antibiotics in the recent decades has provided selective advantage to the BO/W-14 strain characterized by a high

level of drug resistance

effectively inducing the protective immune response against
M. tuberculosis in the mucosa.

CONCLUSION

Throughout their history, humans have been colonized by
latent and active M. tuberculosis [61]. The Beijing strains that
emerged on the territory of modern China about 7, 000 years
ago and have widely spread across the world since then are a
live example of the ongoing evolution of the pathogen that still
forms new sublineages, such as BO/W-148 (Fig. 1) [62, 63].

It is known that susceptibility to tuberculosis is affected by
the level of gene expression in T cells [64]. In this light, the
problem of drug resistance and increased virulence and the
discovery of a new generation of antituberculosis drugs should
be addressed in the context of the “superorganism” concept.
The antibiotic-based treatment of tuberculosis affects not only
the pathogen, but the host as well, altering the microbiota
composition and, therefore, compromising the immunity,
which is known to be directly affected by the gut microbiota.
Antibiotics interfere with the functions of the central and
peripheral nervous systems of the host; other systems and
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In the Russian Federation, tuberculosis (TB) is on the
decline [1]. However, despite the decreasing morbidity and
mortality rates, the disease is still a serious threat, especially
considering the spread of HIV infection and drug-resistant
strains of Mycobacterium tuberculosis (Mtb). Other factors
that contribute to TB spread are new immunity disrupting
factors, such as commonization of transplantation, spread
of autoimmune diseases and allergies, population ageing,
insufficient physical activity. There are reasons to believe that
they will play an increasingly important role. In this connection,
host-oriented therapy aimed to optimize host immunity
during TB disease and new TB vaccines able to prevent TB
disease show promise. However their development requires
understanding the mechanisms of antituberculous defense and
knowing immunological correlates of protection. The latter is
especially crucial for preclinical and clinical studies of new TB
vaccines, as assessment of their effectiveness is challenging
and largely based on the evaluation of vaccine immunogenicity.
Unfortunately, exact mechanisms of TB protection are not fully
clear, and TB protection correlates remain unidentified. Antigen-
specific Th1 lymphocytes have long been considered as the
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main correlate of TB protection. However, recent data have not
confirmed this concept. This article discusses debatable issues
concerning the role for Th1 lymphocytes in antituberculosis
immunity and their potential usage as TB correlate of protection.

Dependence of protective antituberculous immunity on
Th1 lymphocytes response

Since the immunology of TB became a subject of research,
protective antituberculous immunity has been attributed
to CD4* Th1 lymphocytes that activate macrophages for
mycobacteria kiling [2-7]. There are a large number of
experiments and clinical studies supporting this concept.
Indeed, CD4 T cell deficiency, either due to HIV infection or
induced experimentally, increases TB risk in people and makes
the disease severe in laboratory animals [8-12]. In mice that
have IFNy, TNFa, IL12, /INOS or other genes involved in IFNy-
dependent response knocked out, infection with Mtb leads
to severe conditions and rapid death [13-19]. Children with
mutations in genes of IL12/IFNy axis (i.e., IFNGR1, IFNGR2,
IL12B, IL12RB1, STAT1, IRF8, ISG15, NEMO, CYBB) are more
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susceptible to mycobacterial infections, including TB, and the
diseases developed thereof typically take severe forms [20-29].
Cytokine anti-TNF therapy is another factor known to heighten
the risk of TB development [30, 31]. In mice, antimycobacterial
activity of macrophages depends on the production of active
oxygen and nitrogen activated by type 1 cytokines IFNy and
TNFa [32-37].

The data mentioned laid the foundation of the concept
stating that Th1 lymphocytes are the main activators of
macrophages and mediators of TB protection. However, in
fact, the data summarized above indicate that deficiency in Th1
response leads to TB development, but this does not mean
that TB always results from Th1 response deficiency. Moreover,
a series of experimental studies and clinical observations of
the recent years have challenged the existence of association
between TB development and Th1/IFNy deficiency.

Lack of correlation between the levels of Th1 responses
and TB protection: experimental findings

BCG-vaccinated mice infected with Mtb have shown no
correlation between the level of BCG-induced protection and
the level of IFNy synthesized by CD4* lymphocytes [38, 39].
Several studies have reported that CD4+ lymphocytes, derived
from IFNy”- mice and differentiated in Th1-polarizing conditions,
are capable of controlling the multiplication of Mtb in vitro [40]
and in vivo when transferred adoptively [41, 42]. Thus, the lack
of IFNy does not prevent sufficiently effective control over Mtb
multiplication in mice.

In contrast to the control of Mtb multiplication, protection
against pathological reactions in the lung tissue did require
IFNy. Nandi & Behar [42] have adoptively transferred CD4*
IFNy” lymphocytes to RAG” Mtb-infected mice. IFNy”
lymphocytes protected recipient mice against Mitb multiplication
as effectively as lymphocytes derived from wild-type mice,
however unlike the latter, IFNy” lymphocytes did not protect
mice from pathological reactions in their lungs and death.
The authors linked protective activity of IFNy to its ability to
decrease the induction of "pathological" Th17 population
and neutrophilic infiltration, i.e., inflammation control. At the
same time, Barber and coauthors have recently shown that
excessively high production of IFNy can do damage and lead
to death of Mtb-infected mice [43, 44].

Thus, recent studies have demonstrated that Th1/IFNy
response can be more complex than plain activation of the
macrophages' antimycobacterial properties, and that the state
of protection is largely determined by the organism's ability
to control inflammatory responses to the infection. Moreover,
no correlation between the level of vaccine-induced Th1/IFNy
response and protection against experimental tuberculosis
infection was found.

Th1/IFNy responses to mycobacteria in humans:
contradictory data

Despite the afore-mentioned fact that Mtb multiplication in
mice can be controlled in the absence of T-cell derived IFNy,
the mainstay concept considers IFNy as the main part of the
pathway “T cells — IFNy — INOS — active forms of nitrogen —
macrophage activation — suppression of Mtb growth". However
this pathway does not seem to describe the processes ongoing
in human macrophages: several studies reported that in
human macrophages IFNy did not stimulate active nitrogen
production and did not cause significant suppression of Mtb
multiplication [33, 45, 46]. Interestingly, a recent study by Meyer

and coauthors found no significant impact of IFNy pathway
gene variants on tuberculosis susceptibility in a West African
population (analysis included 20 genes in samples obtained
from 23 TB patients and 46 healthy donors, and exon gene
analysis of IFNGRT in 1999 samples from TB patients and
2589 control samples) [47].

One of the most common approaches to analyze the
contribution of various immune responses to TB protection in
human beings implies comparing the responses in TB patients
and TB contacts who did not develop disease. The results of
such comparative studies are ambiguous. Some of them have
reported smaller numbers of Mtb-specific Th1 lymphocytes
and weaker IFNy production in TB patients, which is taken as
an argument proving that these types of responses contribute
to TB protection [48-52]. However, in other studies the
amount of cells producing IFNy and the levels of IFNy and
TNFa production in TB patients were higher than those seen
in people with latent tuberculosis infection (LTBI) and healthy
donors [53-55]. In our studies, the levels of antigen-stimulated
IFNy production were higher in TB patients compared to
TB contacts and individuals with LTBI; moreover, we have
registered higher IFNy production in patients with active TB
compared to patients with residual post-tuberculous lung
tissue alterations [56]. We have also shown that the group of
patients with recently diagnosed TB had greater percentages
of IFNy and TNFa producing CD4* lymphocytes than people
with LTBI, TB contacts and healthy donors [57]. In contrast
to patients with recently diagnosed TB, patients with chronic
TB do exhibit signs of Th1 inhibition, but apparently this is a
secondary process [58].

Another approach that allows investigating mechanisms
of immune protection implies comparison of immunological
parameters in TB patients with diverse TB severity. The
approach is based on a thorough assessment of the severity of
diverse TB manifestations in each patient included in the study.
TB manifestations considered in our study included clinical TB
forms (tuberculoma, infiltrative TB, focal TB, cavernous and
fibrous-cavernous TB, disseminated TB); TB extent (evaluated
based on the number of lung segments and lobes affected
by the pathology); the degree of lung tissue destruction (i.e.,
number and size of foci of destruction); bacterial excretion
(presence, level of); clinical severity of the disease (assessed
by temperature and other clinical signs of intoxication).
Correlation and cluster analyzes did not reveal significant
associations between these TB manifestations and the levels
of Th1 responses (i.e, the percentages and absolute numbers
of CD4 lymphocytes producing IFNy, TNFa, IL2, their various
combinations, the level of antigen-induced IFNy production in
the Quantiferon-TB gold in-tube test) [56, 57]. Thus, it can be
deduced that in most cases the intensity of Th1 response does
not affect the post-infection development or non-development
of the disease, and neither does it influence the course of TB
disease. It seems that, provided there are no significant defects
(like HIV-related deficiency of CD4 lymphocytes or mutations
in IL12 / IFNy chain genes), the host organism is capable of
mounting a Th1 response proportionate to the threat, and
the quantitative characteristics of such response (which differ
from person to person), do not have a significant effect on the
outcome of the infection.

This conclusion is in line with the results of studies
researching the relationship between the vaccine-induced Th1
response and protection against TB disease. For example,
Kagina and coauthors evaluated BCG-specific CD4, CD8
lymphocytes and y§ T-cells producing IFNy, TNFa, IL2 and
IL17 in children who received the BCG vaccine at birth [59].
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Two year follow-up allowed identifying a group of children for
whom the protection was ineffective, i.e. TB developed in them,
and a group of children whose protection was effective, i.e.
the disease did not develop in them in spite of their contacts
with TB patients. The percentages and the cytokine profile
of Mtb-specific T lymphocytes in these groups did not differ
significantly, so the authors deduced that the IFNy-producing
lymphocytes induced by BCG vaccination cannot signal of the
vaccine effectiveness [59].

CONCLUSIONS

The data available suggest that the levels of Th1/IFNy
responses reflect the activity of TB infection rather than a
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WHOLE-GENOME SEQUENCING AND COMPARATIVE GENOMIC
ANALYSIS OF MYCOBACTERIUM SMEGMATIS MUTANTS RESISTANT TO
IMIDAZO[1,2-b][1,2,4,5]TETRAZINES, ANTITUBERCULOSIS DRUG CANDIDATES
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The spread of multidrug and extensively drug-resistant Mycobacterium tuberculosis urges the development of novel
antituberculosis drugs. Previously, we studied the compounds representing the class of substituted imidazo[1,2-b][1,2,4,5]
tetrazines capable of inhibiting serine/threonine protein kinases (STPK) in the original M. smegmatis aphVili+ test-system. To
unveil the mechanism of action of drug candidates, it is necessary to search for mutations in the mycobacterial genome that
confer resistance to these compounds. The aim of our work was to find and describe such mutations in M. smegmatis strains.
We carried out the whole-genome sequencing of 9 mutants resistant to 3 imidazo[1,2-b][1,2,4,5]tetrazines. Seven of 9 mutant
strains were found to have the Y52H mutation in the highly conserved mycobacterial gene MSMEG_1607 encoding a protein
with an unknown function. Additionally, three of those 7 strains were shown to have two mutations in the MSMEG_1380
encoding a transcriptional regulator. The remaining 2 mutant strains had mutations in MSMEG_0641 and MSMEG_2087 genes
encoding transporter-proteins. No mutations were found in STPK genes, meaning that they might be not the primary targets
of the studied compounds. Further investigation of MSMEG_1601 function may be of interest as this protein might be the
biological target or a part of a new mechanism underlying resistance to antituberculosis drug candidates.
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NOSIHOrEHOMHOE CEKBEHVUPOBAHWE W CPABHUTE/bHbIA FEEHOMHbIV
AHANIU3 MYTAHTOB MYCOBACTERIUM SMEGMATIS, YCTONHYMBbIX K
COEOVUHEHWAM KJTACCA 3AMELLEHHbBIX UMUOASO[1,2-5[1,2,4,5]
TETPA3VHOB - KAHAMIATOB B MPOTUBOTYBEPKYNE3HBIE MPEMAPATI

0. A. Macnos'™, O. b. bekkep', K. B. LLIyp', A. A. BatnvH', A. B. KopotuHa?, B. H. daHuneHko'

" NabopaTopus reHETUKN MUKPOOPraHn3MoB, IHCTUTYT obLuen reHeTnkmn nvenn H. V1. Basunosa, Mocksa
2 JlabopaTtopusi reTePOLMKIIMYECKMX COEANHEHNA, IHCTUTYT OpraHn4eckoro cuHTeda uMeHmn V. 9. MocTtosckoro, EkatepuHOypr

PacnpocTtpaHenne wrammoB Mycobacterium tuberculosis ¢ MHOMXECTBEHHOM U LLIMPOKOW NEKAPCTBEHHOM YCTONYMBOCTHIO
TpebyeT pa3paboTkM HOBbIX MPOTUBOTYOEPKYNE3HbIX MpenapatoB. PaHee Hamn Oblan MCCneaoBaHbl COEANHEHNST Knacca
3ameLLeHHbIX Mmaaso[1,2-b][1,2,4,5]TeTpasnHOB, MoKasaBLUE CNOCOOHOCTb MHMMOVPOBATb CEPUH-TPEOHMHOBBIE MPOTENHKNHA3bI
B OpUrHasnbHOM TecT-cucteme M. smegmatis aphVill+. Ona onpeneneHns MexaHuama OeicTBUS KaHOWOATOB B JleKapCTBEHHbIE
npenapaTtbl HEOBXOAMMO NCCNeaOBaHNE MyTaLMI B FeHOME MUKODaKTEPUI, MPUBOAALLMX K YCTOMHMBOCTY K 3TVM Mpenaparam.
Llenbto paboTbl Bb110 HANTI 1 OXapaKTepU30BaTb MyTauun, ONpeaenstoLLme YCTONHMBOCTb LWTaMMOB M. smegmatis. MNposogmnmv
MOSIHOrEHOMHOE CEKBEHMPOBaHME OEBSATU MyTaHTOB, YCTOMYMBBIX K TPEM COEOMHEHNSM Kilacca 3ameLLeHHbIX nMimnaasol,2-b]
[1,2,4,5]TeTpadnHoB. B cemn 13 OeBATUM MyTaHTHbIX LUTaMMOB OBHapyxeHa myTaums (Y52H) B rene MSMEG_1601,
KOOMPYIOLLEM OEeNOK C HEM3BECTHOW (YHKUMEN U SBMAIOLLEMCS KOHCEpPBATVBHbIM AN MUKODAKTEpUA, MpUHEM B TPex
LTamMmax AONOHNTENBHO OBHAPY»KeHb! ABe MyTaLun B reHe MSMEG_1380, KOAVPYHOLLEM TPaHCKPUNLMOHHbIN perynsatop. B
OBYX OCTaBLLUNXCHA MyTaHTHbIX LUTaMMax OBHapy»xeHbl MyTauun B reHax MSMEG_0641 n MSMEG_2087, KoaupyroLLmx 6enkn-
TpaHcnopTepbl. MyTauuin B reHax, kognpytowmx CTIK, obHapy»xeHO He 6bino. BeposTHO, OHWM He SBRSKOTCS OCHOBHbIMM
MULLIEHAMU CCNedyeMblX COednHeHnn. JdanbHenee ndydveHne pyHkumm 6enka MSMEG_1601 npenctaBnser MHTepec B
chydae, ecnm SToT Benok ABASETCA HOBOW OUOMULLEHBIO, MO0 HaCTbld HOBOMO MexaHmsMa peanvsauin yCTONYMBOCTU K
noTeHUMabHbIM NPOTUBOTYDEPKYNE3HBIM MpenapaTam.

KntoueBble cnoBa: Mycobacterium smegmatis, nekapCTBeHHas YCTONYMBOCTb, MyTaLM YCTONYMBOCTW, MOMHOrEHOMHOE
CEKBEHNPOBaHMe, 3aMeLLEHHbIE MNAA30TETPa3NHbI, TYOEPKyNe3
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According to the World Health Organization, over 2 billion people
(1/3 of the world population) are infected with Mycobacterium
tuberculosis, the causative agent of tuberculosis (TB), one of
the deadliest infectious diseases that kills 10.8 million people
every year [1]. The key challenge in the fight against TB is the
emergence and spread of mycobacterial strains resistant to
both rifampicin and isoniazid (multidrug-resistant TB, MDR-TB)
and those additionally resistant to fluoroquinolones and one of
the second-line injectable drugs (extensively drug-resistant TB,
XDR-TB) [2, 3]. Therefore, the development of antituberculosis
drugs with a novel mechanism of action is a key objective in
fighting TB.

Previously, we studied the antimycobacterial activity of
compounds representing the class of substituted imidazo[1,2-b]
[1,2,4,5]tetrazines [4] that showed inhibiting activity on
mycobacterial serine/threonine protein kinases (STPK) in
the original validated test-system M. smegmatis aphVill+ [5].
However, to confirm the mechanism of action of substituted
imidazo[1,2-b][1,2,4,5]tetrazines, as well as the mechanism
underlying resistance to these compounds, it was necessary
to identify resistance-conferring mutations using M. smegmatis
as a model organism [6].

The aim of this study was to sequence M. smegmatis
mutants resistant to 3 compounds (TSV-395, TSV-402 and
NIK-1283) representing the class of substituted imidazo[1,2-b]
[1,2,4,5]tetrazines and to carry out their comparative genomic
analysis.

METHODS
Mycobacterial strains and culturing

For this study we selected the following mycobacterial strains:
1) M. smegmatis mc2 155 (wild type); 2) M. smegmatis at"8,
atf9, at"10 resistant to TSV-395; 3) M. smegmatis at?1, at"2,
atf11 resistant to TSV-402; 4) M. smegmatis at?14, at®17, at"19
resistant to NIK-1283. The selected mutant strains exhibited
cross-resistance to all three tested compounds.

Mycobacteria were grown in the liquid Middlebrook 7H9
broth (Himedia, India) supplemented with OADC (Himedia,
India), 0.1% Tween-80 and 0.1% glycerol at 37 °C and 250 r/min.

DNA isolation and whole-genome sequencing

Mycobacterial DNA was isolated from 15 ml of the liquid culture
according to the protocol described in [7]. After preliminary
isolation, DNA was treated with RNase A (Thermo Fischer
Scientific, USA) and extracted in the phenol-chloroform-isoamyl
alcohol solution (25 : 24 : 1).

DNA libraries were prepared using Nextera kits (lllumina,
USA); sequencing was carried out on the lllumina MiSeq
platform using the MiSeq Reagent Kit v3 2 x 315 bp (lllumina,
USA). Sequencing of the wild-type strain genomic DNA was
conducted with the MiSeq Reagent Kit v2 2x150 bp (lllumina,
USA). The obtained data were submitted to the NCBI Sequence
Read Archive (SRA) (entry ID SRP145443).

Processing of whole-genome sequencing data and
comparative genomic analysis

The obtained reads were aligned to the reference genome
(NC_008596.1, PRINA57701) using the BWA-MEM algorithm
[8]. The pileup was generated by mpileup (-B -f) in SAMtools [9].
Single nucleotide variants were called by running mpileup2snp
(--min-avg-qual 30 --min-var-freq 0.80 --p-value 0.01 --output-
vcf 1) in VarScan 2.3.9 [10]. Annotation was created using vcf_
annotate.pl (courtesy of Natalya Mikheecheva of the Laboratory
of Bacterial Genetics, Vavilov Institute of General Genetics). The
non-synonymous single nucleotide variants found within open
reading frames and absent in the wild-type strain were selected
for further analysis. The similarity search was conducted in
BLAST (https://blast.ncbi.nim.nih.gov).

RESULTS
Comparative genomic analysis

After genome assembly, we conducted a comparative genomic
analysis of mutant and wild-type strains. The following unique
single nucleotide polymorphisms were identified:

1) CGT to AGT substitution in codon 233 (R>S) of
MSMEG_0641 (binding-protein-dependent transporters inner
membrane component) in the mutant at®10;

2) ACG to GTG substitution in codon 52 (T>V) of
MSMEG_1380 (transcriptional regulator) in the mutant at®19;

3) insertions of VG amino acids at position 51 of
MSMEG_1380 (transcriptional regulator) in the mutants at®11
and at™17;

4) TAC to CAC substitution in codon 52 (Y>H) of
MSMEG_1601 (hypothetical protein) in the mutants at®1, at"2,
atfg, atf11, atf14, at®17, and at®19;

5)TAC to TGC substitution in codon 188 (Y>C) of
MSMEG_2087 (transporter small conductance mechanosensitive
ion channel (MscS) family protein) in the mutant at™9.

Genes containing the above-mentioned mutations are not
pseudogenes but the functions of the proteins they encode
have not been confirmed experimentally.

Identification of homologous genes in the genome of
M. tuberculosis

The similarity search carried out in BLAST returned the
homologs of M. tuberculosis proteins with the above-mentioned
mutations (Table).

DISCUSSION

The crucial phase in the development of any novel antibacterial
drug is the study of its mechanism of action. Obtaining mutants
resistant to the studied compound and the identification of
mutations underlying this resistance is a classical approach
to the detection of possible targets for an antibiotic. We have
conducted the comparative genomic analysis of 9 mutants

Table. Characteristics of the closest homologs of M. tuberculosis proteins with the mutations that presumably confer resistance to antituberculosis drugs

Protein Famil Function The closest homolog in Identity of the amino | Amino acid sequence
Y M. tuberculosis (gene locus) | acid sequence (%) coverage (%)
MSMEG_0641 | DPPCABC Transport of amino acids dopB (v36650) 35 98
transporters and inorganic compounds
MSMEG_1380 | AcrR/TetR_N Transcriptional regulators rv0067¢c 33 71
MSMEG_1601 Unknown Unknown rv3412¢c 87 100
MSMEG_2087 MscS Mechanosensitive ion channels rv3104c 69 89
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cross-resistant to all three studied compounds representing
the class of substituted imidazo[1,2-b][1,2,4,5]tetrazines.
Having analyzed the mutants’ genomes, we selected the most
plausible drivers of drug resistance: 5 mutations in 4 genes.

Two mutations were identified in genes encoding
a transmembrane transporter (MSMEG_0641) and a
mechanosensitive channel (MSMEG_2087); these mutations
can affect transport of the studied compounds into and out of
the cell. Two mutations were found in the MSMEG_1380 gene
encoding a TetR family transcriptional regulator. TetR proteins
can participate in the regulation of drug resistance by controlling
expression of different membrane transporters. For example,
the TetR protein of M. abscessus activates expression of cell
transporters  MmpS5/MmpL5 implicated in the resistance to
thioacetazone derivatives [11].

Of all the identified mutations, the most promising for further
research might be the mutation in the MSMEG_1601 gene, as
it is present in 7 out of 9 mutants. This is a highly conserved
mycobacterial gene: it is found in all representatives of the
Mycobacterium genus, including M. leprae with its very reduced
genome, and in some other actinobacteria, and belongs to the
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for the growth of mycobacteria in vitro [13]. The proteomic
analysis of different M. tuberculosis lineages demonstrated that
the Rv3412 protein homologous to MSMEG_1601 is found in
greater abundance in virulent strains, including a LAM strain,
in comparison with attenuated strains of M. bovis BCG. This
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Rv3412 protein in the infection process [14].

CONCLUSIONS
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COMPILATION OF THE MYCOBACTERIUM TUBERCULOSIS BEIJING-BO
LINEAGE SAMPLE AND IDENTIFYING PREDICTORS OF IMMUNE
DYSFUNCTION IN SOURCE PATIENTS

Shur KV'= Umpeleva TV?, Bekker OB', Maslov DA, Zaychikova MV', Vakhrusheva DV?, Danilenko VN'

" Laboratory of Bacterial Genetics, Vavilov Institute of General Genetics, Moscow

2 National Medical Research Center for Phthisiopulmonology and Infectious Diseases
(branch of the Ural Research Institute for Phthisiopulmonology), Ekaterinburg

Evolution of Mycobacterium tuberculosis have lead to the development of a number of lineages that have unique phenotypes
and genotypes and are associated with certain geographical regions. Thus, compared to the reference strains of M. tuberculosis,
Beijing and LAM genotypic lineages, which are the most common in the world, are highly virulent and transmissible. However, the
extensive use of antibiotics over the past 50 years has caused the next evolutionary leap, which yielded new, epidemiologically
dangerous sublineages: Beijing-BO in Russia, Beijing-modern-4 in China and KZN in South Africa. This study aimed at
investigating the effect the immune dysfunction predictors registered in patients have on the severity of tuberculosis (TB)
developing after contracting M. tuberculosis Beijing-B0. We compiled a sample of patients with newly diagnosed TB caused by
M. tuberculosis Beijing-BO, searched for the immune-suppressing diseases/conditions in their medical history and developed
theirimmunograms. No connection was found between the state of the immune system and the characteristics of the disease
we considered.
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CO30AHUE BbIBOPKU KITMHNYECKUX U30NATOB MYCOBACTERIUM
TUBERCULOSIS NNHNU BEIJING-BO 1 ONPEAENEHUE NPEOUKTOPOB
NMMMYHHOWN OUCOYHKLUNN NALUMEHTOB-UCTOYHUKOB
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Seontounsi Mycobacterium tuberculosis npyBena K MNOSBAEHWIO pPasfnyHbIX reorpadryecKm-accoUmmpoBaHHbIX NNHAI
BakTepui, 0bnafatoLLVX yHNKaIbHbIMU eHOTNaMM 1 reHoTUNamu. Tak, Hanbonee pacnpocTpaHeHHbIE BMUPE FEHOTUMNYECKIE
nvHUK Beijing n LAM NposiBRstoT BbICOKNIA YPOBEHb BUPRYNEHTHOCTU 1 TRAHCMUCCKBHOCTM MO CPaBHEHWIO C peepeHTHbIMN
wtammamu M. tuberculosis. OpHako 3a nocnegnvie 50 neT, B pesynstate MacCoBOro NPUMEHEHNS aHTUOMOTUKOB, MPOM30LLIEN
o4epenHoN CKadoK SBOMOLMM, MPUBEALLNIA K BO3HUKHOBEHWIO 3NMNOEMUONOrMHeck onacHbIx cybnmHmin: Beijing-BO B Poccun,
Beijing-modern-4 B Kutae n KZN B KOAP. Lienbto paboTbl 66110 UcCrneaoBaHie BIVSHNSA NPEANKTOPOB UMMYHHOW ANCYHKLMM
naLneHTOB Ha TSPKECTb NpoTeKaHns TyGepKynesHom nHdekumm npu nHdrumposanun M. tuberculosis Beijing-BO. MNposoavnm
oT60p NauUMEHTOB C BriepBble BbISBNEHHbIM TyOepKyne3oM, BeidaBaHHbIM M. tuberculosis Beijing-B0, aHannavpoBan aHaMHe3
KakOoro nauveHTa-UCTOYHMKA Ha MPeaMeT Hanmynst 3a00neBaHUn/COCTOSHNIA, BbI3bIBAIOLLMX CHYDKEHWE UMMYHUTETA, a
TaKKe ONpefensn MMMmyHorpammy. B pesynstate paboTbl CBA3M MCCNeA0BaHHbIX HaMW XapaKTePUCTUK UH(EKLMOHHOIO
npoLiecca ¢ COCTOSIHUEM UMMYHHOW CUCTEMbI MaumeHTa He 0BHapy»>KeHo.
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According to the World Health Organization, tuberculosis (TB)
is one of the deadliest bacterial infectious diseases. In 2015,
10.4 million people contracted TB, including 1 million children.
Up to 60% of all new cases are registered in India, China, South
Africa (BRICS countries), Pakistan, Indonesia and Nigeria
[1]. Especially dangerous are MDR (multi-drug resistant) and
XDR (extensively drug resistant) strains of M. tuberculosis; the
share of these TB pathogens is constantly growing. 45% of
all new MDR strains are registered in India, China and Russia,
which makes the situation in these countries particularly
alarming [1-3].

The main methods of TB detection are chest radiography
or fluorography, with MRI being the third option used less
often. However, they can detect the disease only in the late
stages. The other diagnostic methods are microbiological
(selective plating media and subsequent microscopy) and
molecular (PCR, mass spectrometry, ELISA-y, lipoarabinomannan
analysis etc) [4].

In addition to being drug resistance, M. tuberculosis is
virulent, which makes it epidemiologically dangerous [5]. Strains
of different phylogenetic lineages of M. tuberculosis were shown
to have varying infecting ability. For example, Beijing strains
are the most widespread and "successful" lineage and highly
virulent, while those of the LAM-KZN phylogenetic lineage
(peculiar to South Africa) tend to specifically affect people with
immunodeficiency and cause death rapidly [6-8].

According to the preliminary estimates, Beijing-BO isolates
was detected in up to a half of the isolates from the first-time TB
patients in Russia. The strains of this lineage are drug-resistant
and highly virulent. To a certain degree, the same is true for
the LAM-KZN lineage in South Africa and the Beijing-modern
lineage in China. It should be noted that the three lineages
mentioned above are very young: they appeared within the
last 50-60 years, the age of antibiotics [2, 9]. There is a hypothesis
that mutations in genes affected by antibiotics contribute
both to the natural drug resistance and the associated
virulence [3].

Thus, especially important are the studies uncovering
the possibilities of preventing epidemics caused by "young"
lineages of M. tuberculosis, as well as making anti-TB therapy
more effective by detecting new, better adapted M. tuberculosis
lineages through revealing the mutations associated with
development of drug resistance and virulence [10]. This study
aimed at analyzing the course of TB caused by M. tuberculosis
Beijing-BO in patients whose immune system offered varying
levels of protective response. To attain the goal set, we collected
and analyzed the M. tuberculosis clinical isolates while factoring
in characteristics of clinical manifestation of the TB infection, as
well as determined the degree to which the immune system of
patients with "dangerous" forms of TB was compromised. In
addition to the standard set of indicators for patients [11] and
the data on M. tuberculosis drug resistance, it was necessary
1o take into account the patients' immune status.

METHODS
Bacterial strains and media

In the context of this study, we used the collection of
M. tuberculosis clinical isolates of the Department of Microbiology
and PCR Diagnostics of the National Medical Research Center
for Phthisiopulmonology and Infectious Diseases (Ekaterinburg).
Lowenstein—Jensen (LJ) and/or Novaya (BioMedia, Russia)
media were used to cultivate the M. tuberculosis culture.

M. tuberculosis clinical isolates genotyping

Detecting the isolates belonging to the Beijing-BO/W148
genotype, we followed the applicable recommendations [2].
DNA isolation was carried out with the help of Proba NK sets
(DNK-Tekhnologia, Russia), following the manufacturer's instructions.
Isolated DNA were used for MIRU-VNTR genotyping done
with TB-TEST commercial set of reagents (BIOCHIP-IMB,
Russia), following the manufacturer's instructions. Amplification
products were separated on 1.5% agarose gel, stained with
ethidium bromide. Presence of the PCR product 1018 bp long
indicated that the isolate belonged to the Beijing-BO/W148
genotype.

Estimating M. tuberculosis drug susceptibility

We applied the absolute concentration method to estimate
the culture's susceptibility to anti-TB drugs: 0.2 ml of the
suspension (containing 10 min. bacterial cells) were plated into
tubes containing solid LJ medium. The tubes medium also
contained: no medicines (control); 1 pg/ml of isoniazid; 40 pg/ ml
of rifampicin; 2 pg/ml of ethambutol; 30 pg/ml of kanamycin,
30 pg/ml of capreomycin; 1 pg/ml of para-aminosalicylic acid;
30 pg/ml of cycloserine; 30 pg/ml of protionamide; 2 ug/ml
of ofloxacin. The M. tuberculosis culture was considered
susceptible to the drug if the number of colonies developed did
not exceed 20. When there were more than 20 colonies, the
isolate was considered resistant.

Clinical isolates source patients

We used medical histories and results of peripheral blood
tests of patients treated at the Ural Research Institute for
Phthisiopulmonology (Ekaterinburg). The study was approved
by the local ethics committee (minutes of the meeting No 59
of 14.11.2017); the data selected described adult patients
who had TB diagnosed for the first time. All patients were
divided into 2 groups: group 1 included patients whose
immune system was compromised, group 2 — patients
that had no conditions compromising the immune system.
Group 1 (n = 66) inclusion criteria: M. tuberculosis Beijing-B0,
hepatitis B (HBV), hepatitis C (HCV), human immunodeficiency
virus (HIV), immunosuppressive syndrome (IDS), allergies,
lymphoproliferative diseases, oncological diseases, rheumatoid
arthritis, diabetes mellitus, chronic obstructive pulmonary disease
(COPD); group 2 (n = 34) inclusion criteria: M. tuberculosis
Beijing-BO, no immunocompromising conditions. Exclusion
criteria: nonage, secondary tuberculosis.

Statistical analysis methods

Analyzing the data, we applied the chi-square test (x?) followed
by a p-value calculation (p < 0.05). The x2 values were calculated
in R software v 3.5.1.

RESULTS
Compiling a collection of clinical isolates

We compiled a sample of clinical isolates taken from TB patients
in order to search for mutations in virulence genes that can be
associated with drug resistance of M. tuberculosis. MIRU-VNTR
genotyping allowed detecting whether the isolates belonged to
the Beijing-BO phylogenetic lineage. Profile analysis resulted in
singling out 100 isolates of Beijing-B0/W148 genotype.
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Each isolate was subjected to the drug susceptibility testing
that made use of the absolute concentration method. All 100
isolates showed multiple drug resistance (MDR), i.e. resistance
to rifampicin and isoniazid leastwise. 69 isolates were of the
MDR+ phenotype (resistance to rifampicin, isoniazid plus
resistance to fluoroquinolones or aminoglycosides/polypeptides).

Characteristics of clinical predictors
of immune dysfunctions

In addition to determining drug susceptibility of the selected
M. tuberculosis isolates, we have analyzed the source patient's
immune system (compromised or not, compromising factors/
degree) and disease pattern factoring in medical history
and blood testing results. Some of the factors that define
reversibility of the immune system dysfunction are starvation
or deficiency of vital nutritional elements, metabolic diseases
(diabetes mellitus, metabolic syndrome), mental depression
and temporary distress of any nature. More severe immune
system disorders can result from infections, ionizing radiation,
lymphotoxic chemicals and lymphoproliferative diseases [12].
In the context of our study, we researched the predictors that
are capable of stressing the immune system and keeping it in
the stressed condition (Table 1).

Thus, tuberculosis can develop not solely after a contact
with a TB patient but also following an endogenous scenario,
i.e. activation of mycobacteria tuberculosis that have been in

ORIGINAL RESEARCH | MICROBIOLOGY

the body for many years (latent infection). The patients were
divided into two groups according to the status of their immune
system: compromised or not.

Patients that suffered from both HIV and TB learned about
their co-infection on average 37.5 + 50.5 months from the date
of their first diagnosis; the extremes of this term are 1 month
and 13 years. In 3 patients that received antiretroviral therapy
the level of viral load was undetectable. HIV patients had the
viral load from not registrable to 1 million (0.22 + 0.35 million)
copies in 1 ml; the number of CD4 lymphocytes was from 148
t0 1060 (611 + 380) kI/ml (16.0 + 12.3%).

Clinical characteristics of TB infection

Generally, TB is known to develop in a body the immune system
of which is compromised. In our study, there were twice as much
patients with immune system compromising diseases than
those without such (66 vs. 34 people). Despite the presence of
clinical signs of immune deficiency, TB manifestations in both
groups were much alike (Table 2).

In both groups, most patients had infiltrative form of
tuberculosis. Disseminated form was somewhat less common
in the first group, but the difference was insignificant (o > 0.05).
Only the patients of the first group had extrapulmonary forms,
which may be related to the compromised state of their
immune systems. Table 3 presents the phases of TB infection
in patients that participated in our study.

Table 1. Frequency of registration of clinical predictors of immune dysfunction in patients with compromised immune system

Group 1 (n=66)
Nosology - ”
HCV (hepatitis C virus) 23 34.8
HBV (hepatitis B virus) 4 6.1
HIV (human immunodeficiency virus) 14 21.2
Other manifestations of the infection 51 77.3
ID (immunodepression), allergic syndrome 5 7.5
Lymphoproliferative diseases (oncology) 2 3.0
Rheumatoid arthritis 1 1.5
Diabetes 10 151
COPD (Chronic Obstructive Pulmonary Disease) 14 21.2
Table 2. Clinical forms of TB in patients participating in the study
Group 1 Group 2
Clinical form of TB (n=66) (n=34) e P
n % n %
Infiltrative 39 59.1 20 58.8 0.003 0.955
Disseminated 5 7.6 3 8.8 0.083 0.773
Tuberculoma 14 21.2 17.6 0.003 0.955
Fibrous-cavernous 5 7.6 14.7 0.201 0.654
Extrapulmonary localization 3 4.5 0 0 0.361 0.548
Total: 66 100 34 100
Table 3. Phases of TB infection in patients that participated in our study
Group 1 Group 2
Specific inflammation phase (n=66) (n=34) ¥ P
n % n %
Infiltration 58 87.9 30 88.2 0.021 0.885
Degradation 41 62.1 25 73.5 0.145 0.704
Semination 29 43.9 15 4.1 0.698 0.403
Subsiding (compaction, resorption, calcification) 7 10.6 4 11.7 0.019 0.892
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Chi-square was used to search for statistically significant
differences between the groups. Results of the test given
in Table 3 show that there is no significant difference in the
incidence of specific inflammation between the groups (p > 0.05
for all groups).

Laboratory indicators characterizing state
of the immune system

Along with clinical manifestations, there are some laboratory
indicators that signal of the immune system dysfunction (Table 4).
Deviations from standard values of such indicators allow
assuming immune deficiency [13].

The number of neutrophils and monocytes that describes
the phagocytic system function did not differ between the
groups (Table 4). Analysis of the number of lymphocytes,
which reflects the state of cell immunity, revealed no significant
differences. Studying eosinophils, we noticed the standard
deviation was above the average, which means there is a
significant dissimilarity within the group. High dissimilarity leads
to a suggestion that the first group patients had eosinophilia
not only following an allergic reaction to medications, but also
as a manifestation of concomitant allergopathology of parasitic
invasion. At the same time, in the second group allergy to
medications was the only reason, the response seen in any
organism regardless of the immune system status. ESR level
proved the groups did not differ in humoral component of the
immune system.

The assumption about the humoral component of the
immune system we made based on the ESR level (Table 4) was
confirmed by the globulins concentration data (Table 5). This
fraction reflects the number of immunoglobulins that determine

the level of this indicator. There were no significant differences in
the synthesis of globulins in patients of the two groups. Glucose
concentration levels were slightly heterogeneous in the first
group because it included diabetes patients. At the same time,
the second group was fairly homogeneous, which is proved by
the small standard deviation value. Albumin synthesis and total
protein levels did not differ in patients of the two groups.

DISCUSSION

To search for the peculiarities of TB caused by M. tuberculosis
Beijing-BO lineage, we compiled a sample of patients based
on their medical histories, presence or absence of the immune
dysfunction predictors (HBV and HCV, HIV, ID, allergies,
lymphoproliferative diseases, oncological diseases, rheumatoid
arthritis, diabetes mellitus, COPD), and tested their immune
systems. Such a sample makes the analysis of the course
of Beijing-BO-induced TB more detailed and high-quality;
moreover, in the context of further comparative genomic
studies it allows identifying the key markers (mutations) in
M. tuberculosis isolates that make the strains especially
dangerous to people with compromised immunity. It is crucial
to factor in multiple indicators: lack of any piece of data on
the source patient can make the results unreliable and the
entire effort futile [14, 15]. The collection of 1000 isolates of
M. tuberculosis compiled in Samara was not described in
sufficient detail, which made continuation of the work impossible,
thus proving the afore statement [11].

In addition to collecting the samples and describing the
M. tuberculosis Beijing-BO isolates and source patients, we
analyzed the differences in characteristics of the infectious

Table 4. Characteristics of peripheral blood of patients that participated in the study

Group 1 Group 2
(n=66) (n=234) 95% Cl p
T o M o
LEU 8.36 3.33 8.22 2.52 -1.134; 1.394 0.839
ESR 25.9 16.1 22.3 144 -2.32;10.32 0.212
Rod neutrophils % 3.6 5.1 23 4.2 -0.583; 3.383 0.165
% 59.6 11.7 56.9 121 —2.03; 7.63 0.253
Segmented neutrophils
abs 5102 2588 4785 2076 —663; 1327 0.510
% 25 2.2 4.4 5.9 —2.787; 0.050 0.736
Eosinophils
abs 206.6 2041 392.4 678.1 -357;11.98 0.823
% 65.7 13.3 63.6 12.8 —2.993; 7.793 0.380
Granulocytes
abs 5674 2990 5384 2338 -821; 1464 0.579
% 25.6 12.5 28.1 12.7 —7.959; 2.359 0.284
Lymphocytes
abs 1957 1015 2181 930 —651; 153 0.223
% 8.26 2.9 7.8 2.9 -0.665; 1.465 0.458
Monocytes
abs 678 360 628 219 -86.07; 174.1 0.504
Note: M — average, o0 — standard deviation, Cl — confidence interval.
Table 5. Biochemical indicators of blood of patients participating the study
Group 1 Group 2
(n=66) (n=34) 95% Cl P
M o M o
Glucose Mmol/l 6.1 3.4 5.2 0.6 -0.318; 1.918 0.159
Albumins a/l 40.7 6.7 40.1 8.5 —2.584; 3.384 0.791
Globulins g/l 32.9 7.8 31.7 8.4 -1.954; 4.554 0.430
Albumin-globulin index u. 1.3 0.4 1.3 0.4 -0.146; 0.146 1.000
Total protein g/l 74.2 6.6 74.5 5.4 -3.134; 1.934 0.640
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disease process and laboratory parameters between patients
of the groups that differed in status of their immune systems;
while the condition of this system at the outset of the TB
development may be different, the clinical form of the latter
has similar features. We did not find a significant effect of
tuberculosis caused by M. tuberculosis Beijing-BO on the
clinical picture of the disease manifestation, as well as the
connection of the immunogram indices of the patient, except in
cases when significant differences in the character of the course
of tuberculosis were found (only when the immune system was
compromised significantly (eg, CD4* lymphocytes less than
200 cells/ml)). To date, there is a number of studies published
that demonstrated the specific danger (pathogenicity) of strains
of this lineage at the molecular level [9, 10, 16] and on animal
models [17, 18]. Probably, full genomic sequencing, analysis
of mutation of virulence genes and pathogenicity will yield a
clear answer to the question of "danger" of this phylogenetic
lineage of M. tuberculosis and the connection to the status of
the body's immune system.
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Introduced into clinical practice in 2011, non-invasive prenatal testing (NIPT) allows detection of chromosomal aneuploidies in
the fetus using maternal blood samples. Multiple studies have shown that one of the key factors affecting the result of this test
is the fetal DNA fraction. The aim of this work was to develop a method capable of measuring the fetal DNA fraction based on
targeted SNP sequencing. We selected polymorphisms with high frequency of heterozygous genotype from the international
HapMap database. To estimate the frequency of these polymorphisms in the Russian population, we used 827 DNA donor
samples. Fetal DNA fraction was measured in 87 plasma samples of pregnant women. Sequencing was performed on lon
Proton and lon S5. We determined the frequencies of the studied polymorphisms in the pooled samples and compared the
data on 53 SNPs in the pooled and 87 individual samples. The median difference was 3.4%. The correlation between the results
obtained by targeted SNP sequencing and Y chromosome read count was 0.7. Thus, the proposed method can be used to
estimate the fetal DNA fraction using SNP genotyping regardless of the fetus’s sex.
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ONPEOENEHUE OOJIM NNOAOBOW OHK B NNASME KPOBU BEPEMEHHOW
>KEHLWWHbI C NMOMOLLBbIO BbICOKOINMPOU3BOAUTEJIbBHOIO
CEKBEHNPOBAHNA HABOPA HYACTOTHbIX

OAHOHYKINEOTUAHBLIX NOJIMMOP®N3MOB
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HewnHBaauBHbIn NpeHaTanbHbln OHK-ckpuHuHr (HUMC) aHeynnonomii Mo KpoBWU MaTepy NMPUMEHSETCS AN BbISBAEHNS
XPOMOCOMHbIX aHeyrnnovamin (XA) ¢ 2011 r. MHOMOUMCEHHbIE KIMHUHECKIE UCCNE0BaHMs Nokasaiv, YTO BaXKHbIM MapaMeTpOM
npu npoeeneHn HUMC aensetca oons nnogoson OHK. Llensto paboTtbl Obina paspaboTka TeCT-CUCTEMbI /1S OLIEHKM
nonv nnopgosort AHK ¢ MOMOLLbIO TapreTHOro CEKBEHMPOBAHMA OOHOHYKNEeOoTUAHbIX nonnmopdmamoB (SNP). Mo gaHHbIM
ncecneqoBaHuin MexxayHapoaHoro npoekta HAPMAP 6bin oTobpaHbl MonMMopdraMbl C BbICOKOW HacTOTOM BCTPEYaeMOCTU
reTeposnNroTHOro reHoTuna. [Jns ouUeHKN 4YacToTbl BCTPEYaEMOCTM 0TOBPaHHbIX MOMMOPU3MOB B POCCUINCKON MOMYyNALIMN
ncnonb3oBanm 827 obpasuos AHK poHopos. C uensto onpepeneqns gonu nnogoson AHK nccneposann 87 obpa3suoB
nnasmbl KpPoBM BepemMerHbIxX >XeHLmH. CekBeHrpoBaHne nposoaunv Ha npubopax lon Proton u lon S5. B xope paboTsl
ObIn onpeaeneHbl YacTOTbl BCTPEHAEMOCTY MO AaHHbIM CEKBEHMPOBAHNS MyNMpPOBaHHbIX 06pasLIoB. MpoBeaeHo cpaBHeHe
OaHHbIX 0 53 SNP B 87 oTaenbHbix obpaduax. MeavaHa pasHuilbl, Nofy4eHon pasnnyiHbiMi cnocobamm, coctasuna 3,4%.
Peaynbrathbl onpenenerus nonv nnoposort AHK ¢ nomolsto SNP cpaBHMBanm ¢ gaHHbIMK MO Y-XPOMOCOME, KOppPensaumst
coctaBwna 0,7. Takum 06pa3oM, paspaboTaHHyto TECT-CUCTEMY MOXHO MPUMEHATL 418 onpedeneHus nonm nnogoson JHK
¢ nomoLLbto SNP BHe 3aBMCKMMOCTI OT nona naoga.
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Introduced into clinical practice in 2011, non-invasive prenatal
testing (NIPT) allows detection of chromosomal aneuploidies
in the fetus using maternal blood samples [1]. Multiple studies
have shown that one of the key factors affecting the result
of this test is the fetal DNA fraction [2, 3]. The test loses its
sensitivity and can come out false-negative if the amount of
fetal DNA in the sample is insufficient [3].

The fetal DNA fraction is easy to measure in women carrying
a male fetus. This is done by comparing the number of Y reads
with the read counts for autosomal chromosomes. In contrast,
pregnancy with a female fetus complicates quantification of
fetal DNA.

Currently existing methods for estimating the proportion
of fetal DNA in the total cell-free circulating DNA (cfDNA) are
based on the detection and quantification of DNA fragments
whose origin can be established. Some of these methods
make use of Y-chromosome-specific fragments only found in
male fetuses. Others are not sex-based and rely on the analysis
of differentially methylated cfDNA fragments [4], SNPs [5-7],
unequal sizes of fetal and maternal DNA fragments [8], and
distribution of fetal DNA fragments across the genome [9-11].

Targeted sequencing of single nucleotide polymorphisms
(SNPs) can be employed to determine the fetal DNA fraction
and enables genetic-based identification of the sample.
Besides, it can be used in non-invasive paternity and prenatal
testing [12, 13].

The aim of this work was to develop a method capable of
measuring the fetal DNA fraction regardless of the fetus’s sex
using targeted SNP sequencing.

METHODS
Selection of single nucleotide polymorphisms

Seventy-three polymorphisms were selected from the HapMap
database, a product of the large-scale population research
studies [14] (http://hapmap.ncbi.nim.nih.gov/). The frequency
of their heterozygous variants is 49-51% for the CEU population
(Northern and Western Europe) and 45-55% for the African
(ASW), Chinese (CHD, CHB) and Japanese (JPT) populations.
These polymorphisms are located on chromosomes 1-12
no less than 20 million b.p. apart. For each of them, specific
amplification primers were selected. The intended size of PCR
products was 110 b.p.

DNA and plasma samples

The frequency of the selected polymorphisms in the Russian
population was estimated based on the analysis of 827 DNA
samples isolated from donors’ blood. The fetal DNA fraction
was measured in 87 plasma samples obtained from 45 women
pregnant with a male fetus and 42 women carrying a female
fetus.

Frequency of polymorphisms in the Russian population

Because no large-scale population data are available describing
the frequency of various polymorphisms in the Russian population
and because the polymorphisms we selected represented
non-Russian populations, our estimates can differ from the
published data. In this work we estimated the frequency of the
studied polymorphisms in the Russian population using targeted
sequencing of DNA samples pooled at equal concentrations.
Ten pools of 827 samples (51 to 114 samples per pool)
were sequenced. Prior to DNA pooling, we determined DNA

concentrations in the samples by real-time polymerase chain
reaction (PCR). To estimate the frequency of the studied
polymorphisms in the Russian population, we added up the
frequencies obtained for each sequenced pool, with due
account of the number of samples in the pool. The resulting
figures were compared with the data generated by the
sequencing of 87 individual samples.

Estimation of fetal DNA fraction

The fetal DNA fraction was estimated after sequencing 53
frequent polymorphisms that had been selected based on the
preliminary sequence data analysis for pooled samples.

To estimate the fetal DNA fraction, we relied on the
polymorphisms for which the frequency of one allele was
over 80% but below 99.5%, assuming that the mother had a
homozygous genotype and the fetus was heterozygous. The
fetal DNA fraction was calculated according to the formula
ff=24«B/ (A + B), where A is a more abundant and B is a
less abundant allele. The fetal DNA fraction was presented as
a median of values obtained for all informative polymorphisms.
The fetal DNA fraction estimated by SNP genotyping was
compared to the value obtained by counting the proportion of
DNA molecules originating from the Y chromosome.

Sequencing

Libraries of PCR products were prepared according to the
manufacturer’s protocol (Thermo Fisher Scientific Inc., USA).
Sequencing was performed on lon Proton and lon S5 (Thermo
Fisher Scientific Inc., USA) according to the manufacturer’s
protocol.

Data analysis

The results were processed using Torrent Server 4.4.3. The
sequences were aligned against the reference genome ver.
GRCh37/hg19 using TMAP (Thermo Fisher Scientific Inc.,
USA).Then the reads were counted for each allele located in the
genomic regions corresponding to the selected polymorphisms
using an original script and the pysam module [15]. Only those
fragments were eligible for the analysis for which the alignment
quality was >30 and the size was >80% of the expected length.

RESULTS
Sequencing of pooled samples

Data generated by the sequencing of pooled samples are
presented in Table 1.

Upon assessing the performance of the method in general
and the frequency of the studied polymorphisms, we selected
53 SNPs for further analysis. Infrequent polymorphisms were
excluded. Table 2 shows the frequencies of 53 SNPs in the
pooled samples and 87 individual samples. The median
difference between the “pooled” and “individual” frequencies
was 3.4%.

Results of fetal DNA fraction estimation

The average number of polymorphisms with a homozygous
genotype in the mother was 28 (25-32), of them 14 (10-18)
were informative. Fig. 1 compares the estimates of the fetal DNA
fraction obtained through SNP genotyping and Y chromosome
read count; the correlation index is 0.7.
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Table 1. Data generated by the sequencing of pooled samples

Pool ID Number of samples Number of reads Number orfnr::?:ﬁcélsy)morphism
1 96 2681517 12476 (5195-40260)
2 114 2 002 697 13408 (4724-34127)
3 96 2711707 17753 (7810-48959)
4 84 3037177 20001 (6742-44910)
5 78 3884900 28124 (10032-66108)
6 96 1677 467 9808 (2860-24624)
7 92 1592 401 8826 (2503-26345)
8 63 1759 487 11359 (3629-28146)
9 57 2340385 14355 (3983-38147)
10 51 2403795 16195 (4686-37680)
Table 2. Comparison of SNP frequencies in the pooled samples and 87 individual samples
Pooled samples (827) Individual samples (87) Pooled samples (827) Individual samples (87)
SNP SNP
Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2
rs4846002 0.619 0.381 0.592 0.408 rs1265758 0.599 0.4 0.576 0.424
rs4926658 0.577 0.423 0.529 0.471 rs2143829 0.574 0.426 0.616 0.384
rs9434166 0.576 0.424 0.598 0.402 rs591356 0.438 0.562 0.453 0.547
rs10753750 0.564 0.436 0.586 0.414 rs9373116 0.579 0.421 0.494 0.506
rs1973943 0.532 0.467 0.494 0.506 rs7770051 0.479 0.521 0.407 0.593
rs7597744 0.49 0.51 0.494 0.506 rs16 0.516 0.484 0.506 0.494
rs2121304 0.56 0.44 0.558 0.442 rs12333726 0.564 0.435 0.552 0.448
rs1726025 0.517 0.483 0.517 0.483 rs6958027 0.593 0.407 0.523 0.477
rs11164111 0.513 0.487 0.494 0.506 rs314320 0.724 0.276 0.75 0.25
rs981841 0.49 0.509 0.558 0.442 rs625218 0.597 0.403 0.618 0.382
rs1978346 0.653 0.347 0.698 0.302 rs7005848 0.457 0.542 0.5 0.5
rs9843942 0.565 0.435 0.523 0.477 rs952559 0.547 0.453 0.612 0.388
rs6777416 0.587 0.413 0.616 0.384 rs827584 0.72 0.279 0.7 0.3
rs957303 0.61 0.39 0.593 0.407 rs9987271 0.577 0.422 0.541 0.459
rs1553212 0.514 0.486 0.448 0.552 rs6559467 0.583 0.417 0.612 0.388
rs751834 0.561 0.438 0.663 0.337 rs4132699 0.667 0.332 0.647 0.353
rs6771838 0.645 0.354 0.622 0.378 rs10980011 0.599 0.4 0.571 0.429
rs7696439 0.629 0.37 0.663 0.337 rs2583839 0.603 0.397 0.565 0.435
rs4864809 0.452 0.548 0.517 0.483 rs7904536 0.793 0.207 0.941 0.059
rs17002804 0.484 0.516 0.541 0.459 rs4917915 0.531 0.468 0.453 0.547
rs978373 0.497 0.502 0.459 0.541 rs845085 0.681 0.319 0.724 0.276
rs4621390 0.607 0.393 0.57 0.43 rs4333997 0.522 0.477 0.488 0.512
rs7703985 0.491 0.509 0.442 0.558 rs602991 0.696 0.304 0.747 0.253
rs2962799 0.542 0.456 0.541 0.459 rs2289300 0.716 0.283 0.647 0.353
rs902987 0.52 0.478 0.512 0.488 rs7973612 0.704 0.296 0.765 0.235
rs6859147 0.551 0.449 0.547 0.453 rs7971962 0.606 0.39 0.606 0.394
rs4921132 0.495 0.505 0.494 0.506
DISCUSSION is a feasible method for estimating the fetal DNA fraction

We have estimated the frequency of the selected polymorphisms
in the studied population using sequencing of pooled samples.
We have shown that sequencing of pooled samples and
genotyping of individual samples produce comparable results.
Targeted sequencing of a small number of frequent polymorphisms
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independent of the fetus’s sex. In our work, the correlation between
the results obtained by targeted SNP sequencing and Y chromosome
read count was lower than in the published studied that used
the comparable number of polymorphisms to measure the fetal
DNA fraction [7], probably because the authors of that study
used molecular identifiers and counted individual molecules.



OPUTMHAJIbHOE NCCJIEOOBAHVE | MEOVLUHCKAA MTEHETUKA

12
S
< 10
D
c
S
2
[e]
5
o 8
o
b4
@
c
kel
S 5
g » .__.q
< o e
- T T
e L ] :
s e
2 2 . ..
[
o
2
2.00 4.00 6.00

8.00

a
g
. .
b =
........... e
..... 8§
.... ]
L ]
10.00 12.00 14.00

Fetal DNA fraction (Y chromosome read count) (%)

Fig. 1. Comparison of the estimates of the fetal DNA fragment fraction done by targeted SNP sequencing and Y chromosome read count

CONCLUSIONS

The proposed method can be used to estimate the frequency
of alleles in frequent polymorphisms. The method allows both
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DETECTION OF CFTR MUTATIONS IN CHILDREN WITH CYSTIC FIBROSIS

Nikiforova Al'®=, Abramov DD', Zobkova GYu', Goriainova AV?, Semykin SYu?, Shubina J3, Donnikov AE®, Trofimov DYu'*®
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Cystic fibrosis (CF) is one of the most common monogenic disorders of humans. The knowledge of population frequency of
a mutant genotype causing a monogenic disease helps to optimize DNA testing and to reduce its costs and time required
for the procedure. This article presents the results of a retrospective study of the CFTR gene in 191 children with mixed
manifestations of CF. To screen for 24 most common mutations, we used the diagnostic PCR panel; minor mutations were
detected by next generation sequencing. The diagnostic panel allowed us to identify 18 typical CFTR mutations, including
F508del (allelic frequency of 54.7%), dele 2,3 (21kb) (7.3%), 2143delT (3.4%), 2184insA (3.4%), 1677delTA (2.4%), N1303K
(2.1%), 3849+10kbC>T (2.1%), E92K (2.1%), G542X (1.6%), W1282X (1.6%), S1196X (1.3%), R334W (1.0%), 394delTT(0.8%),
3944delGT (0.8%), 3821delT (0.5%), 2789+5G>A (0.5%), 621+1G>T(0.3%), and 2183AA>G (0.3%). Sequencing revealed the
presence of 24 potentially pathogenic CFTR variants in the sample. We also discovered 8 minor CFTR variants previously unseen
in Russian patients with CF, including 4 new CFTR mutations: p.Glu819Ter, p.GIn378Ter, p.Val1360Phefs, and p.Lys1365Argfs.
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ONPEOENEHUE MYTALUWW FrEHA CFTRY OETEN C MYKOBUCLUUOO3OM

A. V. Hukucboposa' = 1. [1. A6pamos’, I. KO. 3o6koea’, A. B. lopsmHosa?, C. tO. Cembiknn?, E. LLIy6uHas, A. E. JoHHMKOB?,
0. 10. Tpochumos'=

1000 «HM® OHK-TexHonorns», Mockea
?Poccuiickast aeTckas KnmHndeckas 6onbHMLa POCCUICKOro Hay4HO-MCCneaoBaTeibCckoro yHnBepeuTeTa umern H. . Muporosa, Mockea

8 NabopaTopust MONEKYSSPHO-FEHETUHECKIX METOAO0B, HalyoHabHbIN MEULIMHCKNIA NCCRefoBaTENbCKUM LIEHTP akyLLIEpCTBa, MHEKONOM I 1 NEPUHATONOM M
nmeHn B. M. Kynakosa, Mocksa

Mykosurcumaos (MB) — ogHo 13 Havbonee pacnpoCTpaHEHHbIX MOHOMEHHbIX 3aboneBaHnii Yenoseka. OnpefeneHne 4acToTbl
MyTaLiA MOHOFEHHOIO 3a00/1EeBaHVS 719 KOHKPETHbBIX MOMyALMIA MO3BONAeT onTuMmnanposats JHK-anarHoCTuky, cokpaTvis
ee cebeCToMMOCTb M Bpems npoBefdeHnst. B cTtaTbe mMpefcTaBneHbl pesynstartbl PETPOCMEKTUBHOIMO WCCNeaOoBaHNa reHa
CFTR y 191 pebeHka co cmelueHHon dopmorn MB. [Ona onpeneneHns 24 Havbonee pacnpoCcTpaHeHHbIx MyTauui CFTR
1Cnonb30Bann anarHoctTnyeckyto MNLIP-naHens, a MMHOPHbIE BapnaHTbl BbISBASIN METOAOM BbICOKOMPON3BOANTENBHOMO
cekBeHnpoBaHng. C MOMOLLBIO AMAarHOCTUHECKOW NMaHenn B BbIOOPKE BbIABNEHO 18 TunnyHbix MyTaumii reHa CFTR: F508del
(c annenbHo YacToTon 54,7 %), dele 2,3 (21kb) (7,3%), 2143delT (3,4%), 2184insA (3,4%), 1677delTA (2,4%), N1303K (2,1%),
3849+10kbC>T (2,1%), E92K (2,1%), G542X (1,6%), W1282X (1,6%), S1196X (1,3%), R334W (1,0%), 394delTT(0,8%),
3944delGT (0,8%), 3821delT (0,5%), 2789+5G>A (0,5%), 621+1G>T(0,3%), 2183AA>G (0,3%). B pesynbrate cexkBeHUpoBaHMA
0BHapy>KeHO 24 reHeTn4ecknx BapuaHta CFTR ¢ MOTEHUMaNbHOM KITMHNYECKOW 3HAYMMOCTBIO. OBHapYy»KeHO 8 MUHOPHbIX
BapuaHToB CFTR, 0O 3TOro He OTMEYEHHbIX y NaumeHToB B PP, B ToM uncne 4 HoBbIx MyTauum reHa CFTR — p.Glu819Ter,
p.GIn378Ter, p.Val1360Phefs 1 p.Lys1365Argfs.

KntoueBble cnoBa: mykosucUnao3, CFTR, myTauun CFTR, poccuickas nonynsums 60bHbIX MyKOBUCLIMAO30M

KoHMnnKT nHTEepecos: nccneqoBaHvie NPOBeAeHO NPY y4acTum COTPYAHMKOB komnaHun OHK-TexHonorus.
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Kawwpckoe wW., O. 24, r. Mocksa, 115478; nikiforova@dna-technology.ru
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DOI: 10.24075/vrgmu.2018.037

Cystic fibrosis (CF) is a hereditary autosomal recessive disease
that affects all exocrine glands, leading to severe impairment
of the respiratory and digestive systems. CF is caused by
deleterious mutations in the CFTR gene (CFTR stands for
cystic fibrosis transmembrane conductance regulator) [1],
most commonly by F508del (rs113993960) which results
in the deletion of phenylalanine at position 508 in the protein

[1=3]. There is no known cure for CF; complex care should be
provided for patients with CF throughout their lifetime.

CF is one of the most common hereditary diseases. According
to the World Health Organization, the disease occurs in 1 in
2,500-3,000 newborns [3]. The Russian Cystic Fibrosis Patient
Registry reported 2,916 new cases of CF in 2015 [4]. In 2016 the
incidence of the disease among Russian neonates was 1 : 8,788 [5].
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It is crucial to recognize CF before it is clinically manifested;
timely diagnosis reduces the risk of irreversible damage to the
respiratory and digestive systems and improves the quality of
life of patients and their families [6].

Neonatal screening for CF adopted by the Russian
Federation in 2006 is an important tool for early diagnosis.
It comprises a series of diagnostic tests run consecutively,
including the immunoreactive trypsinogen (IRT) blood test, the
IRT repeat test, and the sweat chloride test ordered if IRT levels
are elevated above the normal range [7].

Molecular genetic (or DNA) screening for mutations in the
CFTR gene is conducted in several steps. The first step includes
screening for the most common mutations using special
diagnostic panels [3, 7, 8]. If this test comes out negative, the
whole gene is sequenced [3, 9] and a search is performed for
large structural CFTR variations, if necessary [3].

In Russia, genetic screening is not mandatory and is
normally recommended if the sweat test cannot be done or its
results are inconclusive. However, the CFTR genotype is one of
the factors predicting the severity of the disease [3]; once it has
been established, the doctor can come up with an adequate
pharmacogenetic treatment plan [2, 3]. One of the advantages
of DNA testing is its accuracy: unlike the sweat test, it is not
affected by the physiology of an individual patient.

At present, there is a need for better availability of genetic
screening in the Russian Federation. Even so, in the recent years
extensive genetic epidemiology data on cystic fibrosis have been
collected in Russia. The most common CFTR mutations have
been identified [3, 8], and genetic variations associated with
the disease in different ethnic groups have been described, as
well as regional variations in the frequency of pathogenic alleles
[8, 10, 11]. A good example here is the E92K (rs121908751)
mutation typically found in the Chuvash people. A record of
CFTR mutations has been kept by the Russian Cystic Fibrosis
Patient Registry since 2011 [12]. A new registry of CFTR
allelic variants has been created as part of the open-source
international database of genetic variations LOVD v.3.0 (Leiden
Open Variation Database). The registry is called SeqDB-LOVD/
Consensus view on the clinical effects of genetic variants and
lists CFTR allelic variants occurring in the Russian population
[13]. SegDB-LOVD provides information on the clinical relevance
of CFTR variants, including rare ones that were identified only
due to the active use of NGS in research studies.

According to SeqDB-LOVD, there are currently over 220
clinically relevant CFTR mutations occurring in the Russian
population; interestingly, new, previously unknown allelic variants
come from relatively small samples [9]. With that in mind, one
can safely assume that the real diversity of pathogenic CFTR
mutations is much vaster.

About 500 children are annually referred to the Pediatric
Unit of Children's Clinical Hospital (Pirogov Russian National
Medical Research University) from different regions of Russia;
of them about 100 are diagnosed with CF. Between 2014 and
2017, the Pediatric Unit admitted over 200 children with clinical
signs of CF whose genotype was either unknown (no molecular
genetic tests had been performed) or partially known (only one
known CFTR mutation had been identified). The aim of this work
was to determine the spectrum of pathogenic CFTR variants in
the sample of 191 patients with severe CF with mixed clinical
manifestations.

METHODS

For this retrospective study we selected blood samples
collected from 191 children with severe or moderately severe
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cystic fibrosis referred to the Children's Clinical Hospital of
Pirogov Russian National Medical Research University between
2014 and early 2017. In most cases, no genetic screening had
been done to confirm the diagnosis. The main group consisted
of boys and girls from 57 Russian regions (Moscow and
Stavropol regions were represented by 15 patients each; other
regions, by 1 to 9 patients each). The study included patients
with clinically established diagnosis of severe CF with mixed
manifestations (E 84.8). Patients with clinically established CF
with predominantly pulmonary manifestations (E 84.0) or with
mild or borderline symptoms were excluded from the study.
The sample mainly consisted of unrelated patients; there were
also 4 pairs of siblings. The study was approved by the Ethics
Committee of Pirogov University (Protocol 172 dated February
2,2018).

Peripheral blood samples were collected at the facilities of
the Children's Clinical Hospital. Genomic DNA was isolated from
the whole blood specimens stored in the Biobank of Kulakov
National Medical Research Center of Obstetrics, Gynecology
and Perinatology using the reagent kit Proba-GS-Genetika
(DNA-Technology, Russia) according to the manufacturer’s
instructions.

Screening for the most common CFTR mutations was carried
out using the following reagent kits: Genetics of hereditary
diseases. Cystic fibrosis screen and Genetics of hereditary
diseases. Cystic fibrosis: rare mutations (DNA-Technology,
Russia). These reagent kits can detect 8 (F508del, dele 2,3
(21kb), 2143delT, 1677delTA, N1303K, 3849+10kbC>T,
E92K, W1282X) and 16 (2184insA G542X, S1196X, R334W,
394delTT, 3944delGT, 3821delT, 2789+5G>A, 621+1G>T,
2183AA>G, L138ins, R117H, 604insA, 3667insTCAA, R553X,
K598ins) allelic variants of the CFTR gene, respectively (here
and below mutations included in the panels are listed by their
common names). Detection relies on the use of kissing probes
[14] and involves PCR amplification of the target gene region,
hybridization of sequence-specific probes to amplification
products, and recording of melting curves for the probes during
their thermal denaturation (Fig. 1) [15, 16]. PCR was performed
in the DTprime real-time detection cycler (DNA-Technology,
Russia); probe melting temperatures were determined using
the same device.

Screening for rare and unknown mutant variants of CFTR
was done on the lon Torrent™ next generation sequencing
platform (Thermo Fisher Scientific, USA). We targeted a number
of coding regions (27 exons of CFTR), intron-exon boundaries
and the promoter region. Additionally, the panel included a
fragment for the identification of the pathogenic intron variant
3849+10kbC>T (rs75039782) and the regions flanking the
dele2,3(21kb) mutation, a common deletion of exons 2 and 3 in
the CFTR genes (Table 1).

Before sequencing, the targets were enriched by PCR,
for which we used at least 10 ng of the input genomic DNA
amount. The PCR products were ligated to the adapters by
T4 DNA ligase (Thermo Fisher Scientific, USA) according to
the manufacturer’s protocol. The quality of the prepared DNA
libraries was assessed using the Agilent 2100 Bioanalyzer and
the Agilent High Sensitivity DNA Kit (Agilent Technologies, USA).
Next generation sequencing was carried out using the lon PGM
Next-Generation Sequencing Systems (lon Torrent™, USA) and
the lon PGM™ Template OT2 400 Kit (lon Torrent™, USA) in the
Laboratory of Molecular Genetics of Kulakov National Medical
Research Center of Obstetrics, Gynecology and Perinatology.

Primary data analysis was assisted by the Torrent server
4.4.3. The obtained sequences were aligned to the reference
genome GRCh37/hg19 by the TMAP tool; the reference
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genome included a fragment corresponding to the fusion
amplicon marking the beginning of CFTRdele 2,3 (21 kb).
Torrent Variant Caller 5.4.0.46 was used for variant calling.
Further analysis was done by means of the original software
developed by the authors of this work. The targeted regions
were covered by an average of 4,500 reads; the minimum
number of reads was 500. To assess pathogenicity of variants,
we consulted a few databases, including doSNP Build 147,
locus-specific CFTR1 [17], CFTR2 [18], and SeqDB-LOVD [13],
as well as the literature sources. The results were validated by
Sanger sequencing (of both DNA chains) on the ABI 3130 DNA
Analyzer (Applied Biosystems, USA) using the original reagents
according to the manufacturer’s protocol. Sanger sequencing
confirmed all obtained genotypes.

RESULTS

PCR-based genotyping detected 18 mutant variants of the CFTR
gene in the studied sample of patients (Table 2). Homozygous
variants were represented by F508del (70 patients), E92K,
1677delTA and dele 2,3 (21kb) detected in 3 patients each,
and by W1282X (1 patient). One hundred forty-four patients
(75.4%) were found to have two pathogenic CFTR mutations,
41 patients (21.5%) had only 1 mutation; for 6 patients (3.1%)
the screening was negative. Two pathogenic alleles present in
the total of 112 patients (58.6%) were detected using the panel
of 8 common CFTR mutations described in Methods.
Mutations included in the panel were unambiguously
identified or were shown to be absent in 99% of cases. In two

A

FAM fluorophore

samples (1%) the melting curves recorded for one of the mutant
gene variants looked abnormal. Direct sequencing of these
samples revealed the presence of “off-target” single nucleotide
polymorphisms in the regions hybridized to the allele-specific
probes (Fig. 1). Forty-seven PCR-sequenced samples reported
to be free of CFTR mutations were additionally sequenced
by NGS. In total, 300 different genotypes were identified by
sequencing, of which 24 could be clinically relevant (we
accounted for the variants described in locus-specific
databases as pathogenic, nonsense, or frameshift mutations)
(Table 2). Some genotypes were observed more than once,
such as p.Ser466Ter (rs121908805), which occurred as part of
the compound allele in 5 unrelated patients (Table 3).

Of all detected mutations, 4 had not been described
previously, including two frameshifts (¢.4093delA/p.Lys1365Argfs
and ¢.4078delG/p.Val1360Phefs) and two nonsense mutations
(c.1132C>T/p.GIN378Ter and ¢.2455G>T/p.Glu819Ter) with
a pathogenic potential (Table 4). These previously unknown
variants were heterozygous and occurred in combination with
the most frequent CFTR mutation (Table 3). We submitted these
mutations to SeqDB-LOVD.

During Sanger validation, a deletion was detected in two
samples in exon 24 resulting in the frameshift p.lle1214Phefs
(rs397508630).

Our extensive DNA testing revealed that 178 patients from
the sample had 2 pathogenic mutations and 13 patients had
1 pathogenic mutation. Notably, F508del (rs113993960), the
most common mutation observed in the Russian population,
was detected in 139 patients from 49 regions of the Russian
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Fig. 1. A. Melting curves for different genotypes recorded during F508del (rs113993960) detection and an example of a combination of F508del and 1506T
(rs397508224) in the genotype. Fluorescence from FAM/HEX channels indicates the melting of probes complementary to a non-mutant or mutant gene region,
respectively. The melting dynamics is recorded in the range from 25 °C to 75 °C and varies for different genotypes. 1 — mutation is absent; 2 — homozygous mutation;
3 — heterozygous mutation; 4 — a combination of F508del and 1506T (the peak of the melting curves deviates from the norm) B. The sequencing chromatogram of a

DNA fragment with a combination of F508del and 1506 T

Table 1. Primer sequences for the amplification of regions including the boundaries of CFTRdele 2,3 (21 kb)

Primer Sequence
del2,3F1 tcc ctt ggt aaa att aag cct cat g
del2,3R1 ccc tee tet gat tec aca agg tat
del2,3F2 ccc aaa aac tat tgt cag act ctg ct
del2,3R2 cac cta cac tca gaa ccc atc ata gg
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Federation. Four unrelated patients from Ingushetia and
Chechnya were found to have 1677delTA (rs121908776).
Three of 4 Chuvash patients had a homozygous E92K.

The proportion of patients with 2 “severe” (class I-lll) CFTR
mutations [19] was 69.6%. The proportion of patients with one
or two “mild” (class IV-V) mutations [19] was 8.4%. Patients
with one or two mutations of «uncertain clinical relevance»
made up 22%.

DISCUSSION

We have detected 36 different pathogenic variants of the
CFTR gene in the studied group of patients. The majority of
these mutations are known to be common in the Russian
population [4, 8]. F508del (rs113993960) prevailed in the
studied sample taken as a whole, as well as in the separate
subgroups of patients coming from the regions dominated by
Russians. The frequency of other mutations in the sample was
consistent with the reports of CF in the Russian population [4,
8]. Ten mutations with the highest frequency in the sample are
listed in the Russian CF Patient Registry [4]. The 1677delTA
(rs121908776) mutation was the most common in children
from the North Caucasus. Children from Chuvashia had the
E92K (rs121908751) mutation typically associated with their
ethnicity. The obtained results suggest that the study sample
is representative of the Russian population afflicted with cystic
fibrosis. Genotyping data obtained from the studied sample
provide new information about the genetic diversity of cystic
fibrosis in Russia.

Using different sequencing techniques, we detected 24
clinically relevant mutations of the CFTR gene (including 22
minor variants); of them 8 had not been previously reported
by the Russian CF Patient Registry, including p.GIn39Ter
(rs397508168), p.Phe1286Ser (rs121909028), p.lle1214Phefs
(rs397508630), p.Trp1063Terfs, p.Glu819Ter, p.GIN378Ter,
p.Val1360Phefs, and p.Lys1365Argfs. According to in silico
prediction tools, these mutations are pathogenic (belong to
class I) and result in the truncated CFTR protein.

PCR-based sequencing demonstrated a detection rate
of 86.1% for deleterious CFTR mutations (in 98.9% of cases

Table 2. Results of PCR genotyping in 191 patients with cystic fibrosis

OPUIMMHAJIBHOE NCCJIEQOBAHNE | MEOVUVHCKAA MTEHETUIKA

one or two pathogenic variants were detected). This value
meets the requirements for diagnostic panels [19]. However,
considering the huge array of genetic epidemiology data
obtained in the recent years [4, 13] and the results of
additional diagnostic testing we performed on the samples, we
believe that the detection rate can be improved by including
p.Serd66Ter (rs121908805), p.Trp1282Arg (rs397508616) and
p.Leu15Phefs (rs397508715) mutations into the panel. The
PCR-based kissing-probe method that we used to screen for
kno