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REVIEW | MICROBIOLOGY

CRISPR-CAS SYSTEMS OF MYCOBACTERIUM TUBERCULOSIS:
THE STRUCTURE, TRANSFORMATION IN DIFFERENT LINEAGES
IN THE PROCESS OF EVOLUTION AND A POSSIBLE ROLE

IN THE FORMATION OF VIRULENCE AND DRUG RESISTANCE

Zaychikova MV'® Zakharevich NV, Chekalina MS', Danilenko VN'?2
"Laboratory of Bacterial Genetics,
Vavilov Institute of General Genetics, RAS, Moscow

2 Department of Bioinformatics, Faculty of Biological and Medical Physics,

Moscow Institute of Physics and Technology (State University), Dolgoprudny
CRISPR-Cas systems are widespread in bacteria and archaea. They provide adaptive immunity against bacterial phages and
plasmids and exert a few important functions like regulation of gene expression, DNA repair or virulence formation. We have
analyzed the CRISPR-Cas systems of 7 M. tuberculosis lineages with fully sequenced genomes, namely Beijing, BO/W-148, EAI,
Haarlem, Ural, LAM, and S. The CRISPR-Cas systems present in the analyzed genomes belong to type lll-A. M. tuberculosis
lineages differ in their CRISPR-Cas structure; in the Beijing lineage a part of the system is reduced. We have conducted a
search for the functionally related partners and compensatory mechanisms of cas-genes using a method of phylogenetic
profiling. The obtained phylogenetic profiles show that some genes have undergone similar evolutionary events. The reduction
of the system’s part in the Beijing lineage was accompanied by at least two evolutionary losses and one acquisition of genome
regions. Exploration of alternative CRISPR-Cas functions in M. tuberculosis and their possible associations with other gene
systems remains an exciting challenge.

Keywords: CRISPR-Cas systems, virulence, M. tuberculosis, Beijing lineage, phylogenetic profiling

><] Correspondence should be addressed: Marina Zaychikova
Gubkina 3, Moscow, 119991; marinaz15@yandex.ru, valerid@vigg.ru
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CRISPR-CAS CUCTEMbI MYCOBACTERIUM TUBERCULOSIS.
CTPYKTYPA MOAOYNA, NBMEHEHUE B NMPOLIECCE 3BOJ1IOLINNA

Y PASJINYHBIX JIMHUA, BO3MOXXHAS POJ1b B ®OPMUPOBAHUN
BUPYNEHTHOCTU N JIEKAPCTBEHHON YCTONYMBOCTH

M. B. Banumkosa'®, H. B. Baxapesuy'!, M. C. YekanuHa', B. H. JaHuneHko'?
" NabopaTopust FeHETVKN MUKPOOPraHn3MOB,
VIHCTUTYT 06LLen reHeTnkn nmenn H. V1. BaBnnosa Poccuiickon akagemun Hayk, Mocksa

2 Kadhenpa 6rnonHhopmMaTiki, hakynsTeT G1oNornM4eckon 1 MeguLMHCKOM (rnamnkm,

MOCKOBCKMIN (ON3NKO-TEXHUHECKNIA MHCTUTYT (FOCYAAPCTBERHHbIA YHMBEPCUTET), [onronpyaHbIn
CRISPR-Cas cucTeMbl LUMPOKO pacrnpocTpaHeHbl y bakTepuin 1 apxer. OHM obecnevnBaroT afanTyBHbIA UMMYHUTET K
bakTepuodaram 1 nNna3mmaam, a TakkKe BbINOMHAT Apyre QyHKLIM, BKIOHas perynsaumo SKCNpeccu reHoB, penapaumio
OHK, dopmmpoBaHve BrpyneHTHOCTU. Hamu 6bin npoBeaeH aHanna CRISPR-Cas cucTem MofHOCTBIO CEKBEHMPOBaHHbIX
reHomoB M. tuberculosis n3 cemu nuHniA: Beijing, BO/W-148, EAI, Haarlem, Ural, LAM, S. lNpoaHananpoBaHHble reHOMbl
copepkat CRISPR-Cas cuctemy Tuna llI-A. JluHnsm B cocTaee Bupa M. tuberculosis CBONCTBEHHbI Pa3nnyns B CTPOEHUN
CRISPR-Cas cucTeMbl, B TOM YCNe peayKUmst YacT cucTeMbl y NHUK Beijing. ns cas-reHoB Hamu 6bin OCYLLECTBEH MOUCK
BO3MOXXHbIX PYHKLMOHATBHBIX MapTHEPOB 1 KOMMEHCATOPHbIX MEXaHN3MOB C CMOJIb30BaHNEM MeToAa (DUNOMEHETUHECKOrO
npocannuHra. B xome aHanmsa dunoreHeTudeckmx npodunert (Prl) 6binv obHapy»eHbl reHbl CO CXOAHbIM XapakTepoMm
9BOSIIOLIMOHHBIX COBbITUIA. YCTaHOBNEHO, 4To noTepst dactu cuctembl CRISPR-Cas y npenctaButenein nuHum Beijing
COMPOBOX/Aaachk Mo KparHer Mepe ABYMst 3BOTFOLMOHHbBIMM COObITUSIMM MOTEPU 1 OOHUM CODbITUEM MNPUOBPETEHNS YHACTKOB
reHoma. Bo3MOXXHOCTb 13y4eHnst anstepHaTuBHbIX yHKUMI CRISPR-Cas cuctem y M. tuberculosis v nx npeanonaraemMas
CBSA3b C APYrMMU MeHHbIMU CUCTEMaMW NPEACTaBNSET 3HAYUTENbHbIA HTEPEC.

KnioueBble cnosa: cricteMbl CRISPR-Cas, BupyneHTHoCTb, M. tuberculosis, nnHns Beijing, dvnoreHeTndeckmin npodannvHr

><] Ans koppecnoHaeHuum: 3aiuvkoBa MapuHa BukTopoBHa
yn. [ybkuHa, a. 3, . Mocksa, 119991; marinaz15@yandex.ru, valerid@vigg.ru

Cratbs nony4eHa: 15.03.2018 Crtatbsi npuHsaTa K nevaru: 20.03.2018

DOI: 10.24075/vrgmu.2018.016
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OB30P | MMKPOBNOJIOINA

CRISPR-CAS SYSTEMS IN BACTERIA: STRUCTURE AND
CLASSIFICATION

To date, CRISPR-Cas systems have been identified in
approximately 40% of bacterial and 90% of archaeal genomes
[1, 2]. These systems consist of two essential components:
CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) arrays and Cas (CRISPR-associated) proteins.
Repetitive sequences of equal length alternating with unique
regions (spacers) were described as early as 1987 in the
E. coli genome [3], but at that time their function was unclear.
In the 2000s, CRISPR-Cas systems were shown to have a role
in bacterial immunity [4, 5]. By now, they have been proved to
participate in a number of various cellular processes, including
DNA repair, regulation of gene expression, virulence formation,
etc. [6]. Interestingly, direct repeats (DR) discovered in the
M. tuberculosis genome as early as 1990s have been used in
the genotyping (spoligotyping) of mycobacteria even before the
immune function of CRISPR-Cas systems was described, and
their polymorphism is well-studied [7, 8].

CRISPR-Cas systems are very diverse. Each functional
array contains three essential elements: repeats, spacers and
a leader sequence. Adjacent to the array is a set of cas genes
coding for proteins with various functional domains interacting
with nucleic acids [9]. Although the sets of cas genes ensuring
the performance of different components of CRISPR-Cas
molecular mechanisms are different, they do have common
features. For example, the majority of known active CRISPR-
Cas systems contain two proteins called Cas1 and Cas2.
These proteins form a complex that integrates new spacers into
the array. New spacers are inserted into the array next to the
leader sequence. Throughout the array’s lifetime some spacers
can be lost as a result of recombination between repeats [10].
Partially or fully, the array can be acquired through horizontal
gene transfer (HGT) [11].

CRISPR-Cas systems are classified based on the
composition of their cas-loci. According to the currently
used classification, they are subdivided into 2 big classes, 5
types and multiple subtypes [12]. Class 1 (types I, lll and V)
comprises CRISPR-Cas systems with multisubunit effector
complexes; in class 2 systems (types Il and V) all functions
of the effector complex are exerted by one protein, such as
Cas9 [12]. Type Il CRISPR-Cas systems are of paramount
importance for biotechnology and specifically for genome
editing, but they are quite rare and have been detected only in
bacterial genomes [12]. The majority of CRISPR-Cas systems
can be unambiguously assigned to one of its 5 main types.
However, there are organisms whose cas-loci do not fit into the
current classification.

Mycobacterium
prototuberculosis

\

_E:s
-

N\

— EAI

Cas1 and cas2 genes, the CRISPR-Cas components
involved in the integration of new spacers into the array,
deserve particular attention. Although there is evidence that
both of them have their role in spacer integration, all enzymatic
activities necessary for this process can be found in Cas1,
whereas the catalytic activity of Cas2 is not required to form a
Cas1-Cas2 complex or insert a new spacer. So far, we know
that Cas2 is an mRNA interferase that specifically cleaves
ribosome-bound mRNA. On the face of it, such activity seems
to be “inappropriate” when it comes to the integration of new
spacers. However, some researchers suggest that Cas2
may have originated from ancient mobile elements, such as
toxin-antitoxin (TA) systems [13, 14]. In view of this, it may
be assumed that Cas?2 retains its ancestral toxin-like endo-
ribonuclease activity in the CRISPR-Cas system, but the latter
is reversely controlled through inhibition during interaction with
Cas1 and formation of the Cas1-Cas2 complex. According to
this hypothesis, if the CRISPR-Cas system fails to inhibit viral
growth, Cas?2 is activated (possibly through Cas1 degradation)
and stops translation, driving the cell to suicide or into the
dormant state. Cas2 participation in spacer integration may
be connected to Cas1 regulation or stabilization following the
formation of Cas1-Cas2 complex, which at the same time
reversely inactivates Cas2 [15]. The possible participation of
Cas2 in getting the cellinto a persistent state is a promising area
of pathogen research (M. tuberculosis research, in particular).

FUNCTIONS OF CRISPR-CAS SYSTEMS IN BACTERIA

Because CRISPR-Cas systems are widely spread and very
diverse, it is no wonder why more evidence of their involvement
in different cellular processes appears in the literature [6]. Apart
from the role in the adaptive immunity, the most well-known
and well-described of CRISPR-Cas functions is regulation of
gene expression. For example, the life cycle of the soil bacteria
Myxococcus xanthus includes stages of fruit body formation
and sporulation. Formation of the fruit body and further
differentiation of its cells into microspores is rigorously regulated
by intercellular signals and intracellular signaling cascades in
which type I-C CRISPR-Cas systems of M. xanthus act as a
component of the positive feedback loop and participate in
sporulation [16].

Today, there is evidence that CRISPR-Cas systems can
engage in DNA repair. It has been established that purified
Cas1 (YgbT) obtained from Escherichia coli is capable of
interaction, both at the physical and genetic levels, with key
components of DNA repair systems, such as genes recB, recC
and ruvB [17]. The researchers have demonstrated that the
ygbT deletion strain has increased sensitivity to DNA damage.

LAM

Haarlem
Ural
Beijing
B0O/W-148

|

Mycobacterium
tuberculosis lineages

Fig. 1. The schematic representation of the phylogeny of the described M. tuberculosis lineages [33]
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Similar phenotypes have been observed in the strains with a
deleted CRISPR cluster; this indicates, at least, that some of
CRISPR-Cas components are involved in DNA repair.

Another alternative function of CRISPR-Cas systems
pertains to their participation in biofilm formation [18]. The
study of the type 1-F CRISPR-Cas systems of the opportunistic
pathogen Pseudomonas aeruginosa has revealed that this
system inhibits biofim formation. Such CRISPR-dependent
ability relies on the interaction between a certain spacer and
its prototype, the protospacer located in the bacteriophage
genome. This interaction eventually leads to the induction of
phage-related genes that, in turn, trigger death of surface cells.
These findings suggest that CRISPR-Cas systems possess
another mechanism unrelated to the adaptive immunity.

Bacteria usually regulate their gene expression post-
transcriptionally by various small non-coding RNA. Although
these RNA molecules control a great deal of cell physiology,
only a few of them participate in the recognition of intrusive
nucleic acids, ceding this role to CRISPR-Cas systems.
Unlike eukaryotic systems, bacterial CRIPSR-Cas systems
cleave DNA, which means that if they should engage in the
regulation of endogenous genes, the bacterial chromosome
will be inevitably destroyed. Surprisingly, though, in 2013 an
article was published in Nature reporting a mechanism of post-
transcriptional regulation in Francisella novicida, in which the
virulence gene is regulated by the Cas9 protein and CRISPR-
associated small RNA [19]. Hypothetically, Cas9 directs its
activity against endogenous mRNA (but not DNA). So far, the
association between CRIPSR-Cas systems and the ability of
bacterial strains to exhibit increased virulence or even drug
resistance has been shown in a number of research works [20].

Speaking of alternative functions of CRIPSR-Cas
systems, some authors hypothesize that biofilm formation
in Pseudomonas aeruginosa is a by-product of a “classical”
CRISPR-Cas immune function, whereas virulence in Francisella
novicida or development regulation in Myxococcus xanthus
have come about independently [6]. The history of gradual
discovery of different CRIPSR-Cas functions, starting with
immune, resembles the exploration of RNA interference in
eukaryotes. At first, RNA interference was shown to have a role
in the immune defense, and it was not until later that its effects
on various cellular processes were discovered, including gene
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regulation and heterochromatin formation [21]. Some authors
draw a parallel between CRISPR-Cas systems and RNA
interference [22, 23].

CRISPR-CAS SYSTEMS IN MYCOBACTERIA: GENERAL
STRUCTURE AND PECULIARITIES OF CAS-OPERONE IN
M. TUBERCULOSIS H37RV

The Mycobacterium genus is represented by a wide range
of organisms, including human pathogens among which
members of the Mycobacterium tuberculosis complex (MTBC)
are the most important. This complex includes Mycobacterium
tuberculosis, the major causative agent of tuberculosis.
M. tuberculosis is genetically heterogenous and can be
divided into several groups, or the so-called lineages. Each
lineage is characterized by a certain set of mutations that
have accumulated in the course of evolution [24-26]. Isolates
of different lineages can be distinguished by their phenotype,
specifically by the ability to develop drug resistance (DR),
virulence and pathogenicity, all of which determine the
severity of the disease [27, 28]. The most widespread and
clinically significant lineages of M. tuberculosis are Beijing,
Haarlem, LAM, and S. The Beijing lineage (in particular, the
B0O/W-148 sublineage that has emerged recently) is the most
epidemiologically important one due to its high prevalence
and propensity to develop DR [29, 30]. The Haarlem lineage
is characterized by increased virulence [28]. Of certain interest
are the lineages EAIl and Ural, with their reduced virulence
that makes them less prevalent [28]. EAl is an ancient lineage
territorially limited to South East Asia [31]. Related to Haarlem,
the Ural line is not very widespread, just like EAI, and appears
to have reduced transmissibility [32] (Fig. 1).

Given its possible role in virulence formation [19, 20],
CRISPR-Cas systems could become an interesting research
object, especially in different M. tuberculosis lineages.

To date, CRISPR-Cas systems have been identified in 14
mycobacterial species [34]. All such systems are located on a
chromosome. CRISPR arrays with more than 5 repeats have
been identified in only 3 mycobacterial species: M. tuberculosis
and M. bovis, which belong to the MTBC, and in the pathogenic
M. avium. M. avium misses cas-genes that should be adjacent
to the CRISPR array, and CRISPR loci in M. tuberculosis and

cas-genes

A

1392 b.p. LS 48 b.p.
TR
CRISPR 2 CRISPR 1

array array

o

Fig. 2. Schematic of CRISPR-Cas structure in M. tuberculosis exemplified by the strain H37Rv. LS is leader sequence

Table 1. The comparative analysis of cas-genes found in 6 different lineages and one sublineage of M. tuberculosis

Gene cas? cast csm6

Lineage

csmb

csm4 csm3 csm2 cas10 cas6

Beijing n BO/W-148 missing

99%

EAI

100%
Haarlem

Ural 100%* 100%

100%

100%

100% 100% 99% 100%

S 99%
LAM

99%

99%

Note: * — represents percent identity computed in BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
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M. bovis are very similar in terms of their structure. This reflects a
close evolutionary relationship between them and is consistent
with their phylogeny [34, 35]. M. tuberculosis CRISPR-Cas
systems have a structure typically found in type llI-A systems [34].

We have analyzed the CRISPR-Cas systems in 41 complete
genome sequences of different M. tuberculosis lineages
available in the NCBI RefSeq database, including 13 Beijing
genomes, 3 BO/W-148 genomes, 2 EAI genomes, 10 Haarlem
genomes, 1 Ural genome, 2 S genomes, and 10 LAM genomes.
Additionally, we have analyzed a few draft genomes, including
7 BO/W-148 genomes, 4 URAL genomes, 3 EAl genomes, and
3 S genomes, the reason being the low number of complete
genomes available. Genotyping was based on marker
polymorphisms [36-38]. For some genomes the genotype of
the isolate was already known from the literature. The search
and analysis of CRISPR-Cas systems was conducted using
two algorithms: CRISPRFinder and CRISPR Recognition Tool
[39, 40]. Fig. 2 shows a typical structure of M. tuberculosis
CRISPR-Cas systems exemplified by the H37Rv strain, the
standard reference genome.

The majority of the analyzed M. tuberculosis strains had
two long CRISPR-arrays (Fig. 2) [8]. The only exception was
the strain 7199-99, which belongs to the Haarlem lineage; its

~1397 b.p.

CRISPR2 array had been reduced starting from spacer 12 and
including the region between the arrays, leading to the formation
of a single array of 33 spacers. The largest number of spacers
in an M. tuberculosis genome is 57 [8], the smallest is 10, as
was the case with some of BO/W-148 strains. Adjacent to the
CRISPR1 array were 9 cas-genes, namely cas2, cas1, csmé,
csmb, csm4, csm3, csm2, cas10 (csm1), and cas6 (Fig.2).
The cas-genes of M. tuberculosis are highly conserved. In our
study no mutations were detected in cas?, cas2, csm4, csm2
and cas6. Other analyzed genes had single random mutations
(Table 1). The CRISPR2 array was separated from the CRISPR1
array by a sequence of ~ 1300 b.p. (Fig. 2) containing two
annotated transposases that belong to the IS6770 family [34].
Of note, the CRISPR-Cas systems of M. tuberculosis typically
have a short leader sequence of 48 b.p. [34].

DISTINCTIVE CHARACTERISTICS OF CRISPR-CAS
SYSTEMS IN DIFFERENT M. TUBERCULOSIS LINEAGES

Beijing lineage

The region containing cas?, cas2, csmb, csmé6 (Table 1) and the
CRISPR1 array were missing in the analyzed Beijing isolates [8,

cas-genes

A

v o

1 ) csm4

csm3

csm2 casl0/csml cas6

CRISPR 2
array

Fig. 3. The structure of the CRISPR-Cas system of the M. tuberculosis Beijing lineage. Ten highly conserved spacers shared by all M. tuberculosis lineages are located
at the end of the CRISPR2 array distal to the leader sequence and are ancestral spacers mirroring the ancient state of CRISPR immunity [10]. More recent spacers are

located next to the leader sequence

Mycobacterium prototuberculosis

(Hypothetical ancestor)

CRISPR2 array (Sp1-Sp10)

Beijing lineage l

Beijing-ancestar
(ancient)
of

by CRISPR2 array

Loss of cas?
and cas2

Beijing-modern
(modern)
CRISPR2 array
Sp1-SpB11...SpB14

Euro-American
lineage

Lineages

S, LAM, Ural, Haarlem:
CRISPR2 array
Sp1i-

Secondary loss of spacers
SpB11-SpB14

Some of BO/W-148

sublineage strains
CRISPR2 array Sp1-Sp10

Fig. 4. Evolution of the CRISPR array in the M. tuberculosis Beijing lineage. After the first 10 spacers of the CRISPR2 array had been integrated (they are the most
ancient ones), the Euro-American and Beijing lines separated. The spacers SpB11-SpB14 of the Beijing lineage are not identical to the spacers Sp11-Sp14 found in
other M. tuberculosis lineages. Due to the loss of cas? and cas2 genes involved in the integration of new spacers, formation of the CRISPR2 array probably stopped.
The CRISPR-Cas structure of the Beijing lineage has remained intact for a long time, but its youngest sublineage BO/W-148 demonstrates a loss of 4 spacers SpB11-

SpB14 that are the array’s most recent acquisitions
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34]. The remaining CRISPR2 array had only 14 spacers instead
of 18, of which 10 (Sp1-Sp10) are shared by all M. tuberculosis
lineages and 4 (SpB11-SpB14, B stands for Beijing) are specific
to the Beijing lineage (Fig. 3). These spacers are absent in other
M. tuberculosis lineages.

Curiously, the majority of the analyzed strains had two
annotated transposases in the region between the gene
csm4 and the CRISPR2 array. In the Beijing lineage csm4
is significantly shorter than its ortholog from other lines: the
length of the protein it codes for is either 76 a.a.r. or 116 to
118 a.a.r.,, whereas in other M. tuberculosis lineages the protein
length is 302 a.a.r. If the encoded protein is about 100 a.a.r.
long, it cannot retain its conserved domains necessary for the
interaction with csm3 inside the csm71-csm4-csm3 complex
[41]. This implies that the interference stage may be disrupted
in the Beijing lineage.

The Beijing lineage originated in North China, Korea and
Japan about 7, 000 years ago [37] (Fig. 4). It appears that after
this lineage separated from others, its CRISPR2 array continued
to incorporate CRISPR2-specific SpB11-SpB14 spacers.
This could be due to the differences in the environmental
factors the pathogen had to face. Then the lineage lost a few
cas-genes, including cas7 and casZ2 involved in the integration
of new spacers, and the array growth stopped. As a result,
representatives of the Beijing line normally have only one array
(CRISPR2) with 14 spacers in it. However, some isolates of the
evolutionary young Beijing sublineage BO/W-148 appear to
have lost a few of them. A number of these isolates lack SpB13
and SpB14, while others have lost all 4 SpB11-SpB14 spacers
specific to the Beijing lineage. Interestingly, we have found
these 4 spacers in the CRISPR arrays of some M. bovis strains.

High frequency of mutations and decreased DNA repair in
the Beijing lineage described in the literature [42] may result
from the reduction of the CRISPR-Cas system and can be
a potential cause of variability and drug resistance observed
in the lineage. A hypothesized association between reduced
or missing CRISPR-Cas systems and DR is consistent with
the findings of the recent study of the Campylobacter jejuni
pathogen, which demonstrated that the strains causing the
most severe gastroenteritis and post-infectious complications
have shortened CRISPR-arrays or totally lack the CRISPR-Cas
system [20, 43].

Ural and Haarlem lineages

A typical feature of the Ural and Haarlem lineages is spacer
insertions. They occur in the CRIPSR array at the locus
following the Sp3 spacer. Insertions are found in only some of
the analyzed Haarlem isolates and all Ural isolates. Importantly,
we observed those spacers in some M. bovi and two EAI
isolates; therefore, past recombination events and horizontal
gene transfer cannot be ruled out.

We also observed a few cases of spacer loss or acquisition
by the CRISPR2 array in the Ural and Haarlem lineages. For
example, 3 Ural isolates lacked the Sp4-Sp6 spacers in the
CRISPR2 array, and 2 Haarlem isolates were missing the Sp6
spacer in it.

EAl lineage

Of all M. tuberculosis lineages, EAI has the longest CRISPR-
arrays. EAl is one of the most ancient lineages, so this could
be the reason. In some isolates, the CRISPR2 array is more
than 24 spacers long, and the CRISPR1 array contains over
30 spacers. The largest number of spacers was found in the
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isolate HN-024: 25 spacers in CRISPR1 and 34 spacers in
CRISPR2; some of them were unique.

S and LAM lineages

On the whole, the S and LAM lineages have a canonical
M. tuberculosis CRISPR-Cas structure (Fig. 2). A certain
polymorphism can be observed. For example, one LAM isolate
was missing the Sp4-Sp6 spacers in its CRISPR1 array, and
another LAM isolate had lost the Sp20 spacer from the same
array.

To sum up, the CRISPR1 array of M. tuberculosis is highly
variable and therefore can be conveniently used in genotyping
[8]. Although spacer deletions are common, they almost never
occur in 10 highly conserved ancestral CRISPR2 spacers
Sp1-Sp10 distal to the leader sequence. The same is true for
mutations. Protospacers of Sp1-Sp10 remain unidentified.
Although ancient spacers are regarded as barely significant
because of their high variability and a rapid evolution of
prophages which they protected the bacteria against, they
look intact in all analyzed M. tuberculosis lineages and do not
undergo deletions. This brings in another possible explanation:
the Sp1-Sp10 spacers are vital for bacteria, and their role is yet
to be elucidated.

THE SEARCH FOR FUNCTIONALLY RELATED PARTNERS
AND COMPENSATORY MECHANISMS IN THE BEIJING
LINEAGE WITH REDUCED CRISPR-CAS SYSTEMS

The search for functionally related partners and mechanisms
compensating for the functions of cas?, cas2, csmb, and
csmé6 in the Beijing lineage was conducted using a method of
phylogenetic profiling and the genomic sequences of different
M. tuberculosis lineages (in total, 130 complete genome
sequences available in NCBI were analyzed). The phylogenetic
profile (PP) is a binary vector determining the presence of a
sequence coding for a protein of interest in the genomes of
a group of organisms [44]. Hypothetically, the evolution of
genes belonging to the same functional pathway happens
simultaneously, therefore the genes with similar or inverted
PP can be used as functionally related candidate partners or
candidate compensatory mechanisms, respectively.

Using phylogenetic profiling we identified orthologous gene
groups in different M. tuberculosis lineages, constructed binary
vectors and a pairwise distance matrix for the vectors, and
performed PP clusterization. Construction and visualization
of PP were done in OrthoFinder v.2.0.0 [45] and Count [46].
The pairwise distance matrix was constructed based on the
mutual information values (Ml): DMI=1-MlI. Cluster analysis
was performed using the unweighted pair group method with
arithmetic mean (UPGMA,) [47].

The cluster analysis of PP allowed us to identify genes that
had undergone evolutionary events similar to those undergone
by cas1, cas2, csm5, and csm6 (Fig. 5, A). The loss of some
CRISPR-Cas components in a number of Beijing isolates of
M. tuberculosis may have been accompanied by at least two
evolutionary losses and one acquisition of a genome region (in
different regions of a chromosome) (Fig.5 B and C).

The analysis of PP of Beijing M. tuberculosis genomes
revealed long deletions specific to this lineage. Because of
those deletions, the orthologs of Rv0071, Rv0072, RvO073
and Rv1761c, Rv1760, Rv1758 (identifiers correspond to the
genes in the M. tuberculosis H37Rv genome; see Table 2) now
have similar phylogenetic profiles (partner profiles, Fig. 5B).
[t should be noted that the chromosomal region harboring
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genes Rv1761c, Rv1760 and Rv1758 is flanked with the
inverted repeats of 1IS6770 IS-elements belonging to the IS3
family. In the second round of the analysis, a long insertion
was revealed specific to the Beijing lineage; because of that
insertion the orthologs of CFBS_RS10335, CFBS_RS10345,
CFBS_RS10350, CFBS_RS10355, CFBS_RS10360, CFBS_
RS10365, and CFBS_RS21395 (identifiers correspond to the
genes in the M. tuberculosis CCDC5079 genome) (Table 2)
now have phylogenetic profiles very much resembling inverted
profiles (compensator profiles, Fig. 5 C).

To sum up, our PP analysis has identified a number of
genes that have undergone similar evolutionary events. The
loss of cas1, cas2, csmb, and csm6 in the Beijing lineage of
M. tuberculosis was accompanied by the loss and acquisition
of other genes (Table 2). Those candidate genes have a
potential to participate in the mechanisms of compensation for
cas-gene functions or be their functionally related partners in
M. tuberculosis, creating a subject for further research.

CONCLUSION

The CRISPR-Cas systems of M. tuberculosis vary considerably
between the lineages: some (EAIl) have long arrays, others
(Beijing) are partially reduced. Therefore, the presence of
an active type llIF-A CRISPR-Cas system is not an essential
prerequisite for the evolutionary success in terms of
pathogenicity, virulence, transmissibility and adaptability of the
lineage.

The partial loss of the array and a few cas-genes in the
Beijing lineage of M. tuberculosis seems to have resulted in
a fully or partially lost ability of their CRISPR-Cas to destroy a
foreign DNA. Disturbances in the functioning of the CRISPR-
Cas system in one of the most successful M. tuberculosis
lineages may have been accompanied by the activation of
mechanisms compensating for the lost genes (for example,
our analysis revealed a long insertion in the Beijing lineage) and
by the loss of the functional partners of cas-genes; because
it is assumed that the gene that has lost its functional partner
will not be retained through selection in the genome and will
be eliminated, which can be illustrated by the detected long
deletions specific to the Beijing lineage. It should be noted
that the observed regularities in the pattern of evolutionary
losses and acquisitions could be random and require further
experimental verification. Phylogenetic profiling provides a basis
for generating a hypothesis and material for further research.

Although the CRISPR-Cas system of M. tuberculosis
Beijing strains can be inactive, it is assumed that in the lineages
that have a full set of cas-genes and repeats, the CRISPR-
Cas system retains its activity and is capable of contributing
to the defense against foreign DNA [34]. Considering a short
leader sequence typical for all CRISPR-Cas systems of
M. tuberculosis, it may be more productive to focus on the
exploration of their alternative functions, such as regulation of
gene expression, DNA repair, virulence formation, etc.

The structure of M. tuberculosis CRISPR-Cas systems
has been studied and described in great detail [8], but the
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Rv1761c 98 - S T o et S
cut] 08| - M e S
Rv1760 96|, S e
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CFBS_RS10343 20 e e e
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CFBS_RS10335 27
CFBS_RS10360 27
CFBS_R510363 27

Fig. 5. Phylogenetic profiles of genes found in the genomes of different M. tuberculosis lineages and strains. Each line contains gene ID, the number of genomes
with an orthologous gene and the PP of the gene; spaces represent missing genes. A. PP of cas-genes of M. tuberculosis H37Rv: cas2 (Rv2816c), cas? (Rv2817¢c),
csm6 (Rv2818c), and csmb (Rv2819c). B. PP of candidate functionally related partners of M. tuberculosis cas-genes in the genome of the H37Rv strain. C. PP of
genes putatively involved in the formation of compensatory mechanisms in the genome of the CCDC5079 strain (the Beijing lineage) following the loss of some

CRISPR-Cas parts

Table 2. Characteristics of functional partner candidates and genes involved in the compensatory mechanisms for CRISPR-Cas systems*

Evolutionary Gene ID Product (protein) Protein function
event

c CFBS{;? 0360 Iron-regulated elongation factor Tu Tuf Participates in protein translation

9]

§ MDR-dehydrogenases exert different activities, such as alcohol dehydrogenase

£ CFBS_RS10365 MDR-dehydrogenase activity, quinone reductase activity, sorbitol dehydrogenase activity,

formaldehyde dehydrogenase activity, keto reductase activity, and others
Rv1758 (cut1) Cutinase Enzyme that catalyzes cutin hydrolysis [48]

. Rv1760 Diacylglycerol acyltransferases Catalyzes final stages of biosynthesis c?f triacylglycerol and other components

5 of mycobacterial cell wall [49]

B — . . )

< RV0072 Glutamine ABC transporter permease ABC transpprter, participates in glutam.lne transport (permease); may be

[a] responsible for substrate translocation across the membrane [50]
RV0073 Glutamine ABC transporter ABC transporter, participates in glutamine transport (the binding protein); may

ATP-binding protein be responsible for energy coupling to the transport system [50]

Note: * — only annotated genes are presented in this table; other genes code for hypothetical proteins with unknown functions (Rv1761c and CFBS_RS10335,
CFBS_RS10345, CFBS_RS10350, CFBS_RS10355, CFBS_RS21395) or, as with Rv0071, are a mobile self-splicing retro-element, the so-called group Il intron.
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role of these systems is still unclear. For the majority of
mycobacterial spacers, no protospacers among the known
mycobacteriophage have been identified so far. This is probably
because the majority of M. tuberculosis bacteriophages have
been isolated from M. smegmatis and then tested for their
ability to invade M. tuberculosis. [34]. Different lineages have
different sets of spacers and therefore — possibly — different
immunity, which means varying degrees of resistance to
phages and different regulation of gene expression. Apart
from spacers, of interest is the role of the Cas2 protein outside

References

1. Marraffini LA, Sontheimer EJ. CRISPR interference: RNA-directed
adaptive immunity in bacteria and archaea. Nat Rev Genet. 2010;
11 (3): 181-190.

2. Grissa |, Vergnaud G, Pourcel C. The CRISPRdb database
and tools to display CRISPRs and to generate dictionaries of
spacers and repeats. BMC Bioinformatics. 2007; 8: 172. DOI:
10.1186/1471-2105-8-172.

3. Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A.
Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and
identification of the gene product. J Bacteriol. 1987; 169 (12):
5429-33.

4. Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered regularly
interspaced short palindrome repeats (CRISPRs) have spacers of
extrachromosomal origin. Microbiology. 2005; 151 (8): 2551-61.

5. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P,
Moineau S, Romero DA, Horvath P. CRISPR provides acquired
resistance against viruses in prokaryotes. Science. 2007; 315:
1709-1712.

6. Westra ER, Buckling A, Fineran PC. CRISPR-Cas systems:
beyond adaptive immunity. Nat Rev Microbiol. 2014; 12 (5): 317-
326. DOI: 10.1038/nrmicro3241.

7. Kamerbeek J, Schouls L, Kolk A, van Agterveld M, van Soolingen D,
Kuijper S, et al. Simultaneous detection and strain differentiation
of Mycobacterium tuberculosis for diagnosis and epidemiology. J
Clin Microbiol. 1997; 35 (4): 907-14.

8. van Embden JD, van Gorkom T, Kremer K, Jansen R,
van Der Zeijst BA, Schouls LM. Genetic variation and evolutionary
origin of the direct repeat locus of Mycobacterium tuberculosis
complex bacteria. J Bacteriol. 2000 May; 182 (9): 2393-401.

9. Haft DH, Selengut J, Mongodin EF, Nelson KE. A guild of 45
CRISPRassociated (Cas) protein families and multiple CRISPR/
Cas subtypes exist in prokaryotic genomes. PLoS Comput Biol.
2005; 1 (6): e60.

10. Gogleva AA, Gelfand MS, Artamonova Il. Comparative analysis
of CRISPR cassettes from the human gut metagenomic contigs.
BMC Genomics. 2014; 15 (1): 202. DOI: 10.1186/1471-2164-15-
202.

11. Takeuchi N, Wolf YI, Makarova KS, Koonin EV. Nature and
Intensity of Selection Pressure on CRISPR-Associated Genes. J
Bacteriol. 2012; 194 (5): 1216-25.

12. Makarova KS, Wolf YI, Alkhnbashi OS, et al. An updated
evolutionary classification of CRISPR-Cas systems. Nature
reviews Microbiology. 2015; 13 (11): 722-36. DOI: 10.1038/
nrmicro3569.

13. Makarova KS, Zhang F, Koonin EV. SnapShot: Class 1 CRISPR-
Cas Systems. Cell. 2017; 168 (5): 946-46.

14. Goeders N, van Melderen L. Toxin-Antitoxin Systems as Multilevel
Interaction Systems. Toxins. 2014; 6 (1): 304-24.

15. Makarova KS, Anantharaman V, Aravind L, Koonin EV. Live virus-
free or die: coupling of antivirus immunity and programmed
suicide or dormancy in prokaryotes. Biol Direct. 2012; 7: 40.

16. Viswanathan P, Murphy K, Julien B, Garza AG, Kroos L. Regulation
of dev, an Operon That Includes Genes Essential for Myxococcus
xanthus Development and CRISPR-Associated Genes and

BULLETIN OF RSMU | 2, 2018 | VESTNIKRGMU.RU

REVIEW | MICROBIOLOGY

the Cas1-Cas2 complex, in light of the previously proposed
hypothesis [15] suggesting that with independent activation this
protein can stop translation and drive the cell into the dormant
state or promote apoptosis. A search for Cas2 inhibitors also
presents a certain interest. Particular attention should be paid
to the possible functional link between CRISPR-Cas systems,
specifically the cas-genes, and TA-systems [38]. Possible
participation of CRISPR-Cas systems in virulence formation
and drug resistance may allow to develop novel approaches to
combating drug-resistant strains of M. tuberculosis.

Repeats. Journal of Bacteriology. 2007; 189 (10): 3738-50.

17. Babu M, Beloglazova N, Flick R, Graham C, Skarina T, Nocek B,
et al. A dual function of the CRISPR-Cas system in bacterial
antivirus immunity and DNA repair. Mol Microbiol. 2011; 79 (2):
484-502.

18. Heussler GE, Cady KC, Koeppen K, Bhuju S, Stanton BA,
O’Toole GA. Clustered Regularly Interspaced Short Palindromic
Repeat-Dependent, Biofim-Specific Death of Pseudomonas
aeruginosa Mediated by Increased Expression of Phage-Related
Genes. mBio. 2015; 6 (3): e00129-15.

19. Sampson TR, Saroj SD, Llewellyn AC, Tzeng Y-L, Weiss DS. A
CRISPR/Cas system mediates bacterial innate immune evasion
and virulence. Nature. 2013; 497: 254-257.

20. Louwen R, Horst-Kreft D, de Boer AG, van der Graaf L, de Knegt G,
Hamersma M, et al. A novel link between Campylobacter jejuni
bacteriophage defence, virulence and Guillain-Barré syndrome.
Eur J Clin Microbiol Infect Dis. 2013; 32 (2): 207-26.

21. Wiedenheft B, Sternberg SH, Doudna JA. RNA-guided genetic
silencing systems in bacteria and archaea. Nature. 2012; 482,
331-38.

22. Bhaya D, Davison M, Barrangou R. CRISPR-Cas systems in
bacteria and archaea: versatile small RNAs for adaptive defense
and regulation. Annu Rev Genet. 2011; 45: 273-97.

23. Makarova KS, Grishin NV, Shabalina SA, Wolf YI, Koonin EV. A
putative RNA-interference-based immune system in prokaryotes:
computational analysis of the predicted enzymatic machinery,
functional analogies with eukaryotic RNAI, and hypothetical
mechanisms of action. Biology Direct. 2006; 1: 7.

24. Gagneux S, Small PM. Global phylogeography of Mycobacterium

tuberculosis and implications for tuberculosis  product
development. Lancet Infect Dis. 2007; 7 (5): 328-37.
25. Prozorov AA, Danilenko VN. Mycobacterii tuberculoznogo

kompleksa: genomika, molekularnaja  epidemiologija, puti
evoluzii. Uspehi sovremennoy biologii. 2011; 1 (6): 483-95.

26. Jagielski T, van Ingen J, Rastogi N, Dziadek J, Mazur PK,
Bielecki J. Current methods in the molecular typing of
Mycobacterium tuberculosis and other Mycobacteria. Biomed
Res Int. 2014; 2014:645802.

27. Prozorov AA, Fedorova IA, Bekker OB, Danilenko VN. Faktory
virulentnosti Mycobacterium tuberculosis: geneticheskiy kontrol,
novie konzepzii. Genetika. 2014; 50 (8): 775-97.

28. Reiling N, Homolka S, Walter K, Brandenburg J, Niwinski L,
Emnst M et al. Clade specific virulence patterns of Mycobacterium
tuberculosis complex strains in human primarymacrophages and
aerogenically infected mice. MBio. 2013; 4 (4): pii: €00250-13.

29. Lasunskaia E, Ribeiro SC, Manicheva O, Gomes LL, Suffys PN,
Mokrousov |, et al. Emerging multidrug resistant Mycobacterium
tuberculosis strains of the Beijing genotype circulating in Russia
express a pattern of biological properties associated with
enhanced virulence. Microbes Infect. 2010; 12 (6): 467-75.

30. Hanekom M, Gey van Pittius NC, McEvoy C, Victor TC,
Van Helden PD, Warren RM. Mycobacterium tuberculosis Beijing
genotype: a template for success. Tuberculosis (Edinb). 2011; 91
(6): 510-23.

31. Wirth T, Hildebrand F, Allix-Béguec C, Wdlbeling F, Kubica T,



32.

33.

34.

35.

36.

37.

38.

39.

40.

OB30P | MMKPOBNOJIOINA

Kremer K, et al. Origin, spread and demography of the
Mycobacterium tuberculosis complex. PLoS Pathog. 2008; 4 (9):
e1000160.

Mokrousov |. The quiet and controversial: Ural family of
Mycobacterium tuberculosis. Infect Genet Evol. 2012; 12 (4):
619-29.

Mikheecheva NE, Zaychikova MV, Melerzanov AV, Danilenko VN.
A nonsynonymous SNP catalog of Mycobacterium tuberculosis
virulence genes and its use for detecting new potentially virulent
sublineages. Genome BiolEvol. 2017; 9 (4): 887-99.

He L, Fan X, Xie J. Comparative genomic structures of
Mycobacterium CRISPR-Cas. J Cell Biochem. 2012; 113 (7):
2464-73.

Brosch R, Pym AS, Gordon SV, Cole ST. The evolution of
mycobacterial pathogenicity: clues from comparative genomics.
Trends Microbiol. 2001; 9 (9): 452-58.

Homolka S, Projahn M, Feuerriegel S, Ubben T, Diel R, Nubel U
et al. High resolution discrimination of clinical Mycobacterium
tuberculosis complex strains based on single nucleotide
polymorphisms. PLoS One. 2012; 7 (7): e39855.

Merker M, Blin C, Mona S, Duforet-Frebourg N, Lecher S,
Willery E, et al. Evolutionary history and global spread of the
Mycobacterium tuberculosis Beijing lineage. Nat Genet. 2015; 47
(3): 242-49.

Zaychikova MV, Zakharevich NV, Sagaidak MO, Bogolubova NA,
Smirnova TG, Andreevskaya SN, et al. Mycobacterium
tuberculosis  Type Il Toxin-Antitoxin ~ Systems:  Genetic
Polymorphisms and Functional Properties and the Possibility of
Their Use for Genotyping. PLoS One. 2015; 10: e0143682

Bland C, Ramsey TL, Sabree F, Lowe M, Brown K, Kyrpides NC
et al. CRISPR recognition tool (CRT): a tool for automatic
detection of clustered regularly interspaced palindromic repeats.
BMC Bioinformatics. 2007; 8: 209.

Grissa |, Vergnaud G, Pourcel C. CRISPRFinder: a web tool to
identify clustered regularly interspaced short palindromic repeats.
Nucleic Acids Res. 2007; 35: 52-57.

JNutepatypa

1.

Marraffini LA, Sontheimer EJ. CRISPR interference: RNA-directed
adaptive immunity in bacteria and archaea. Nat Rev Genet. 2010;
11 (3): 181-190.

Grissa |, Vergnaud G, Pourcel C. The CRISPRdb database
and tools to display CRISPRs and to generate dictionaries
of spacers and repeats. BMC Bioinformatics. 2007; 8: 172.
doi:10.1186/1471-2105-8-172.

Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A.
Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and
identification of the gene product. J Bacteriol. 1987; 169 (12):
5429-33.

Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered regularly
interspaced short palindrome repeats (CRISPRs) have spacers of
extrachromosomal origin. Microbiology. 2005; 151 (8): 2551-61.
Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P,
Moineau S, Romero DA, Horvath P. CRISPR provides acquired
resistance against viruses in prokaryotes. Science. 2007; 315:
1709-1712.

Westra ER, Buckling A, Fineran PC. CRISPR-Cas systems:
beyond adaptive immunity. Nat Rev Microbiol. 2014; 12 (5): 317-
326. DOI: 10.1038/nrmicro3241.

Kamerbeek J, Schouls L, Kolk A, van Agterveld M, van Soolingen D,
Kuijper S, et al. Simultaneous detection and strain differentiation
of Mycobacterium tuberculosis for diagnosis and epidemiology.
Journal of Clinical Microbiology. 1997; 35 (4): 907-14.

van Embden JD, van Gorkom T, Kremer K, Jansen R,
van Der Zeijst BA, Schouls LM. Genetic variation and evolutionary
origin of the direct repeat locus of Mycobacterium tuberculosis
complex bacteria. J Bacteriol. 2000 May; 182 (9): 2393-401.
Haft DH, Selengut J, Mongodin EF, Nelson KE. A guild of 45

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Numata T, Inanaga H, Sato C, Osawa T. Crystal structure of
the Csm3-Csm4 subcomplex in the type IlI-A CRISPR-Cas
interference complex. J Mol Biol. 2015; 427 (2): 259-73.

Mestre O, Luo T, Dos Vultos T, Kremer K, Murray A, Namouchi A,
et al. Phylogeny of Mycobacterium tuberculosis Beijing strains
constructed from polymorphisms in genes involved in DNA
replication, recombination and repair. PLoS One. 2011; 6 (1):
e16020.

Freidlin PJ, Nissan |, Luria A, Goldblatt D, Schaffer L, Kaidar-
Shwartz H, et al. Structure and variation of CRISPR and CRISPR-
flanking regions in deleted-direct repeat region Mycobacterium
tuberculosis complex strains. BMC Genomics. 2017; 18 (1): 168.
Pellegrini M, Marcotte EM, Thompson MJ, Eisenberg D,
Yeates TO. Assigning protein functions by comparative genome
analysis: protein phylogenetic profiles. Proc. Natl. Acad. Sci. USA.
1999; 96 (8): 4285-8.

Emms DM, Kelly S. OrthoFinder: solving fundamental biases in
whole genome comparisons dramatically improves orthogroup
inference accuracy. Genome Biology. 2015; 16: 157.

Count CM.: evolutionary analysis of phylogenetic profiles with
parsimony and likelihood. Bioinformatics. 2010; 26 (15): 1910-2.
Sokal R, Michener C. A statistical method for evaluating
systematic relationships. University of Kansas Science Bulletin.
1958; 38: 1409-1438.

Monu, Meena LS. Roles of Triolein and Lipolytic Protein in the
Pathogenesis and Survival of Mycobacterium tuberculosis: a
Novel Therapeutic Approach. Appl Biochem Biotechnol. 2016;
178 (7): 1377-89.

Deb C, Lee CM, Dubey VS, Daniel J, Abomoelak B, Sirakova TD,
et al. A Novel In Vitro Multiple-Stress Dormancy Model for
Mycobacterium tuberculosis Generates a Lipid-Loaded, Drug-
Tolerant, Dormant Pathogen. PLoS ONE. 2009; 4 (6): e6077.
Braibant M, Gilot P, Content J. The ATP binding cassette (ABC)
transport systems of Mycobacterium tuberculosis. FEMS
Microbiol Rev. 2000; 24 (4): 449-67.

CRISPRassociated (Cas) protein families and multiple CRISPR/
Cas subtypes exist in prokaryotic genomes. PLoS Comput Biol.
2005; 1 (6): e60.

Gogleva AA, Gelfand MS, Artamonova Il. Comparative analysis
of CRISPR cassettes from the human gut metagenomic contigs.
BMC Genomics. 2014; 15 (1): 202. DOI:10.1186/1471-2164-15-
202.

Takeuchi N, Wolf YI, Makarova KS, Koonin EV. Nature and
Intensity of Selection Pressure on CRISPR-Associated Genes. J
Bacteriol. 2012; 194 (5): 1216-25.

Makarova KS, Wolf YI, Alkhnbashi OS, et al. An updated
evolutionary classification of CRISPR-Cas systems. Nature
reviews Microbiology. 2015; 13 (11): 722-36. DOI:10.1038/
nrmicro3569.

Makarova KS, Zhang F, Koonin EV. SnapShot: Class 1 CRISPR-
Cas Systems. Cell. 2017; 168 (5): 946-46.

Goeders N, van Melderen L. Toxin-Antitoxin Systems as Multilevel
Interaction Systems. Toxins. 2014; 6 (1): 304-24.

Makarova KS, Anantharaman V, Aravind L, Koonin EV. Live virus-
free or die: coupling of antivirus immunity and programmed
suicide or dormancy in prokaryotes. Biol Direct. 2012; 7: 40.
Viswanathan P, Murphy K, Julien B, Garza AG, Kroos L.
Regulation of dev, an Operon That Includes Genes Essential for
Myxococcus xanthus Development and CRISPR-Associated
Genes and Repeats . J Bacteriol. 2007; 189 (10): 3738-50.
Babu M, Beloglazova N, Flick R, Graham C, Skarina T, Nocek B,
et al. A dual function of the CRISPR-Cas system in bacterial
antivirus immunity and DNA repair. Mol Microbiol. 2011; 79 (2):
484-502.

Heussler GE, Cady KC, Koeppen K, Bhuju S, Stanton BA,
O’'Toole GA. Clustered Regularly Interspaced Short Palindromic

BULLETIN OF RSMU | 2, 2018 | VESTNIKRGMU.RU



REVIEW | MICROBIOLOGY

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Repeat-Dependent, Biofim-Specific Death of Pseudomonas
aeruginosa Mediated by Increased Expression of Phage-Related
Genes. mBio. 2015; 6 (3): e00129-15.

Sampson TR, Saroj SD, Llewellyn AC, Tzeng Y-L, Weiss DS. A
CRISPR/Cas system mediates bacterial innate immune evasion
and virulence. Nature. 2013; 497: 254-7.

Louwen R, Horst-Kreft D, de Boer AG, van der Graaf L, de Knegt G,
Hamersma M, et al. A novel link between Campylobacter jejuni
bacteriophage defence, virulence and Guillain-Barré syndrome.
Eur J Clin Microbiol Infect Dis. 2013; 32 (2): 207-26.

Wiedenheft B, Sternberg SH, Doudna JA. RNA-guided genetic
silencing systems in bacteria and archaea. Nature. 2012; 482,
331-38.

Bhaya D, Davison M, Barrangou R. CRISPR-Cas systems in
bacteria and archaea: versatile small RNAs for adaptive defense
and regulation. Annu Rev Genet. 2011; 45: 273-97.

Makarova KS, Grishin NV, Shabalina SA, Wolf YI, Koonin EV. A
putative RNA-interference-based immune system in prokaryotes:
computational analysis of the predicted enzymatic machinery,
functional analogies with eukaryotic RNAi, and hypothetical
mechanisms of action. Biology Direct. 2006; 1: 7.

Gagneux S, Small PM. Global phylogeography of Mycobacterium
tuberculosis and implications for tuberculosis  product
development. Lancet Infect Dis. 2007; 7 (5): 328-37.
Mpo3zopoBA. A., daHnneHko B. H. MykobakTepun Ty6epKynesHoro
KOMMMeKca: reHoOMVKa, MONEKYNApHas SnUAEMUONOrnS, MnyTu
aBostoumn. Yenexu copemeHHon éuonormm. 2011; 131 (3): 227—-
43.

Jagielski T, van Ingen J, Rastogi N, Dziadek J, Mazur PK,
Bielecki J. Current methods in the molecular typing of
Mycobacterium tuberculosis and other Mycobacteria. Biomed
Res Int. 2014; 2014:645802.

Mpo3opoB A. A., ®epoposa V1.A., Bekkep O. b., daHuneHko B. H.
dakTopbl BUPYIEHTHOCTHU Mycobacterium  tuberculosis:
FEHETUYECKUN KOHTPOSb, HOBbIE KOHLEeNUMN. eHeTrka. 2014; 50
(8): 885-908.

Reiling N, Homolka S, Walter K, Brandenburg J, Niwinski L,
Ernst M et al. Clade specific virulence patterns of Mycobacterium
tuberculosis complex strains in human primarymacrophages and
aerogenically infected mice. MBio. 2013; 4 (4): pii: €00250-13.
Lasunskaia E, Ribeiro SC, Manicheva O, Gomes LL, Suffys PN,
Mokrousov |, et al. Emerging multidrug resistant Mycobacterium
tuberculosis strains of the Beijing genotype circulating in Russia
express a pattern of biological properties associated with
enhanced virulence. Microbes Infect. 2010; 12 (6): 467-75.
Hanekom M, Gey van Pittius NC, McEvoy C, Victor TGC,
Van Helden PD, Warren RM. Mycobacterium tuberculosis Beijing
genotype: a template for success. Tuberculosis (Edinb). 2011; 91
(6): 510-23.

Wirth T, Hildebrand F, Allix-Béguec C, Wolbeling F, Kubica T,
Kremer K, et al. Origin, spread and demography of the
Mycobacterium tuberculosis complex. PLoS Pathog. 2008; 4 (9):
e1000160.

Mokrousov |. The quiet and controversial: Ural family of
Mycobacterium tuberculosis. Infect Genet Evol. 2012; 12 (4):
619-29.

Mikheecheva NE, Zaychikova MV, Melerzanov AV, Danilenko VN.
A nonsynonymous SNP catalog of Mycobacterium tuberculosis
virulence genes and its use for detecting new potentially virulent
sublineages. Genome Biol Evol. 2017; 9 (4): 887-99.

He L, Fan X, Xie J. Comparative genomic structures of

BULLETIN OF RSMU | 2, 2018 | VESTNIKRGMU.RU

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mycobacterium CRISPR-Cas. J Cell Biochem. 2012; 113 (7):
2464-73.

Brosch R, Pym AS, Gordon SV, Cole ST. The evolution of
mycobacterial pathogenicity: clues from comparative genomics.
Trends Microbiol. 2001; 9 (9): 452-58.

Homolka S, Projahn M, Feuerriegel S, Ubben T, Diel R, Nubel U
et al. High resolution discrimination of clinical Mycobacterium
tuberculosis complex strains based on single nucleotide
polymorphisms. PLoS One. 2012; 7 (7): e39855.

Merker M, Blin C, Mona S, Duforet-Frebourg N, Lecher S,
Willery E, et al. Evolutionary history and global spread of the
Mycobacterium tuberculosis Beijing lineage. Nat Genet. 2015; 47
(3): 242-49.

Zaychikova MV, Zakharevich NV, Sagaidak MO, Bogolubova NA,
Smirnova TG, Andreevskaya SN, et al. Mycobacterium
tuberculosis  Type Il Toxin-Antitoxin ~ Systems:  Genetic
Polymorphisms and Functional Properties and the Possibility of
Their Use for Genotyping. PLoS One. 2015; 10: e0143682.
Bland C, Ramsey TL, Sabree F, Lowe M, Brown K, Kyrpides NC,
et al. CRISPR recognition tool (CRT): a tool for automatic
detection of clustered regularly interspaced palindromic repeats.
BMC Bioinformatics. 2007; 8: 209.

Grissa |, Vergnaud G, Pourcel C. CRISPRFinder: a web tool to
identify clustered regularly interspaced short palindromic repeats.
Nucleic Acids Res. 2007; 35: 52-7.

Numata T, Inanaga H, Sato C, Osawa T. Crystal structure of
the Csm3-Csm4 subcomplex in the type IlI-A CRISPR-Cas
interference complex. J Mol Biol. 2015; 427 (2): 259-73.

Mestre O, Luo T, Dos Vultos T, Kremer K, Murray A, Namouchi A,
et al. Phylogeny of Mycobacterium tuberculosis Beijing strains
constructed from polymorphisms in genes involved in DNA
replication, recombination and repair. PLoS One. 2011; 6 (1):
e16020.

Freidlin PJ, Nissan |, Luria A, Goldblatt D, Schaffer L, Kaidar-
Shwartz H, et al. Structure and variation of CRISPR and CRISPR-
flanking regions in deleted-direct repeat region Mycobacterium
tuberculosis complex strains. BMC Genomics. 2017; 18 (1): 168.
Pellegrini M, Marcotte EM, Thompson MJ, Eisenberg D,
Yeates TO. Assigning protein functions by comparative genome
analysis: protein phylogenetic profiles. Proc Natl Acad Sci USA.
1999; 96 (8): 4285-8.

Emms DM, Kelly S. OrthoFinder: solving fundamental biases in
whole genome comparisons dramatically improves orthogroup
inference accuracy. Genome Biology. 2015; 16: 157.

Count CM.: evolutionary analysis of phylogenetic profiles with
parsimony and likelihood. Bioinformatics. 2010; 26 (15): 1910-2.
Sokal R, Michener C. A statistical method for evaluating
systematic relationships. University of Kansas Science Bulletin.
1958; 38: 1409-1438.

Monu, Meena LS. Roles of Triolein and Lipolytic Protein in the
Pathogenesis and Survival of Mycobacterium tuberculosis: a
Novel Therapeutic Approach. Appl Biochem Biotechnol. 2016;
178 (7): 1377-89.

Deb C, Lee CM, Dubey VS, Daniel J, Abomoelak B, Sirakova TD,
et al. A Novel In Vitro Multiple-Stress Dormancy Model for
Mycobacterium tuberculosis Generates a Lipid-Loaded, Drug-
Tolerant, Dormant Pathogen. PLoS ONE. 2009; 4 (6): e6077.
Braibant M, Gilot P, Content J. The ATP binding cassette (ABC)
transport systems of Mycobacterium tuberculosis. FEMS
Microbiol Rev. 2000; 24 (4): 449-67.




ORIGINAL RESEARCH | MICROBIOLOGY

EXPERIMENTAL APPROACHES TO THE TARGET EDITING
OF THE CFTR GENE USING CRISPR-CAS9
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Cystic fibrosis is a severe autosomal recessive disease caused by mutations in the CFTR gene. The most common CFTR
mutation occurring in the European population is F508del. Advances in the management of patients with cystic fibrosis aimed at
blocking disease progression have considerably improved the prognosis, but gene therapy has turned to be less effective than
expected. Capable of correcting mutations direct in the cells, genome editing, and specifically the CRISPR-Cas9 technology,
raises hope of causal treatment for patients with cystic fibrosis. The aim of this work was to compare and improve the efficacy
of F508del editing using different combinations of guide RNAs and Cas9. The study was carried out in HEK293T cells. The
efficacy of editing was assessed for both plasmid and genomic sites by T7E1 analysis. The best effect was demonstrated by
a combination of SaCas9 and sgRNA targeting F508del: 29% of alleles were successfully edited. A combination of SpCas9
and a similar sgRNA showed low efficacy due to the low expression of this guide RNA. All attempts to improve its expression
failed. SJRNA stabilization by introducing a G-quadruplex into the sgRNA sequence and adding GG to the 5'-region also did
not work. Perhaps, low performance of this guide RNA is determined by its nucleotide sequence, limiting its use.
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IAKCMNMEPUMEHTAJIbHBIE MOAXOObl K TAPTETHOMY
PEOAKTUPOBAHUIO NTEHA CFTR C NOMOLLbIO CRISPR-CAS9

C. A. CmumpHuxmHa 2 AL A, Aryanna’, K. C. KovepruH-Hukutekuin', 3. . Aounbrepeesa’, B. 1. AkywumHal, A. B. Jlaspos'?

" labopatopus MyTareHesa, Meanko-reHeTnHecKnin Hay4HbIi LeHTp, Mocksa

2 Kahenpa MonekynsapHON 1 KNETOYHOM reHETUKI, MeAKO-61ON0rnieckinin hakymnsTer,

Poccuiickinin HaumoHanbHbI CCNeaoBaTeNbCKUA MEQVLIMHCKUI YHMBEPCUTET uMeHn H. . Muporosa, Mocksa
MyKOBMCUMAO3 — TSHKENoe ayToOCOMHO-pPeLIECCHBHOe 3aboneBaHne, 0bycnoBneHHoe MyTaumsmmn B reHe CFTR, OCHOBHOM
N3 KOTOPbIX B eBponenckor nonynaummn sengetca F508del. MNaToreHeTdeckas Tepanmst CyLLECTBEHHO yayHLUmnaa nporHo3
0N XKN3HW Y NMaLMEHTOB C MyKOBMCLIMOO30M, OfHAKO reHHas Tepanms He okasanach Takon aPEKTUBHOM, Kak OXMAANIOCh.
[eHOMHOe pefakTMpoBaHne, B ToM 4ncne ¢ nomollpto CRISPR-Cas9, oTKpbiBaeT HOBblE BO3MOXHOCTY /19 STUOTPOMHOrO
NeYeHnst, Tak Kak MO3BOMSET MCMpaBUTb MyTaumm B KneTkax. Llenbto nccnenoBanus 6b10 cpaBHeHne 3geKTUBHOCTA
Koppekumn MyTaLmm F508del ¢ NOMOLLIbIO pasnnyHbIX KomouHaLmii HanpasnsaioLmx PHK n Cas9 v nosblLeHme 3hheKTUBHOCTH
penakTupoBaHus. PaboTy NpoBoaunm Ha KynsType knetok HEK293T, achdheKT1BHOCTL pefakTUpoBaHusa reHoMma OLieHMBav ¢
nomoLLpbto aHanmaa T7E1, kak Ha reHOMHOM, Tak 1 Ha NnasMuaHoM canTax. Hanbonee ahdeKT1BHOM okadanack KOMOMHaLMS
SaCas9 BmecTe ¢ PHK Ha myTaumio F508del — npomsowno pegakTupoBanve 29% annenen. KombrHaumsa aHanornyHom
Hanpaensowern PHK Ha F508del ona SpCas9 nokasana Hebosbluyto ahdheKTUBHOCTb PeaakTUPOBaHNS, YTO CBA3aHO C
HW3KOW aKcnpeccuen HanpasnsaoLLen PHK. Belnn npeanpuHATbI NOMNbITKM YBENUYEHNS SKenpeccum aaHHon PHK ¢ nomMoLso
pasHbIX MOAXOAO0B, OAHAKO MOBbILEHNST 3(DMEKTUBHOCTU ee paboThl Nofy4eHo He Obino. CTabunmnsaums HanpasnstoLLen
PHK nytem nobaeneHus B nocneaoBatebHOCTL G-KBadpyrnnekca, yKopodeHust 1 gobasneHns GG B 5'-06nacTb Takxke He
npuHecna pes3ynstatoB. BeposiTHO, H13Kast ahdheKTNBHOCTL paboThl MCNoNb30BaHHOM HanpaenstoLLen PHK obycnoeneHa ee
HYKJ1IEOTUOHOW MOCNEe[0BaTeNlbHOCTBIO, YTO OrPaHNYMBAET e€ UCMONB30BaHVe.

KntoueBble cnoBa: MykoBucLnao3, CRISPR-Cas9, CFTR, reHoOMHOe peaakTupoBaHue, MyTaumst F508del, Hanpaenstowme PHK
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Cystic fibrosis (CF, OMIM#219700) is an autosomal recessive
disease caused by mutations in the CFTR (cystic fibrosis
transmembrane conductance regulator) gene. These mutations
result in the impaired transport of chloride and sodium ions
across the cell membrane. CF is one of the most common
hereditary diseases striking 1 in every 4,500 people. The
carrier rate is as high as 1 in 25 [1]. Lung damage is the main
clinical symptom of the disease and the major cause of death
in patients with CF [2]. Other organs can also be affected,
including the pancreas, the liver and the intestines. The most
common CFTR mutation is F508del. It results in the premature
degradation of the encoded protein and its total absence on
the cell surface [3]. There have been tremendous advances in
the management of CF in the recent decades aimed at blocking
disease progression [4-7], but no cure has been found yet.

Genome editing, specifically CRISPR-Cas9, prompts us to
take a fresh look at the potential of gene therapies for hereditary
conditions [8]. It can be used to correct (or “edit”) mutations
and eliminate the causes of yet incurable diseases [9-12].
Earlier works describing the attempts of F508del correction
by different genome editing techniques [13-20] stimulate
discovery of novel approaches to F508del editing. However, a
serious drawback of the techniques applied in those studies is
their low success rate (<1% cells), which they share with other
genome editing tools.

To improve the efficacy of F508del correction, we selected a
few guide RNAs specific to the regions flanking the mutation site
and introduced a few Cas9 orthologs that had not been used
previously for such purposes to design a few combinations of
Cas9 + sgRNA and to choose a combination that worked best.

The aim of our study was to compare and improve the
efficacy of different combinations of guide RNA and Cas9 in
editing the F508del mutation.

OPUTMHAJIbHOE UCCJIEJOBAHNE | MUKPOBWOJIOI NA

METHODS

The initial plasmids for CRISPR-Cas9 were gifts from Feng
Zhang (Addgene #71814 and #61591) and Keith Joung
(Addgene #72249). Guide RNAs (sgRNAs) for SpCas9,
SpCas9(HF4) and SaCas9 were designed using the free-
access software developed by Broad Institute (USA; http://
portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-
design). The cloned plasmids are shown in Fig.1. To test the
performance of the obtained constructs, a 400-nucleotide-
long sequence flanking the mutation site on both sides and
containing the F508del mutation was cloned into the plasmid
pGEM-TA-CFTR, which was then transfected into the cell
together with the plasmid expressing Cas9 and sgRNA.
HEK293T cells (a gift from Skoblov M.Yu., Laboratory
of Functional Genomics, Research Centre for Medical
Genetics, Moscow) were cultured in DMEM (PanEco, Russia)
supplemented with 10% fetal bovine serum (PAA Laboratories
GmbH, Austria), 100U/ml/100pug/ml penicillin/streptomycin
and 4 mM L-glutamine (PanEco, Russia). To assess the role
of temperature, a part of the transfected cells was cultured at
standard 37 °C for 72 h; the rest were cultured in two steps: at
37 °C for 24 h followed by 48 h at 30 °C. Calcium-phosphate
transfection of HEK293T cells was performed in 12-well plates
at 50% confluence as described in [21]. It total, there were 1.5
ug or 5.5 pg of plasmids per well (1 ug or 5 pg, respectively,
of the plasmid expressing Cas9 and sgRNA transfected into
the cells together with 0.5 ug of the target plasmid). Six hours
after transfection, the medium was replaced with a fresh
growth medium supplemented with 10% fetal bovine serum.
The pEGFP-C1 plasmid (Clontech, USA) served as a reporter.
For DNA isolation we used the Genomic DNA-Tissue MiniPrep
kit (ZymoResearch, USA) according to the manufacturer’s

SpCas9-sgCFTR#1

&P /
& SpCas9-sgCFTR#1-HP N

&

SpCas9-sgCFTR#1-DOUBLE

SpCas%-sgGFP-sgCFTR#1

Fig. 1. Maps of synthetic plasmids used for F508del mutation editing in the CFTR gene

GoAAGAATTTCATTCTGTTCTCAGTTTTCCTGGATTATE

PAM sequence for Cas9
sgRNA sequence
F508del mutation

Fig. 2. sgRNAs for the CFTR locus used in this study
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protocol. T7E1-analysis was carried out as described in [22]:
PCR products with anticipated insertions and deletions at the
site of a double strand break were heated and immediately
cooled down, formation of heteroduplexes was inferred from
the presence of extra bands in the electrophoretic gel after the
heteroduplexes were treated with endonuclease T7ET.

RESULTS
Editing of the CFTR locus

In this work we attempted to compare the efficacy of genomic
editing of F508del located in the CFTR gene using a few
combinations of 2 mutant SpCas9 proteins (eSpCas9(1.1)
[23] and SpCas9(HF4) [24]) or SaCas9 [25] and different
sgRNAs. For SpCas9 three sgRNAs were selected targeting
the sequence of CFTR exon 10 harboring F508del (Fig. 2). The
first guide RNA sgCFTR#1 precisely targeted the mutation site
(in the absence of F508del there was no PAM). The second
sgRNA (sgCFTR#2) targeted a region near the mutation and
could be used to edit both mutant and wild type alleles. The
third sgRNA (sgCFTR#3) was selected for the sequence
located 85 nucleotides upstream the mutation [13]. Because
SaCas9 requires a different PAM, we selected a different
sgRNA (saCFTR#3) for this nuclease, precisely targeting the
mutation site. Since HEK293T cells do not have F508del in their
genome and the structure of a genomic site presumably affects
the efficacy of editing, sgRNAs were tested using a synthetic

35 -
30
25 A
20

15

Indels, %

SpCas9-sgCFTR#1 SpCas9(HF4)-sgCFTR#1 SpCas9-sgCFTR#2 SpCas9-sgCFTR#3

plasmid containing the CFTR locus with the F508del mutation.
The synthetic construct was transfected into the HEK293T
cells together with the plasmid expressing Cas9 and sgRNA.

The best editing effect was observed for the combination
of SaCas9 and saCFTR#3: 29% of alleles were successfully
edited (Fig.3). SgCFTR#1 combined with different SpCas9
proteins demonstrated an average success rate of 13%. For
sgCFTR#2 the success rate was 18% (16% for the plasmid site
and 22% for the genomic site), sgCFTR#3 demonstrated 12%
efficacy (6% for the plasmid site and 14% for the genomic site).
The editing activity of sgCFTR#1 was comparable to or lower
than that exhibited by other guide RNAs, including the control
sgGFP targeting the EGFP gene (Fig. 3).

Increasing the expression of guide RNAs

Our previous study revealed that low editing efficacy of
sgCFTR#1-based systems correlates with its low expression
[22]. To improve expression of sgCFTR#1, we inserted an extra
cassette consisting of a promoter and sgCFTR#1 (SpCas9-
sgCFTR#1-DOUBLE) into the plasmid, but it produced no
significant effect on the performance of this guide RNA (Fig. 4).
For positive control, we chose sgGFP targeting the EGFP gene.
Because sgGFP was always known to be expressed vigorously
and demonstrated high editing efficacy, we decided to combine
it with sgCFTR#1 (SpCas9-sgGFP-sgCFTR#1). Unfortunately,
the resulting synthetic sgRNA only negatively affected the
efficacy of CFTR editing (Fig. 4).

SaCas9-saCFTR#3 SpCas9-sgGFP

Fig. 3. Efficacy of CFTR and EGFP editing in HEK293T cells 48-72 hours after transfection. The results are represented as a mean and a standard error of the mean

SpCas9-sgCFTR#1

SpCas9-sgCFTR#1-
DOUBLE

SpCas9-sgGFP-sgCFTR#1 14.1

o
[¢)]

I ] ] 1
10 15 20 25
Indels, %

Fig. 4. Comparison of CFTR editing efficacy in HEK293T cells. The results are represented as a mean
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A number of works have shown that RNA expression can be
improved by a synthetic hybrid consisting of two promoters
[26]. Perhaps, such effect is achieved because different
promoters attract different transcription factors. In our
plasmids sgRNA was expressed from U6, a standard
promoter for CRISPR-Cas9. A few authors have demonstrated,
though, that sgRNA is better expressed from the tRNAgIn
promoter [26, 27]. Therefore, we decided to clone into the
plasmid a hybrid promoter consisting of U6 and tRNAgIn
(designated as the plasmid’s name +HP in the pictures). As
shown in Fig. 5, all sgRNAs, except sgCFTR#1, exhibited a
poorer performance; sgCFTR#1’s activity increased only
slightly.

Improving the efficacy of CFTR locus editing
It is known that sgRNA molecules shorter than 20 nucleotides
in length and starting with the G- or GG-nucleotide produce
a better editing outcome [28]. Our sgCFTR#2 and sgCFTR#3
contained two GG nucleotides in their 5'-region, therefore, we
shortened them from their 5’-ends down to 17 nucleotides (see
SpCas9-sgGFP
SpCas9-sgGFP-HP
SpCas9-sgCFTR#1
SpCas9-sgCFTR#1-HP
SpCas9-sgCFTR#2
SpCas9-sgCFTR#2-HP 0
SpCas9-sgCFTR#3 11.8

SpCas9-sgCFTR#3-HP 0

OPUTMHAJIbHOE UCCJIEJOBAHNE | MUKPOBWOJIOI NA

SpCas9-sgCFTR#2(GG17) and SpCas9-sgCFTR#3(GG17),
respectively). SQCFTR#1 did not have a GG sequence in its
5'-region, so we shortened it down to 19 nucleotides and
replaced CC with GG (SpCas9-sgCFTR#1(gg19)). As a result,
the activity of the modified sgCFTR#1 and sgCFTR#3 dropped
from 20.3% and 11.8% to 8.7% and 0%, respectively (Fig. 6),
whereas the modified sgCFTR#2 increased its performance
from 10.5% to 22.1%.

Because guide RNA performance is presumably
associated with its stability, we attached the sequence
CACCGGGAGGGCGGGGAGGG to the 5'-ends of sgCFTR#1
and sgGFP in order to facilitate formation of G-quadruplexes
(sgCFTR#1quad and sgGFPquad, respectively) that could
improve sgRNA stability [29]. We found that the efficacy of
target DNA cleavage using the modified guide RNAs was
lower because of their 2- to 16-fold reduced expression, as
compared to the unmodified sgRNAs [22].

Lastly, we attempted to stabilize the SpCas9 nuclease by
transient hypothermia, i.e. culturing of the transfected cells at
30 °C [14, 30]. As a result, the success rate of CFTR editing
plunged from 17.6 to 10.9% (Table).

T T
0 10 20

I I I I
30 40 50 60

Indels, %

Fig. 5. Efficacy of CFTR and EGFP editing in HEK293T cells using sgRNA expressed from the standard U6 and the hybrid U6-tRNAgIn (plasmid +HP) promoters. The

results are represented as a mean

SpCas9-sgCFTR#1

SpCas9-sgCFTR#1(gg19)

SpCas9-sgCFTR#2

SpCas9-sgCFTR#2(GG17)

SpCas9-sgCFTR#3

SpCas9-sgCFTR#3(GG17)
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Fig. 6. Comparison of CFTR editing efficacy in HEK293T cells using modified sgRNAs. The results are represented as a mean
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Table. Comparison of CFTR editing efficacy using transient hypothermia of HEK293T cells

Culture conditions

Transfected plasmids

Indels, mean %

SpCas9-sgCFTR#1+ pGEM-TA-CFTR 17.6
72 hat37 °C

pGEM-TA-CFTR 0

SpCas9-sgCFTR#1+ pGEM-TA-CFTR 10.9
24 hat37°C,48hat30°C

pGEM-TA-CFTR 0

DISCUSSION

Attempts to correct CFTR mutations by genome editing tools
started in 2012 [14], however no effective techniques are
yet available. The proposed approaches demonstrate low
efficacy, yielding only a small percentage of cells with corrected
sequences, which necessitates cell selection [13, 16]. This
incurs additional costs and makes the whole cell culture
process longer. Besides, such treatment is not systemic.

Evolution of genome editing gives rise to more advanced
CRISPR/Cas tools with better efficacy and specificity. The
enzymes we use routinely for genome editing are highly specific
[23, 24], which improves the safety of the method. Also, we
are currently working on the technique that will correct only the
mutant site using a guide RNA precisely targeting F508del. This
might be a leap to a new level: we expect the technique to work
not only in the isolated cells but also in the living organism,
since only mutant alleles will be affected. We believe that this
approach will prevent repeated cleavage of the already edited sites.

Still, in the course of this experiment we established that
the efficacy of sgCFTR#1-based editing of F508del was lower
than demonstrated by the majority of other sgRNA used in the
study. The underlying reason is low expression of sgCFTR#1 in
the cells [22]. We tried a few techniques to stimulate expression
of this guide RNA: inserted an extra cassette (promoter +
sgCFTR#1) into the plasmid, combined sgCFTR#1 with a more
active sgGFP, used the hybrid promoter U6—tRNAgIn, but none
improved sgCFTR#1 performance.

It was shown previously that transcription from the U6
promoter is initiated in the presence of G or GG nucleotides
on the 5'-end of guide RNA [28], therefore we tried shortening
sgRNA down to the first G and replacing the initially present
nucleotides with G/GG to upregulate sgRNA expression and
increase its activity. But this approach did not work.

Given that initially our guide RNAs had one and the same
promoter UG, we assumed that transcription of both sgRNAs
would be the same. The actual difference in the expression
levels may have been the result of a more rapid degradation
of sgCFTR#1 in comparison with sgGFP. Screening of a huge
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CAS13A: PURIFICATION AND USE FOR DETECTION OF VIRAL RNA
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The use of CRIPSR-Cas systems in genome editing has recently become one of the major research areas. Meanwhile, CAS
proteins can be employed to develop novel techniques for molecular diagnostics. Traditional approaches to the identification
of microorganisms have a few drawbacks: they are time-consuming (microbiological methods), insufficiently sensitive
(immunoassays), expensive or labor-intensive (PCR, sequencing). The aim of this work was to obtain a functionally active
Cas13a protein that could be used as a diagnostic tool and study its behavior under different conditions and at various target
concentrations. We constructed an expression vector with the cas73a gene of Leptotrichia wadei under the control of T7
promoter. We obtained a functionally active Cas13a RNAse with pre-programmed activity, guide RNA, and a fragment of
influenza B RNA sequence serving as a target. The functional activity of Cas13 RNAse was assessed by fluorescence in
the reaction mix containing guide RNA, target RNA, and a molecular RNA beacon. The obtained protein Cas13a was able
to specifically recognize the target and did not exhibit any non-specific RNAse activity. This study can become a basis for
developing a novel, rapid, specific and sensitive method for pathogen detection.
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CAS13A: NONYHEHUE U NCMNOJIb3OBAHUE A5 ONPEOEJIEHNA
BUPYCHOWN PHK

A. C. CaBvHoBa'?, E. tO. KonTtes', E. B. Ycaues!, A. I1. Tkauyk', B. A. Tyuimr'S =

' NabopaTopus TPaHCAALUMOHHON MeauLMHbI,

HaumoHanbHbIn nccnenoBaTensCKUii LEHTP SNAEMUONOorn U MUKpobronorii nmenn H. ®. famanen, Mocksa
2 Kachenypa 610TEXHOMNOMMN, (haKynsTET BUOTEXHONOMM U MPOMBILLIEHHON 3KONOMN,

Poccuiickuin xummko-TexHonormdeckunin haxkynstet uvenn . 1. Mengeneesa, Mocksa

8 Kadhenpa Bupyconorimn, bronorn4eckunin hakynsrer,
MOCKOBCKMI rocyaapcTBEHHbIV yHMBepCUTET UMmenn M. B. JlomoHocoBa, Mockea

Vicnonesosanne CRISPR-Cas cucteM Ong pefakTMpoBaHWSA reHOMOB OpPraHvM3MOB B MOCedHee BpemMs CTalo OOHUM K3
MarncTpaibHbIX Hay4HbIX HanpaeneHun. Mexay Tem 6enku cucteMbl CAS MOXHO MpUMEHATb A5 pa3paboTky METOA0B
MONEKYNAPHONM AMarHOCTUKN. TpaanLMOHHBIE MOAXOAb! K MAEHTUMUKALMN MUKPOOPIraH3MOB UMEKOT PSif, HEAOCTaTKOB: OHU
BpemMsa3aTpaTtHbl (KynsTypasibHble METOAB! AMarHOCTVIKN), HEAOCTaTO4HO YyBCTBUTENBHbI (MMMYHOMOMMYECKE METObI), UMEIOT
BbICOKYIO CEOECTONUMOCTb 1 MeTOAMHECKM CNOXKHbI (MLP, cekBeHnposanme). Liensto paboTbl Obino noayHeHme MyHKUMOHABHO
aKTMBHOro npenapata 6enka Cas13a 1 13yyeHre ero NMOoBEAeHWUs B PasdfiNyHbIX YCIOBMSX, B TOM YMCIE MPU U3MEHEHUN
KOHLIEHTPaLMM MULLEHW, AN OallbHeNLLero MCMonb30BaHWa B OMArHOCTMHYECKMX Lensdx. bbina cospaHa reHeTudeckas
SKCMPECCUOHHAA KOHCTPYKLMA, nMetoLas Ha 5'-koHLe T7-npoMoTep 1 reH cas13a Gaktepun Leptotrichia wadei. MonyyeHbl
npenapatbl (PyHKUMOHaNbHO akTBHOW nporpammunpyemort PHKasbl 6enka Casi13a, Hanpaenstollen PHK, a Takke PHK
Bvpyca rpunna b (PHK-muLeHb). PyHKLUMOHaNbHYO akTiBHOCTb PHKasbl 6enka Cas13a onpemensnn no nosiBNEHWO
(hNYOPECLEHTHONO CUrHana B PEeakUMOHHOM CMecu, cogepxkallen Hanpasnstolyto PHK, PHK-mMuLLEHb, MONEKyNspHbIn
PHK-mas4ok. [MokasaHo, 4To nonyyeHHbIn npenapat benka Cas13a cnocobeH crneumduyeck BbISBASTb MULLEHb Ha
npumepe hparmeHToB PHK Bupyca rpunna b n He obnagaeT Hecneunduydeckumn Buaamm PHKa3HoOM akTUBHOCTW.
[aHHoe nccnenoBaHvie MOXKET CTaTb OCHOBOW AN CO3LaHNSt HOBOMO ObICTPOrO CreUmnMUYHOro 1 HYyBCTBUTENBHOMO METOAA
NOeHTUMUKaLMN MYKPOOPIraHN3MOB.

KntoueBble cnoBa: NLP, anarHocTrka, nHdekumoHHble 3adonesarHus, CRISPR-Cas cuctema, Cas13a
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Mankind has been fighting infectious diseases for many
decades now. A serious threat is posed by those infections
that cause outbreaks or epidemics [1]. Because a successful
treatment outcome depends in the first place on the accuracy
of the diagnosis, a search for novel diagnostic approaches
continues. Unlike classical microbiological methods of
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pathogen identification based on the use of differential culture
media, polymerase chain reaction (PCR) ensures rapid
detection of microorganisms regardless of the specifics of their
life cycle. Evolution of sequencing techniques and free access
to public databases containing sequencing data encourage a
more active use of PCR [2].
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Still, there is a need for novel molecular diagnostic techniques.
There are a few obstacles preventing a wider application of PCR,
including high equipment costs and a lack of laboratory facilities
and qualified personnel. Among the proposed alternatives
to PCR are mobile biosensors based on a combination of
physical and biological approaches [3-5] and techniques
that do not rely on complex equipment [6, 7]. We believe that
the most promising technique that provides high specificity
and sensitivity for single molecule detection is Specific High-
Sensitivity Enzymatic Reporter Unlocking, or SHERLOCK [8, 9].

SHERLOCK combines isothermal amplification of total
nucleic acids and Cas13a activity, allowing detection of both
DNA and RNA molecules. Isothermal amplification ensures
accumulation of target molecules, while Cas13a acts as a
sensor capable of accurate target recognition, including single
nucleotide polymorphisms [9].

Cas13a nuclease activity is initiated when CRIPSR
guide RNA (crRNA) binds to Cas13a entailing significant
conformational changes in the protein structure aimed to form
a channel for the binding of a target RNA [10]. When Cas13a
“meets” target RNA, a guide crRBNA/target RNA duplex is
formed in a positively charged NUC lobe channel. The target
RNA serves as an activator: duplex formation catalyzes the
movement of catalytic domains towards each other, followed
by the formation of an RNA cleavage site. The use of RNA
probes enables a visual representation of fluorescence signal
accumulation as Cas13 exerts its activity.

The aim of this work was to obtain a functionally active
Cas13a protein and study its behavior under different
conditions, including varying concentrations of a target molecule
represented by an RNA fragment of the influenza B virus.

METHODS
Synthesis of the recombinant protein LwCas13a

To obtain the recombinant protein Cas13a of Leptotrichia wadei
(LwCas13a), a codon-optimized gene synthesized de novo by
Evrogen, Russia, was incorporated into the gene expression
vector pET42b(+) under the control of lacT7 promotor. Gene
expression was inducedin the cells of Escherichia coli BL21(DE3)
pLysS, driven by isopropyl B-D-1-thiogalactopyranoside (IPTG).
The resulting Cas13a protein was tagged with octo-histidine on
its C-terminus. The frozen bacterial cells were resuspended in
the lysing buffer (20 mM Tris HCI, pH of 8.8, 500 mM NaCl,
5 mM B-mercaptoethanol) and lysed by exposure to cyclic
pulsed ultrasound. The lysate was centrifuged for clarification
at 15,000 g for 20 min; the supernatant was then used for
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the affinity chromatography on automated medium-pressure
system NGC Discover™ 10 (Bio-Rad, USA) with the 20 ml
HisPrep FF 16/10 column (GE, Germany) pre-charged with Ni2+
ions. To remove non-specifically bound impurities, Triton X-100
was added to the buffer solutions at a final concentration of
0.1%. The protein was eluted using a linear imidazole gradient
(the final concentration was 0.5M). After chromatography,
Cas13a-containing fractions were combined and dialyzed
against a storage buffer (20 mM Tris HCI, pH of 8.0, 200 mM
NaCl, 0.1 mM EDTA). Protein concentrations were measured
spectrophotometrically at 280 nm wavelength using Implen
NanoPhotometer (IMPLEN, Germany). Concentrations were
calculated accounting for the extinction coefficient [11, 12].

Acquisition of target and guide RNAs

Guide and target RNAs were obtained through PCR followed
by the transcription of PCR products using the gPCRmix-HS
SYBR kit (Evrogen, Russia) according to the manufacturer’s
protocol. Guide RNA was obtained using artificially synthesized
oligonucleotide primers with self-complementary regions. To
get a target RNA molecule, we amplified a plasmid fragment
carrying a sequence of the influenza B virus and a sequence
of the MS2 phage. In vitro transcription of the amplicons was
aided by the MEGAscript® T7 Kit (Thermo Fisher Scientific, USA).

Testing LwCas13a for non-specific nuclease activities

To test LwCas13a for non-specific nuclease activities, we
measured fluorescence. Briefly, the fluorescence signal is emitted
when the reporter RNA molecule RNAseAlert v2 Substrate
(Thermo Fisher Scientific, USA) is cleaved. The reporter RNA
molecule is an oligonucleotide beacon with a fluorescent dye
sitting on its 5’-end and a quencher on its 3'-end. When the
molecule is cleaved, the dye is separated from the quencher
emitting light in the green spectrum at 520 nm wavelength.
The final LwCas13a concentration of 450 nM was incubated
at 37 °C for 2 hours in the reaction mix containing a nuclease
buffer and the reporter RNA (40 mM Tris HCI, pH of 7.3, 60 mM
NaCl, 6 mM MgCl,, 125 nM RNAseAlert v2 Substrate); fluorescence
was measured in real time on the QuantStudio 5 Real-Time
PCR System (Applied Biosystems, USA). RNAse A (Thermo
fisher scientific, USA) was was used for positive control; pure
reporter RNA, for negative.

Testing LwCas13a endonuclease activity

The reaction mix for testing LwCas13a endonuclease activity

consisted of a nuclease buffer (40 mM Tris HCI, pH of 7.3,
7 8 M kDa
. T * . 200

- 150
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70

Fig. 1. SDS-PAGE of recombinant LwCas13a. Fraction analysis after IMAC: 1 — total protein; 2 — flow through; 3-9 — eluted fractions; M — molecular weight markers
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60 mM NaCl, 6 mM MgCl,), 450 mM LwCas13a, 22.5 nM
crBNA, 125 MM RNAseAlert v2 Substrate, 2 pl RibolLock
RNAse Inhibitor, 100 ng RNA of a tobacco mosaic virus
(for the background), and different concentrations of target
RNA. Fluorescence was measured in real time for 2 hours at
37 °C using the QuantStudio 5 Real-Time PCR System (Applied
Biosystems, USA).

RESULTS

Purification of the recombinant LwCas13a

The recombinant protein LwCas13a was obtained using affinity
chromatography. Chromatography products were analyzed by
denaturing electrophoresis, which revealed that induced E. coli
cells had produced a water-soluble protein with a molecular
weight comparable with the predicted LwCas13a weight
(139.8 kDa) (Fig. 1).

Optimization of reporter RNA (RNAseAlert) concentrations
in the reaction mix

To achieve optimal fluorescence intensity, we conducted a
series of model tests using RNAse A (Fig. 2) and selected the

1200

1000

800

600

400

“Pure” fluorescence, kilounits

200

0
0 20 40 60 80
Time, min
Fig. 2. Fluorescence kinetics during incubation of different RNAseAlert
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substrate concentration of 125 nM for further experiments. At
this particular value the maximal dynamic range of 100, 000
arbitrary fluorescence units was provided.

Testing LwCas13a for non-specific RNAse activities

The obtained LwCas13a protein was tested for non-specific
RNAse activities by 2-h incubation with the fluorescent
RNAseAlert v2 Substrate in the absence of crRNA and
target RNA. The fluorescence signal was not changed during
incubation. For positive control, we incubated the fluorescent
substrate with RNAse A; for negative control, the reporter RNA
was incubated without any additives (Fig. 3). We found that our
method vyielded the LwCas13a protein that did not exhibit any
non-specific RNAse activity, which allowed us to proceed to the
study of characteristics of its pre-programmed RNAse activity.

Testing method sensitivity using the influenza B virus

Our LwCas13a-based detection method was tested for
sensitivity in a series of model tests, for which we employed
a fragment of influenza B viral RNA sequence, which served

as a target. The lower sensitivity threshold observed was 107
molecules of viral RNA (Fig. 4 and fig. 5).

- RNAseAlert concentration of 125 Nm
-~ RNAseAlert concentration of 55.7 Nm
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Fig. 3. Fluorescence kinetics during the study of non-specific RNAse activities of LwCas13a
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DISCUSSION

LwCas13a-based pathogen detection opens up new diagnostic
horizons. In 2017 Cas13 was adapted for the use in a platform
called SHERLOCK [7, 9]. The latter combines Cas13a-based
detection of RNA targets pre-amplified by recombinase
polymerase amplification (RPA) and T7-transcription. All
reactions take place in the same reaction mix. Using this
approach, the researchers were able to design a diagnostic
platform for Zika detection. Its attomolar sensitivity and specificity
proved to be no less inferior to those of quantitative PCR
(gRT-PCR) and droplet digital PCR. The researchers studied
Cas13a orthologs to obtain a stable and reliable fluorescent
signal emitted when Cas13a started to exert its RNAse activity.
They found that Cas13a of Leptotrichia wadei was capable of
detecting up to 50 pM of target RNA [7]. So, this enzyme served
as a basis for the SHERLOCK platform. Although the sensitivity
demonstrated by Cas13-based detection was high, the
researchers decided to investigate a possibility of combining it

450
400
350
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with different types of isothermal amplification and established
that RPA combined with transcription and the effect of Cas13a
RNAse activity could improve the sensitivity of the method even
more. SHERLOCK is able to discriminate between target RNAs
that differ in only one nucleotide and are present in the solution
at very low concentrations; the platform can also be used as a
portable tool [7, 9].

In our research work we have synthesized a codon-
optimized variant of LwCas13a. Unlike the previously described
protein [7, 9], our protein had a different sequence changed for
more effective expression in E. Coli cells. The protein yield was
up to 10 mg from 1L of culture (Fig. 1). We have also elaborated
a method for Cas13a purification and tested it to discover that
programmed RNAse does not exhibit any non-specific RNAse
activity. We ran a few in vitro tests to evaluate the specificity
of Cas13 RNase activity against the fragments of viral RNA.
Without target pre-amplification by previously described RPA
and T7-transcription [7, 9], the sensitivity of our technique was
107 molecules per reaction.
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Fig. 4. Fluorescence kinetics at different concentrations of target RNA
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Fig. 5. Fluorescence kinetics at small concentrations of target RNA of the influenza B virus
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CONCLUSIONS

In the course of this work we synthesized a codon-optimized
variant of Leptotrichia wadei Cas13a that exhibits specific
RNAse activity in E. coli cells. The obtained protein is deprived
of non-specific nuclease activities and can specifically detect
the target, which in our case was a fragment of influenza RNA.
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THE SEARCH AND ANALYSIS OF A CRISPR-CAS SYSTEM IN ESCHERICHIA
COLIHS WITH SUBSEQUENT SCANNING FOR THE CORRESPONDING
PHAGE RACES BASED ON THE SPACERS OF THE DETECTED CRIPSR
ARRAY USING BIOINFORMATIC METHODS

lvanova EI'™, Dzhioev YuP?, Borisenko AYU?, Peretolchina NP?, Stepanenko LA?, Paramonov Al', Grigorova EV', Nemchenko UM?,
Tunik TV, Kungurtseva EA'

' Scientific Center for Family Health and Human Reproduction Problems, Irkutsk
2Research Institute for Biomedical Technologies of Irkutsk State Medical University, Irkutsk

CRISPR-Cas is an immune system of prokaryotes that protects them against alien replicons, mainly viruses and plasmids.
Short sequences (spacers) complementary to the regions of a viral or plasmid genome are inserted into a CRISPR array
conferring resistance to reinfection. Infections caused by Escherichia coli still present a serious challenge for clinical medicine.
The aim of this study was to scan the genome of Escherichia coli HS for CRISPR-Cas components. The search was conducted
using MacSyFinder (Macromolecular System Finder, ver. 1.0.2.), a program for bioinformatic modelling. Sequence homology
searches were done using makeblastdb (ver. 2.2.28) and HMMER (ver. 3.0) tools. Bioinformatics-based methods allowed us to
detect one CRISPR-Cas system in the studied genome of Escherichia coli HS and read the spacer sequences of its CRIPSR
array. The protospacer regions complementary to the spacer sequences of the detected CRISPR array are typical for a few
types of phages. Based on these findings, one can assess the degree of bacterial resistance to alien genetic elements.

Keywords: bioinformatics, CRISPR-Cas system, Escherichia coli HS, bacteriophage
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NMONCK "1 AHAJIN3 CRISPR-CAS CUCTEMbI B LUTAMME
ESCHERICHIA COLIHS U OETEKTUPYEMbIX CITIEMCEPAMW ErO
CRISPR-KACCETbI PAroBblIX PAC METOOAMUN BUONH®OPMATUKIA

E. N. ViBarHosa'=, tO. 1. [xuoes?, A. KO. Bopucerko?, H. M. Mepetonuumna?, J1. A. CtenaHeHko?, A. . MNapaMoHoB',
E. B. lpuropoga', Y. M. Hemuerko', T. B. TyHuk', E. A. KyHrypuesa'

"Hay4HbI LIeHTPp Npo6nemM 300p0oBbs CEMbM 1 PENPOLYKLIMM YenoBeka, VpKyTck
2 IHCTUTYT BUOMENLIMHCKNX TEXHONOMMN, VIPKYTCKIIA rocyaapCTBEHHDBIN MEOVLIMHCKN YHUBEPCUTET, VIpKyTCK

CRISPR-Cas cuctema — 3T0 MMMyHHas cucTteMa MpoKapwoT, obecrnedmnBaoLLias 3aLluTy OT HyXKEPOAHbIX PEryIMKOHOB, B
NepByO 04epeb BMPYCOB U MnasMmng,. YCTOMHMBOCTb K MOBTOPHBIM MH(EKLMAM NprobpeTaeTcst B pedynsTaTe BKIKOYEHNS B
coctaB CRISPR-kacceT KOpoTKMX NocnefoBaTelbHOCTEN, U CNENcepoB, KOMMIEMEHTAPHBIX YHaCTKaM COOTBETCTBYOLLINX
BMPYCHbIX WM MNa3MUAHbIX TEHOMOB. B HacTosiLee BpeMs aLepuXmMo3Hble MH(EKLMM OCTaOTCH Cepbe3Hor npobnemoi
NPaKTN4eCKON MeauLMHbI. BCneacTeme 1x KkpaniHe yCTOMYMBOCTI K Tepanim ¢ CMomnb30BaHeM aHTMOMOTKOB Heobxoamma
paspaboTka HOBbIX MOAXOQ0B NedeHvd. Llenbto nccnegosaHust 6bin novck ctpyktyp CRISPR-Cas cucteM B FreHOMHOW
nocnenoBaTeNbHOCTY WTamma Escherichia coli HS. Vicnonb3oBann MeToapl NporpaMMHoOro MoaenupoBaHus MacSyFinder
(Macromolecular System Finder, ver. 1.0.2.). IoMck TOYHOM FOMOSIOTMN NOCNEA0BATENBHOCTEN OCYLLECTBNSANM MOCPEACTBOM
YCTaHOB/EHHbIX BCroMoratesibHbiX MaketoB makeblastdb (ver. 2.2.28), HMMER (ver. 3.0). B pegynsrate metogamu
OronHpopmaTnkin bbina BeigBneHa ogHa CRISPR-Cas cucTema 1 paclumdpoBaHbl CriericepHble MOCNeaoBaTebHOCTU
CRISPR-kacceThl y Wwramma Escherichia coli HS. C nomoLsto nocnegoeatensHocTen cnercepoB CRISPR-kacceTbl Obinm
onpefeneHbl KOMMIEMEHTaPHbIE M MPOTOCMENCEPHbIE YHACTKM HECKOSIBKIX TUMOB (haroB, YTO MO3BOMSET OLEHUTb CTEMEHD
NX YCTONHYMBOCTU K STUM HY>XKEPOAHBIM MEHETUHECKMM 31IEMEHTaM.
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The Escherichia coli species comprises multiple biotypes. Some
of them are commensal colonizers of the mammalian (including
human) gut. Others are pathogenic and cause disease. One
of the most significant causative agents of intestinal infections
is enterohemorrhagic Escherichia coli O157:H7, whereas an
important representative of commensals is E. coli HS. Infection

caused by E. coli O157:H7 can provoke hemolytic uremic
syndrome (HUS) characterized by progressive renal failure.
E. coliO157:H7 is a serotype capable of producing Shiga toxins
[1-3]. No specific treatment has yet proved effective against
this syndrome. Only supportive care is recommended during
the acute stage of the disease. The use of antibiotics for treating
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infections caused by Shiga-toxin-producing E. coli (Stx-E. coli)
is very debatable [4, 5]. It has been shown that antibiotic
therapy prescribed to patients with acute gastrointestinal
infection caused by Stx-E. coli increases the risk of developing
HUS 17-fold [6]. Disruption of the bacterial membrane by
antibiotics can stimulate progression to the acute stage because
the bacteria start to release the toxin in large quantities [7].

Therefore, we need novel alternatives to antibiotics to combat
pathogenic bacteria. Phage therapy holds great promise here
[8-10]. The evolution of this approach relies on the fundamental
knowledge about the genetic basis underlying the interactions
between bacteria and bacteriophages. This knowledge, in
turn, can be obtained only if bacterial and phage genomes,
as well as new analytical methods, are at the researcher’s
disposal. Currently available bioinformatics software allows
the researcher to manipulate huge arrays of genomic data,
extracting new information about bacterial genomes [11].

Besides the advances in bioinformatics, another significant
event of the past few years is discovery of specific adaptive
immunity in prokaryotes. It was long believed that bacteria
could not resist phage attacks, but in 1987 a strange region
was discovered in the E. coli genome that consisted of multiple
repeats [12]. However, it was not until 2005 that it became
clear that the sequences alternating with those repeats
were often identical to the sequences found in bacterial and
plasmid genomes [13, 14]. The discovered structures were
termed CRISPR-Cas (Clustered Regularly Interspaced Short
Palindromic Repeats — CRISPR-associated proteins). They
are a specific adaptive defense of bacteria and archaea against
alien genetic material mostly derived from phages and plasmids
[15-18]. CRISPR arrays are a unique set of palindromic repeats
of 21-47 base pairs separated by unique spacers. Spacers are
complementary to the regions in phage or plasmid genomes
the bacterium is immune against [13]. In close proximity to a
CRISPR locus are cas-genes. Their products ensure proper
functioning of a CRISPR locus. According to the current
classification, CRISPR-Cas systems are grouped into 3 types
based on their mechanism of action and the cas- proteins
present in the genome [19].

Bioinformatic methods are employed to detect and identify
CRISPR-Cas systems in bacterial genomes [20, 21]. For
example, they can help to identify bacteriophage races by
bacterial spacer sequences and, therefore, to assess bacterial
resistance to certain phages or plasmids [22-24]. This is an
important research field, because such screening can provide
a solution to the practical challenges faced in the therapy of
infections and contribute to the study of evolution across and
between bacterial species [17, 22]. For many bacterial species,
however, the mechanism of interactions between them and
their phages mediated by CRISPR-Cas and anti-CRISPR-Cas
systems remains totally understudied. Therefore, it is wise to
start with the development of an efficient algorithm for the
biocinformatics-based search and analysis of bacterial CRISPR-
Cas loci and their structural components and then proceed to
the screening of phage races using bacterial CRIPSR arrays.
Considering the abovesaid, we aimed to search the genome
of Escherichia coli HS for CRIPSR-Cas loci, study the detected
components and then identify the corresponding bacteriophage
races through screening using bacterial CRISPR arrays and an
original bioinformatics-based search algorithm.

METHODS

The object of our study was the strain Escherichia coli HS.
GenBank stores two of its genomes: NC_009800.1 sequenced
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in 2017 and CP000802 sequenced in 2014. E. coli HS
represented in GenBank by the genome NC_009800.1 was
cultured using a reference strain from the collection of the
Center for Vaccine Development (USA) [25]. For our study
we selected the genome CP000802 of a reference strain [26]
isolated from the gastrointestinal tract of a healthy human who
showed no clinical symptoms of colonization [25].

To detect CRISPR-Cas loci in the bacterial genome, we
used MacSyFinder (Macromolecular System Finder, ver. 1.0.2.),
a program for bioinformatic modelling [27]. This software
requires a protein profile of genomic sequences encoded as
hidden Markov models (HMM) available in PFAM, TIGRFAM
and PRODOM databases. Sequence homology searches
were conducted using makeblastdb (ver. 2.2.28) and HMMER
(ver. 3.0); the same software allowed us to obtain structural
and functional characteristics of cas-proteins detected in each
analyzed genome [28]. Visual representation of the results
returned by MacSyFinder was generated in MacSyView. The
programming language used was Python (ver. 2.7) [29].

The obtained CRISPR arrays were run against the online
database CRISPI: a CRISPR Interactive database (Gen Ouest
Biolnformatics Platform, http://genouest.org/) for structural
analysis. Bacterial and archaeal genomes were downloaded
from the NCBI FTP Server and processed in C and Java (ver.
1.5.0.12.) [80]. The detection algorithm was based on imposing
alimitation on the number of closest matches. To avoid detection
of unrelated structures, the minimally required percent identity
was set to 60%. The web-page was implemented in PHP (ver.
4.3.9) and Java (ver. 1.5.0.12). For phage identification, the
obtained spacer sequences were run against the GenBank-
Phage database using the search algorithm BLASTn [31]. The
following online services were used: CRISPRTarget (http://
bioanalysis.otago.ac.nz/CRISPRTarget/crispr_analysis.html)
and Mycobacteriophage Database (http://phagesdb.org/blast/).

RESULTS

The screening of the E. coli HS genome CP000802 revealed
a presence of a CRISPR-Cas system at positions 2920652-
2921839, i.e. its length was 1,187 b.p. Structurally, this
CRISPR-Cas system belonged to CAS-Type-IE.

Using MacSyFinder, we identified and visualized the
following regions of the E. coli HS genome coding for Cas
proteins:

— mandatory genes, whose presence in the genome
indicates the presence of a CRISPR-Cas system (Fig. 1);

—accessory genes that may be found in more than one
system and are hard to identify using only one protein profile;
however, they also signal the presence of a CRISPR-Cas
system in a bacterial genome.

Using MacSyFinder, we were able to detect cas-genes in
the CRISPR-Cas system of the analyzed E. coli HS genome and
get a visual representation of the obtained XML in MacSyView.
Examples of cas-genes and their location in the genome of the
studied strain are shown in Fig. 1.

Using HMMER (ver. 3.0) and makeblastdb (ver. 2.2.28),
we obtained structural and functional characteristics of cas-
proteins detected in each analyzed genome, namely: gene (the
gene corresponding to the profile), system (the system the gene
belongs to), hitid (the sequence identifier), hit seq length (length
of the sequence), replicon name (the name of the replicon),
position hit (the rank of the sequence matched in the input
dataset file), i-eval (independent evalue), score (the score of the
hit), profile coverage (percentage of the profile that matches
the hit sequence), sequence coverage (percentage of the hit
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sequence that matches the profile), begin match (the position in
the sequence where the profile match begins), and end match
(the position in the sequence where the profile match ends)
(Fig. 2).

The obtained CRISPR arrays were analyzed in real time in
CRISPI: a CRISPR Interactive database, which basically uses
homology of repeated regions to return information about

mandatory

accessary

I

the sequence structure. Using this online tool, 11 repeats
were identified in the CRISPR array of the studied strain.
The consensus view is provided in Fig. 3. After repeats were
detected, 10 spacers were identified in the CRISPR array
(Table 1). Visual representations of the CRISPR array and
cas-genes detected in the studied bacterial genome was
implemented in Java (Fig. 4).

-_:"

Fig. 1. Cas-genes (A) and their location in the genome (B) of E. coli HS (CP000802) detected by MacSyFinder and visualized in MacSyView

Protein
Profile Gene length Profile  Sequence Begin End
Color  Sequence Id Position Match Function status System (aa)  Score ievalue coverage coverage match match
elNC_002695.1_prot_NP_311635.1_3467 3467 cas2_TypelE mandatory  CAS- a7 1338 55e40 100 089 3 88
TypelE
IclNC_002695.1_prot NP_311636.1_3468 3468 cast_TypelE mandatory CAS- 307 3801 1de-114 099 0.86 8 212
TypelE
Iel[NC_002695.1_prol_NP_311637.1_3468 3460  cas8_TypelE mandatary CAS- 216 2026 7es88 100 0.98 1 212
TypelE
IelNC_002695.1_prot NP_311638.1_3470 3470 cass_TypelE mandatory  CAS- 248 1594  3ed7 099 093 3 233
TypelE
| ICINC_002695.1_prot NP_311639.1_3471 3471 cas?_TypelE mandatory CAS- 351 4479 93e-135 100 092 3 324
TypelE
Ie[NC_002695.1_prot_NP_311640.1_3472 3472 cse2_TypelE mandatory CAS- 78 1277 13e-37 100 089 12 169
Typele
IcINC_002695.1_prot_NP_311641.1_3473 3473 csel_TypelE mandatory  CAS- 520 6203 7.7e-187 1.00 0.97 8 509
TypelE
IlNC_002695.1_prot_NP_311642.1_3474 3474  cas3_Typel accessory CAS 885 2162 19e64 090 042 292 662

Fig. 2. Structural and functional characteristics of Cas proteins of E. coli HS (CP000802) obtained in MacSyFinder

Crispr info

Escherichia coli 0157_H7 str. Sakai chromosome
RefSeq ‘NC_002695

Consensus and repeat palindromic structure:
CGETTTATCCCCGCAGECGCGGGEARCTC (29 bp)

Begin position 2920652

Kingdom : Bacteria

20 units

End position 2921839

Consensus view

Fig. 3. The consensus view of the alternating repeats in the genome of E. coli HS (CPO00802) generated in CRISPI: a CRISPR Interactive database. The size of
nucleotide letter codes shows a degree of nucleotide variability in the repeat: the taller the letter, the more variable the nucleotide
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Fig. 4. Location of cas-genes and the CRISPR array in the genome of E. coli HS (CP000802)
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Table 1. The list of nucleotide sequences in the CRIPSR array: spacers separated by repeat units detected in CRISP!: a CRISPR Interactive database in the genome

of E. coli HS (CP000802)

Spacers/repeats Begin End Nucleotide sequences Size
unit 1 2920652 2920680 ATGGTTATCCCCGCTGACGCGGGGAACTC 29
spacer 1 2920681 2920712 TCGTCCAGACTGAATACGTTGTCCCAAAATCT 31
unit 2 2920713 2920741 CGGTTTATCCCCGCTGGCGCGGGGAACTC 29
spacer 2 2920742 2920773 CTATTGATGAGGTGCACCATCAGAAGCGAGAT 31
unit 3 2920774 2920802 CGGTTTATCCCCGCTGGCGCGGGGAACTC 29
spacer 3 2920803 2920834 GACGTACAGATTGGCTGCGGCACCTCAAACAC 31
unit 4 2920835 2920863 CGGTTTATCCCCGCAGGCGCGGGGAACTC 29
spacer 4 2920864 2920895 TTAATTCGCGTACCTGCGCATCCATTGCCGCG 31
unit 5 2920896 2920924 CGGTTTATCCCCGCAGGCGCGGGGAACTC 28
spacer 5 2920925 2920956 CGCAATCATGTTTTTCATTGGGTTTACGTCCT 31
unit 6 2920957 2920985 CGGTTTATCCCCGCAGGCGCGGGGAACTC 28
spacer 6 2920986 2921017 TTTTTATGACTGAATCCACTACGCCTTCATAG 31
unit 7 2921018 2921046 CGGTTTATCCCCGCAGGCGCGGGGAACTC 28
spacer 7 2921047 2921078 TTTACGTCGTTGATGACATCGTTCAGGTGTTT 31
unit 8 2921079 2921107 CGGTTTATCCCCGCAGGCGCGGGGAACTC 28
spacer 8 2921108 2921139 GTGATTTTCGTACCCGGCGCGATCGCGATATG 31
unit 9 2921140 2921168 CGGTTTATCCCCGCAGGCGCGGGGAACTC 28
spacer 9 2921169 2921200 GATAACCGCTTCGCGGTCAATATCTGCCGCAC 31
unit 10 2921201 2921229 CGGTTTATCCCCGCAGGCGCGGGGAACTC 28
spacer 10 2921230 2921261 GCCCATCGCCTGCGCCACACTGTTAAAAAGTT 31
unit 11 2921262 2921290 CGGTTTATCCCCGCAGGCGCGGGGAACTC 28
spacer 11 2921291 2921322 TCATTCGCAATCATCCACTGACTCAGGGGCTG 31

Table 2. Spectrum of the phage races revealed by the complementary structures of the spacer sequences of the CRISPR cassette of E. coli HS strain (No. CP000802)

Ne Spacer

Number of

Bacteriophages substitutions

spacer 1 (2920681-2920712)

1 Aeromonas phage phiAS4, (HM452125) positions: 100313-100337,
Cronobacter phage vB_CsaP_Ss1, (KM058087) positions: 19880-19863

—

0

spacer 5 (2920925-2920956)

2 Salmonella phage PVP-SE1, (GU070616) positions: 124932-124959
Salmonella phage SSE-121, (JX181824) positions: 87806-87779
Bacillus phage Bp8p-T, (KJ010548) positions: 144792-144820
Bacillus phage Bp8p-C, (KJ010547) positions: 144790-144818

spacer 7 (2921047-2921078)

3 Rhizobium phage vB_RleM_P10VF, (KM199770) positions: 93101-93076
Burkholderia phage phiE255, (CP000622) positions: 17180-17211

Burkholderia cenocepacia phage BcepMu, (AY539836) positions: 30887-30918
Gordonia phage GTES5, (JF923796) positions: 49708-49734

Dickeya phage vB_DsoM_LIMEstone1 (HE600015) positions: 52018-52038
Dickeya phage RC-2014, (KJ716335) positions: 27496-27516

Synechococcus phage S-CAM1 (HQ634177) positions: 189041-189018
Cyanophage S-SSM6b (HQ316603) positions: 161353-161374

Cyanophage S-SSM4 (HQ316583) positions: 103276-103255

© 000000~ ~NO0| 0o~~~

_
o o

4 | spacer 10 (2921230-2921261)

Bacteriophage RTP, (AM156909) positions: 34535-34554 10

DISCUSSION

Last year the Escherichia coli HS genome NC_009800.1 was
annotated in the GenBank database. The annotation contained
information about three CRISPR-Cas loci in this genome. In
the CRISPR-Cas database (http://crispr.i2bc.paris-saclay.fr/
crispr/) these loci are represented by a few variants. Our study
demonstrates that, on the whole, the structural units of the
CRISPR array detected in the E. coli HS genome (CP000802,
sequenced in 2014) coincide with the structural units of the
E. coli HS strain (NC_009800_6, sequenced in 2017).

Using the spacer sequences detected in the CRIPSR array
of the studied strain, we attempted to identify the phages
(Table 2). Of 10 spacer sequences only 4 spacers (1, 5, 7, and
10) were complementary to the protospacers of phage races
presented in the table. The identified phage races are typical for
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a wide range of bacterial hosts. Perhaps, this is a result of the
horizontal transfer of CRIPSR-Cas systems between different
types of bacteria throughout a long history of development of
their adaptive immunity. Further research will definitely yield
new knowledge of the nature of the antagonistic relationship
between bacteria and their phages. Based on the detected
phage races, one can infer the degree of immune protection
and the viability of bacteria throughout their evolution.

CONCLUSIONS

The successful detection of a CRISPR-Cas array in the
genome of the E. coli HS strain (CP0O00802, sequenced in
2014) and its structural analysis render bioinformatics-based
methods effective for the search of CRISPR-Cas structures
in the sequenced bacterial genomes. Such type of search
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yields valuable information. The presence of “mandatory” Cas
proteins suggest high anti-phage activity of the CRISPR-Cas
system of the studied strain. The number of detected spacers
reflect the duration of the strain’s evolution. The comparative
analysis of spacers in two CRISPR arrays detected in the
CP000802 genome of E. coli HS sequenced in 2014 and in
the NC_009800.1 genome of the same strain sequenced in
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CONSERVED SEQUENCES OF GENES CODING FOR THE MULTIDRUG
RESISTANCE PUMP ACRAB-TOLC OF ESCHERICHIA COLI SUGGEST
THEIR INVOLVEMENT INTO PERMANENT CELL “CLEANING”

Karakozova MV'®, Nazarov PA?

"Research Centre of Medical Genetics, Moscow

2 Belozersky Institute of Physico-Chemical Biology,
Lomonosov Moscow State University, Moscow

Multidrug resistance pumps (MDR pumps) of bacteria confer protection against aggressive environmental factors. The genes
coding for MDR pumps are thought to be variable. They belong to the group of the so-called contingency genes, i.e are
necessary for bacterial adaptation to the changing environment. The aim of the present work was to establish how conserved
are the sequences of genes coding for MDR pumps. We analyzed the sequences of AcrA, AcrB and TolC proteins of different
Escherichia coli strains. Using sequence alignment tools, we demonstrated that strains originating in different countries and
cultured in the labs for a long time are amazingly conserved in terms of AcrAB-TolC sequences. They resemble housekeeping
genes, suggesting the involvement of the AcrAB-TolC pump into permanent “cleaning” of various biotic and abiotic agents.
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contingency genes, housekeeping genes
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KOHCEPBATUBHOCTb NOCNEOOBATE/IbHOCTEW MrEHOB NOMIMb!
MHO>XECTBEHHOW JIEKAPCTBEHHON YCTONYMBOCTWU ACRAB-TOLC
ESCHERICHIA COLI KAK NMPN3HAK BOBJIEMEHHOCTHU

B MEPMAHEHTHYO «YBOPKY» BAKTEPUAJTbHOW KJNIETKU

M. B. Kapakoszoea' ™, . A. Hazapos?

' MeanKo-reHeTUHECK Hay HbI LieHTp, Mockea

2Hay4Ho-vcenenoBaTenbCKuin UHCTUTYT OM3MKO-XUMUHECKON Bronorim nmenn A. H. Benosepckoro,

MOCKOBCKUI FOCYAapCTBEHHDBIN YHMBEpcUTeT nmeHn M. B. JTomoHocosa, Mocksa
[ToMMbl MHOXXECTBEHHOW NeKapCTBEHHOM ycTon4mBocTr (MJTY) momMoraioT GakTepusM 3alpilaTbCsa OT HebnaronpusaTHOro
BO3MENCTBUS OKpYy>KatoLLiel cpedbl. CHMTAETCS, YTO reHbl, koaupyowme nomnbl MJTY, BaprabenbHbl M OTHOCATCH K Tak
Ha3bIBaEMbIM EHaM «POCKOLUW», T. €. MPeAHasHadeHbl 019 afanTaumn 6akTepuin K N3MEHEHWUIO OKPY>KatOLLMX YCIOBUIA.
Llenbto paboTbl 66110 MPOBEPUTE HACKOIBKO KOHCEPBATUBHBI MOCNEA0BATENBHOCTM FreHOB nomMnbl MITY. [nga aToro nposoaunm
aHanma nocnepoBatensHocTer 6enkoB AcrA, AcrB 1 TolC ong pa3nnyHbix 1abopaTopHbIX WTaMMOoB Escherichia coli. Metogom
BblpaBHMBaHWSA MOCAEeA0BaTENbHOCTEN ObIIO MOKa3aHO, YTO LWTaMMbl U3 PadHbIX CTPaH, KyNsTUBMPYEMbIE B labopaTopusix
yKe [OOSroe BPEMS, UMEIOT YAMBUTENbHYO KOHCEPBATMBHOCTbL MOCnefgoBatenbHocTen 6enkoB nommbl AcrAB-TolC. Ona
HamMoMMHaEeT KOHCEPBATUBHOCTb MEHOB «AOMAaLLIHEro Xo34anMcTeax», YTo, Mo-BUAVMOMY, FOBOPUT O BOBIEHEHHOCTM noMnbl MJTY
AcrAB-TolC B nepmaHeHTHyto «yBOpKy» KNETKN OT PasfnyHbIX BELLECTB BMOTUHECKOTO 1 aBMOTUHECKOTO MPOUCXOXKAEHNS.

KnioyeBble cnoBa: MHOXXECTBEHHAs! eKapCTBEHHasi yCTONYMBOCTb, aHTUOMOTHK, AcrAB-TolC, BbipaBHVBaHMe
nocnenoBatensHocTel, Escherichia coli, nomna, TpaHcnopTep, GUoLma, MeHbl «POCKOLLIN», FeHbl «AOMaLLHErO X03ANCTBa»

BnarogapHocTu: aBTopbl GnarofapsT cryneHToB (kadaposy T., Mameposy M., Maywesa @., MupaHsH K., Omaposy [. 1 PogvioHoBy 3.) 1 COTPYAHUKOB
kadpenpbl Mopdonorun 1 natonornm MocKoBCKOro MeamLMHCKOro yHBepcuTeTa «PeaBn3» 3a NpeaBapuTenbHblie AaHHbIe, VX aHanm3 1 OUCKYCCUIO.

<] Ans koppecnoHaeHumn: MapuHa BuktoposHa Kapakososa
MwukpopaiioH 1-i4, . 15, kB. 43, . 3aparick, 3apaiickunin p-H, Mockosckasi 061., 140601; mvk752002@gmail.com

Cratbsi nonyyeHa: 19.02.2018 CtaTbs npuHsTa k nevatu: 30.03.2018

DOI: 10.24075/vrgmu.2018.024

The gram-negative gammaproteobacterium Escherichia coli
(E. coli) was first discovered by Theodor Escherich in the stool
samples of healthy individuals in 1885 [1]. E. coli naturally
inhabits the lower intestines of warm-blooded species and is
an important object of research. Four strains of E. coli, including
K-12, B, W and C, are now used as model organisms. Strain
K-12 was first isolated at Stanford university in 1922 [2]. Strain
B was described by d’Herelle at the Pasteur Institute in Paris

in 1918 [3]. The other 2 strains are less common. Strain C was
discovered by Margaret Lieb in 1951 [4, 5], and strain W was
originally reported by Selman Waksman in 1943 [6]. Strains
comprising groups K-12 and B are the most widespread and
best known. Laboratory strains have “evolved” to lose some of
their properties, such as the ability to form biofilms on abiotic
surfaces, and therefore can be advantageously used in research
studies, especially for the discovery of novel antibiotics [7].
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The pressure of both natural and artificial selection existing in
laboratories has produced numerous derivatives of K-12 and
B that are now used all over the world (Table 1). Among the
derivatives of strain B are BL21 and BL21(DE3); DH5a, JM109,
W3110, XL-1 Blue, and MG1655 are examples of strain K-12
derivatives.

Discovery of novel antibiotics or their effective alternatives
is a pressing challenge. One of the most promising areas of
research is identification of multidrug resistance (MDR) pump
inhibitors. MDR pumps are responsible for removing antibiotics
from the bacterial cell. Studies of deletion mutants with
knocked-out genes coding for MDR pumps demonstrate that
minimum  effective inhibitory concentrations of antibiotics in
their case are several times lower than usual [8]. This may help
to reduce both treatment costs and the toxic effect of antibiotic
therapies on the patient. Although effects of MDR pumps on
antibacterial agents are actively studied, there is an extensive
list of objective factors preventing cross-study comparisons,
such as different genetic backgrounds of the strains. Even
for such closely related strains as W3110 and MG1655 [9],
the number of differences at genomic sites can be over 200,
impeding comparison. Because bacterial resistance to drugs
depends on the presence or absence of efflux pumps, we
hypothesized that E. coli strains with identical sequences of
MDR pumps might have comparable or equal resistance. To
check this supposition, we selected the AcrAB-TolC pump. We
aimed to compare sequences of AcrA, AcrB and TolC proteins
obtained from different laboratory strains of E. coli and to
study the associations between drug resistance and possible
mutations if such were present in a sequence.

METHODS
Selecting an object

For our study we selected a few K-12 strains: W3110, MG1655,
NEB 5-alpha, MDS42, GM4792, AG100, MC4100, DH10B,
ER3413, HMS174, BW2952, and BW25113, as well as strain
BL21(DES) from group B. Their acrA, acrB and to/C sequences
are known and stored in databases (Table 2).

Selecting a reference sequence

When selecting a reference sequence, we bore in mind a large
number of deletion mutants in E. coli K-12 BW25113. It is a
parent strain for the Keio collection, which comprises E. coli

Table 1. Geographic origin of E. coli strains used in this work

OPUT'MHAJIbBHOE NCCJIEOOBAHWE | MUKPOBWNOJI0TI NA

strains with 3,985 deletions (of 4,288 total E. coli genes) [10].
Sequence AIN30961.1 was selected as a reference sequence
for AcrA; AIN30960.1, as a reference sequence for AcrB, and
AIN33386.1, as a reference sequence for TolC.

Sequence alignment

Sequences were analyzed using a standard local alignment
tool NCBI BLASTp, which allows comparison of multiple
alignments [11], and the STRING database [12]. Visual
representation of the results was done in NCBI MSA Viewer
[13]. Each protein sequence was aligned against its reference
sequence.

RESULTS

It is known that bacterial resistance can be a product of: 1)
accumulation of resistance genes in plasmids; 2) increased
expression of genes coding for MDR pumps; 3) gene
duplication; 4) accumulation of mutations [14, 15]. Increased
expression and accumulation of mutations in the genes
coding for MDR pumps can result in single nucleotide
polymorphisms (SNPs) in the amino acid sequences of
proteins. Therefore, bacterial resistance can be predicted by
sequence analysis.

Bacterial genes are subdivided into housekeeping genes,
which support vital functions of the cell, and contingency
genes, which play an important role in bacterial adaptation
to the changing environment. Housekeeping genes usually
have a low mutation rate, while contingency genes tend
to demonstrate a high mutation rate [16]. It is believed that
genes coding for multidrug efflux pumps are contingency
genes; therefore, the proteins they encode are expected to
have variable primary structures. Because laboratory strains
are usually subject to the pressure of natural selection induced
by various biocides and mutagens, the strains that have been
cultured in world laboratories for over 100 years, as well as
their derivatives, might be different in terms of their amino acid
polymorphisms. The strains compared in this work originate
from different countries and continents (Table 1), so we can
infer the presence of mutations in one of the AcrAB-TolC-
encoding genes.

However, the analysis of aligned sequences of AcrA
(Fig. 1), AcrB (Fig. 2) and TolC (Fig. 3) proteins (substrain
BW25113), those of strain K-12 (substrains W3110, MG1655,
NEB 5-alpha, MDS42, GM4792, AG100, MC4100, DH10B,

Strain Institution City, country
MG1655 University of Wisconsin Milwaukee, USA
W3110 Nara Institute of Science and Technology Ikoma, Japan
BL21(DE3) Korea Research Institute of Bioscience and Biotechnology Daejeon, South Korea
MDS42 Osaka University Osaka, Japan
MC4100 University of Kiel, Germany Kiel, Germany
BW25113 Universite de Sherbrooke, Canada Sherbrooke, Canada
ER3413 New England Biolabs Ipswich, USA
AG100 University of Exeter Exeter, UK
NEB 5-alpha New England Biolabs Ipswich, USA
HMS174 Austrian Centre of Industrial Biotechnology Graz, Austria
BW2952 Nankai University Nankai, China
DH10B University of Wisconsin-Madison Madison, USA
GM4792 Beijing Normal University Beijing, China
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Table 2. Accession numbers for the stored protein sequences of acrA, acrB and tolC genes

Substrain Strain AcrA AcrB TolC
MG1655 K-12 NP_414996.1 NP_414995.1 NP_417507.2
W3110 K-12 BAE76242.1 BAE76241.1 BAE77091.1
NEB 5-alpha K-12 AO068785.1 AO068784.1 AOO71261.1
MDS42 K-12 BAL37669.1 BAL37668.1 BAL39694.1
GM4792 K-12 AKK16793.1 AKK13611.1 AKK18828.1
AG100 K-12 CQR80062.1 CQR80061.1 CQR82466.1
MC4100 K-12 CDJ70932.1 CDJ70931.1 CDJ73817.1
DH10B K-12 ACB01590.1 ACB01589.1 ACB04120.1
ER3413 K-12 AlZ54314.1 AlZ54313.1 AlZ52829.1
HMS174 K-12 CDY55568.1 CDY55565.1 CDY61615.1
BW2952 K-12 ACR63806.1 ACR63808.1 ACR65687.1
BW25113 K-12 AIN30961.1 AIN30960.1 AIN33386.1
BL21(DE3) B ACT42313.1 ACT42312.1 ACT44711.1

ER3413, HMS174, and BW2952) and those of strain B (substrain
BL21(DE3)) reveals the absence of polymorphisms in all three
proteins constituting the AcrAB-TolC efflux pump, regardless
of whether the strain belongs to the derivatives of K-12 or B.

Considering the fact that E. coli mutation rate is ~1x10%
per genome per generation [17] or even higher (3-4x10° per
genome per generation) [18], we hypothesize that the AcrAB-
TolC pump sequence is conserved. Given the same sequence
coverage for all studied proteins (397 amino acid residues for
AcrA, 1049 amino acid residues for AcrB and 493 amino acid
residues for TolC), the sequence identity was 100%.

DISCUSSION

for the studied E. coli strains.

According to the currently existing classification, strains from
group B and K-12 belong to phylogroup A [19], which may
explain the similarity of amino acid sequences between all
three proteins but not their identity. Our findings allow us to
conclude the presence of a consensus sequence of a highly
conserved AcrAB-TolC ensemble. Thus, the selected protein
reference sequences AcrA (AIN30961.1 for AcrA, AIN30960.1
for AcrB and AIN33386.1 for TolC, respectively) are consensus

Organism

Escherichia coli BW25113

Escherichiz coli BL21{DE3)

Escherichia coli BW2952

Escherichia coli

Escherichia coli K-12

Escherichia coli str. K-12 s

Escherichia coli str. K-12 s..

Escherichia coli K-12

Escherichia coli K-12

Escherichia coli str. K-12 s..

Escherichia coli

Escherichiz coli str. K-12 s..

Sequence ID start 1 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 397 End
consensus 1 I mm——== 337
AIN30961.1 [x]1 I 397
ACT42313.1 ¥]1 =, 357
ACR63806.1 ¥[1 I —— 397
CDY55568.1 ¥]1 == 357
AIZ54314.1 ¥[1 I —— 397
ACB01590.1 ¥]1 I mmmm—= 357
CDJ70932.1 ¥]1 =, 357
CORBO062.1 ¥[1 I —— 397
AKK16793.1 ¥]1 I mmmm—= 357
BAL37660.1 ¥]1 =, 357
‘AQD68765.1 ¥[1 I —— 397
BAE76242.1 ¥]1 =, 397
NP_414996.1 [¥]1 I 97

Fig. 1. Alignment of AcrA sequences for strains K-12 and B against the reference AcrA sequence of substrain BW25113

Escherichia coli str. K-12 s..
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Escherichia coli K-12

Escherichiz coli K-12

Escherichia coll str, K-12 5..

Escherichia coli
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Sequence ID Start 1 100 200 300 400 500 500 700 300 900 10001049/ End

AIN30960.1 [¥]1 I, 1,149
ACT42312.1 ¥]1 I 1,049
ACR63808.1 |1 I 1,043
COVY55565.1 v]1 I, 1,149
AIZ54313.1 ¥]1 I 1,049
ACB01589.1 ¥]1 I 1,043
COI70931.1 v]1 I, 1,149
CQRBO0GL.1 ¥]1 I 1,049
AKKI3611.1 ¥]1 I 1,043
BAL37668.1 v]1 I 1,049
ADO68784.1 ¥]1 I 1,049
BAE76241.1 ¥]1 I 1,043
NP_414995.1 v[1 . 1,049

Fig. 2. Alignment of AcrB sequences for strains K-12 and B against the reference AcrB sequence of substrain BW25113
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CDJ73817.1 ¥[1 I 493
CQRB2466.1 ¥]1 = 433
AKK1B828.1 ¥]1 I mmmmm——= 453
BAL30G04.1 ¥]1 = 433
A0071261.1 ¥[1 I 493
BAEZ7091.1 ¥]1 = 433
NP_417507.2 ¥[1 I mm—— 433

Fig. 3. Alignment of TolC sequences for strains K-12 and B against the reference TolC sequence of substrain BW25113

Escherichia coli str. K-12 5.
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The discovered sequences are consensus for all
representatives of group A and possibly other phylogroups,
including B1, B2, D, and E, which can facilitate normalization of
sequences against their consensus counterparts.

The absence of point mutations in the genes coding for
protein components of the AcrAB-TolC pump in all studied
strains is indicative of the strict selection control, as is the
case with housekeeping genes. Such control is particularly
important for the major multidrug efflux pump of E. coli (AcrAB-
TolC) responsible for removing benzalkonium chloride, ethidium
bromide, indole, hexane, antibiotics (erythromycin, ciprofloxacin,
etc.), rhodamine, berberine and also triphenylphosphonium
and its derivatives from the cell [20-21].

[t would be wrong to see genes coding for MDR pumps
as responsible for biocide resistance only. They have a role in
bacterial colonization and persistence [22], so it is not limited to
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CHANGES IN THE SENSITIVITY OF HUMAN GLIOBLASTOMA CELLS TO
ONCOLYTIC ENTEROVIRUSES INDUCED BY PASSAGING

Soboleva AV'?, Lipatova AV', Kochetkov DV', Chumakov PM'2 &
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Existing therapies for glioblastoma multiforme do not ensure patient’s recovery. Oncolytic viruses (OV) represent a promising
alternative as they can destroy glioblastoma-initiating stem cells, the major cause of relapses. However, while individual OV
strains are effective for some patients, they could be ineffective for others. To achieve a predictable therapeutic effect, live tumor
cells of the patient need to be tested for their sensitivity to different viruses. The aim of this study was to assess how sensitivity
of tumor cells to viruses changes with passaging in the cell culture. Primary glioblastoma cell cultures were prepared from
excised tumors. We compared the sensitivity of the cells to four non-pathogenic enteroviruses (type 1 poliovirus, Coxsackie
virus A7, Echoviruses 1 and 12) for freshly explanted primary tumor cell cultures and for those that had undergone 700 divisions
during passaging. Cell sensitivity was assessed by the MTT assay based on the proportion of viable cells 72 hours after the
cells were inoculated with serial 10-fold dilutions of virus preparations. Cells isolated from the tumors of 3 patients exhibited
varying sensitivity to the used viral strains. Differences in the lowest virus dose required for the successful infection of the cell
cultures were as high as 10°. Passaging induced sensitivity shifts, such as increased or decreased sensitivity to individual
viruses. Differences in the sensitivity correlated with the ability of the infected cells to produce the virus. Based on our findings,
we conclude that the sensitivity of cancer cells to viruses should be tested at very early stages of passaging, preferably in
primary cultures.
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to viruses, viral oncolysis, virotherapy
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N3SMEHEHUA YYBCTBUTEJIbHOCTW KJIETOK MNMMOBJIACTOM HYEJIOBEKA
K OHKOJINMTUHECKUM SHTEPOBUPYCAM MPU NACCUPOBAHUN
B KYJIbTYPE
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CoBpeMeHHas Tepanust MynsTUAOPMHBIX MOB1aCcTOM He MPUBOAUT K U3NIEYEHUIO MaUMeHTOB. B ka4ecTBe ankTepHaTyBbl
NepCrneKTVBHbI OHKONMTMYeckMe BUpyChbl (OB): OHM CMOCOOHbI YHNHYTOXATb OMyXOfeBble CTBOJSIOBbIE KIIETKMN, UCTOYHMKMN
peunansoB. OaHaKo Kaxkapli oTaenbHbIM WTamm OB addekTrBeH TONMbKO B pside ciydaeB. [Ons nogbopa NoaxoasLlero
LTamma TpebyeTcs TECTUPOBaHNE HyBCTBUTENBHOCTI Ha XKMBbIX OMyXOEBbIX KeTkax nauneHTa. Liensto nccnegosanms 6b110
N3yYeHNe N3MEHEHMS HyBCTBUTENBHOCTY K BMPYCaM B MPOLIECCE MacCHpOBaHKs OMyXOSeBbIX KNETOK NauMeHTa B KyfsType.
OpraHHble 1 NepBUYHbIE KYBTYPbI KNETOK MNMOBAACTOM Mosyyanu 13 ornepaumoHHOro mMatepuana 6oMbHbIx. [MpoBoamm
CpaBHEHMEe YyBCTBUTENBHOCTU K YETHIPEM LUTAMMaM HEMaTOreHHbIX SHTEPOBMPYCOB (BaKUMHHBIV LUTaMM MnovoBupyca 1
TMNa, BUpyc Kokcakn A7, OxoBupycbhl 1 1 12) Ha NepBUYHbIX KyMbTypax, U Ha KieTkax, npowledmx okono 700 yaBoeHuin
npv NaccupoBaHUW. YyBCTBUTENBHOCTL K BUPYCaM OLIEHNBa/IM MO U3MEPEHMIO AOMM >KNBHECTIOCODHbBIX KNETOK C MOMOLLbIO
MTT TecTa 4epes3 72 4 MOCe 3apPaKeHNs CEPUHbIMU AECATVKPATHLIMLA pa3BeaeHVsSMA BUPYCHbBIX MpernapaTtoB. KneTku
KaKAoro 13 YeTbipex MauyeHTOB UMENN CTPOro MHAMBUAYaSbHblE CMEKTPbI YyBCTBUTENBHOCTU K UCMbITaHHbIM BUPYCHBIM
WTammam. Pasnuyms B MUHUMasbHOW MHMDEKLIMOHHOW [03e, HEOOXOOMMON A8 3apadkeHus KynsTyp, cocTasnsnm go 10°.
[Mpy naccupoBaHUM MPOVICXOAWN U3MEHEHUSt B YyBCTBUTENBHOCTM, KOTOPblE MOMN MPUBOAWTL K MOBBILLEHNIO
YyBCTBUTENBHOCTM K OOHOMY BVIPYCY, U MOHWKEHMIO — K OPYyroMy. Pasnnyus B YyBCTBUTENBHOCTY KOPPENMpoBamm Co
CNOCOBHOCTBIO 3apaXKeHHbIX KNETOK MPOAYLMPOBaTh MHAEKUMOHHBIA BUPYC. Ha OCHOBaHUM MOMYyYEHHbIX AaHHBIX MOXHO
3aKJIKO4HNTb, YTO UCMbITAHWE NHOVIBMOYANBHOW HYyBCTBUTENBHOCTM OMNYyXOMEBLIX KIIETOK MaLMEHTOB CNEAYET NPOBOAUTL Ha Kak
MOXXHO DOJlee paHHKMX aTanax naccupoBaHVs, MPEAnOHTUTENBHO — Ha MEPBUYHBIX KyNbTypax.
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Glioblastoma multiforme is the most aggressive and still
incurable form of brain tumors. The median survival time
after the diagnosis and treatment is only 15 months [1, 2].
Treatment is complicated by the blood-brain barrier that limits
access of chemotherapy drugs to the tumor and by the ability
of glioblastoma stem cells to migrate far from the tumor into
brain tissues, evading surgical resection. Recently, a hope
has emerged that this desperate therapeutic situation can be
overcome by using oncolytic viruses. There have been reports of
successful treatment outcomes and long-lasting remissions in
patients with glioblastomas who received oncolytic virotherapy
[3-8]. Moreover, oncolytic viruses have demonstrated the ability
to kill glioblastoma stem cells [9-14]. However, virotherapies
work only for some patients because the molecular genetic
defects in tumors that affect their sensitivity to different viral
strains vary between individuals. Therefore, it is wise to use
panels of viruses with overlapping specificity against individual
tumor cells in order to achieve the desired therapeutic effect.
This approach can be more effective if cancer cells of the
patient are tested for the sensitivity to a wide range of oncolytic
viruses prior to treatment. To run such tests, viable cancer
cells from excised tumor fragments are required. Once the
cells are obtained, they need to be cultured and passaged to
study the underlying cause of their varying sensitivity to different
viruses. To test this approach, we optimized protocols for cell
culture, cryopreservation and passaging that yielded viable
glioblastormma cells. We aimed to determine the extent to which
the subcultured cells can retain their original sensitivity to a
certain virus type. The cells were cultured from the specimens
obtained from different patients. We compared the response
of glioblastoma cells from different passages (from primary
tissue culture to passage 10) to infection with a few strains of
oncolytic enteroviruses.

METHODS
Cell lines of glioblastoma multiforme

Glioblastoma cell lines US7MG and A172 from the American
Type Culture Collection (ATCC) were cultured in DMEM
(PanEco, Moscow) supplemented with 10% fetal bovine serum
(FBS), 4 mM L-glutamine, 100 un/ml penicillin, and 100 ug/ml
streptomycin at 5% CO, and 37 °C. Primary tissue cultures
were prepared from fragments of freshly resected tumors.

Tissue and primary glioblastoma cultures

Tumor samples were collected at Burdenko Neurosurgery
Research Institute according to the protocol approved by the
Institute’s Ethics Committee. The samples were collected into
sterile tubes filed with DMEM and stored at +4 °C for no more
than 24 h. Tissue cultures were prepared from tumor fragments
washed in PBS and placed onto sterile culture plates; necrotic
tissue and blood vessels were excised using a pair of tweezers
and a scalpel. Cell suspensions were prepared from tumor
fragments stirred through a sterile nylon mesh with 50-micron
pores, purified by centrifugation at 800 g for 5 min 3 times,
suspended in the growth medium, and carefully pipetted until
a homogeneous suspension of single cells and cell aggregates
was obtained. For cryogenic preservation of viable tissue
cultures at liquid nitrogen temperature, cell suspensions were
placed into DMEM containing 50% serum and 7% dimethyl
sulfoxide and aliquoted into cryogenic vials at 1 ml per vial.
The vials were kept in a well-insulated container at —80 °C for
the first 24 h and then transferred to a liquid nitrogen tank.

Dispersed cells were grown to reach the density of 2 x 10*
in 1 ml DMEM-F12 (PanEco, Moscow) supplemented with
10% FBS and antibiotics, seeded onto 6-cm plastic culture
plates and incubated at 37 °C in a humidified atmosphere
containing 5% CO,. The medium was replaced every 3 days.
Cell growth was monitored twice a week. When a monolayer
of cells was formed on days 6-15 of culturing, the cells were
either cryopreserved in liquid nitrogen as described above or
passaged further.

Passaging of glioblastoma cultures

About one third of primary cultures demonstrated a stable
growth and formed a monolayer. The rest stopped dividing,
perhaps due to the lack of favorable conditions. For passaging,
monolayers of washed cultured cells were treated with a trypsin
solution and plated onto new dishes at a ratio of 1:2-1:3.
Passaging was repeated multiple times. With each passage, a
portion of cells was cryopreserved.

Strains of oncolytic viruses

In our study we used non-pathogenic strains of human
enteroviruses: type 1 poliovirus (Sabin vaccine strain),
Coxsackie virus A7 (LEVS8), Echovirus 1 (LEV4), and Echovirus
12 (LEV7) [4, 15]. The enteroviruses were propagated in Vero
cells (permanent African green monkey kidney cells) at a
multiplicity of infection of < 1 PFU per cell and harvested 24 h
later. Virus titers were measured using the endpoint dilution assay.

Analysis of viability of infected cells

96-well plates containing primary and continuous cell lines
were infected with viruses in a series of 10-fold virus dilutions
at a multiplicity of infection from 10° to 1 PFU per cell in 4
replicates. After one hour of adsorption, the virus-containing
fluid was removed, the cells were washed in PBS and cultured
in the growth medium supplemented with FBS. In 72 h cell
viability was measured by MTT and CellTiter 96° Non-
Radioactive Cell Proliferation assays (Promega, USA) according
to the manufacturer’s protocol.

Analysis of viral replication in the infected cells

Five days after viral infection, we identified the wells in which the
cells had been completely lysed by the lowest infectious dose.
Following three cycles of freezing and thawing, supernatants
were clarified by centrifugation (10 min at 1000 g) and used for
virus titration as described above.

RESULTS

In this study we assessed the sensitivity of cancer cells
obtained from three patients with glioblastoma and maintained
in the culture for different number of passages to a few non-
pathogenic strains of human enteroviruses. We compared
responses to viral infection between freshly explanted primary
glioblastoma cultures and those that had undergone six
passages. Passaging lasted for about 2 months and by that
time the cells had undergone about 700 division cycles. To
determine the lowest effective dose of the viruses, glioblastoma
cultures were incubated with serial tenfold dilutions of standard
virus preparations; cell viability was measured 72 h after
infection. Fig. A shows sensitivity profiles of primary cell cultures
prepared from tumor fragments of 3 patients (in the pictures
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the profiles are designated as GM-3564-0, GM-3876-0 and
GM-3912-0) in response to infection with 4 strains of human
enteroviruses. Standard Vero cell cultures routinely used for the
propagation of viruses served as the control. Fig. 1B shows the
sensitivity of glioblastoma cells from passage 6 (designated in
the picture as GM-3564-6, GM-3876-6 and GM-3912-6) to the
same viral strains. Vero cells were again used as the control;
their sensitivity was measured in a replicate (Vero-2).

The cell sensitivity to 4 enteroviral strains varied significantly
between 3 studied primary glioblastoma cell cultures. Culture
GM-3564 was most sensitive to Coxsackie virus A7 (the cells
were successfully infected using a 10°¢-fold dilution of this
virus); it was less sensitive to poliovirus (a 10*“-fold dilution
was effective) and only slightly sensitive to Echoviruses 1
and 12 (103-fold dilutions were effective). Culture GM-3876
was most sensitive to poliovirus (the cells were successfully
infected with a 10¢-fold dilution of this virus) and less sensitive
to Coxsackie virus A7 (a 105-fold dilution), Echovirus 12 (a 10
-fold dilution) and Echovirus 1 (a 10°-fold dilution). Culture
GM-3912 was most sensitive to Coxsackie virus A7 (a 107-
fold dilution), poliovirus (a 10-°-fold dilution) and Echoviruses 1
and 12 (a 10*-fold dilution). Experiments conducted on Vero
cells demonstrated that the highest activity was exerted by
Echovirus 1 (a 107-fold dilution), followed by poliovirus (a 10
-fold dilution), Coxsackie virus A7 (a 10°-fold dilution), and
Echovirus 12 (a 105-fold dilution). Apparently, the passaging
affected the sensitivity of cells to certain viruses. GM-3564
cells demonstrated an increased sensitivity to type 1 poliovirus
and reduced sensitivity to Coxsackie virus A7, while their
sensitivity to Echoviruses 1 and 12 remained unchanged. The

ORIGINAL RESEARCH | VIROLOGY

sensitivity of GM-3876 cells to poliovirus also increased, while
the sensitivity to Coxsackie virus A7 decreased; these cells also
exhibited a slight increase in the sensitivity to Echovirus 12, but
their sensitivity to Echovirus 1 remained unchanged and low.
GM-3912 cells showed a slight increase in the sensitivity to
Echovirus 12 and an unchanged sensitivity to the rest 3 viruses.

Different sensitivity of glioblastoma cells to different viruses
and the changes induced by passaging may be associated
with altered rates of viral replication. To qualitatively assess the
replication of viruses, we measured their infectivity titers in the
supernatants of cell cultures infected with a penultimate dilution
that caused a cytopathic effect. The viral dose in that dilution
was about 10 infectious units per each well of a 96-well plate,
which is an optimal dose ensuring successful infection of a
cell culture. This dose precludes the accumulation of defective
interfering particles. The table below presents viral titers in
every primary and passaged glioblastoma cell cultures.

Titration results confirm the supposition that changing
sensitivity to viral infection during passaging can be associated
with a more or less effective replication of a virus. During
GM3564 passaging, poliovirus increased its replication over 30-
fold, while production of Coxsackie virus A7 decreased 3-fold;
replication of Echoviruses 1 and 12 remained unchanged.
Different sensitivity ranges were also observed for two other
cell cultures.

DISCUSSION

Glioblastoma multiforme is a highly aggressive type of brain
tumors. Its genome is very unstable and the cell population is
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Fig. 1. Sensitivity of primary glioblastoma cell cultures obtained from 3 patients (A) and the same cells from passage 6 (B) to 4 strains of non-pathogenic oncolytic
enteroviruses: —QO— — type 1 poliovirus; - -A- - — Coxsackie virus A7; —J— — Echovirus 1; ....@.... — Echovirus 12. The horizontal scale (10-10-?) shows

10-fold dilutions of virus preparations
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Table 1. Infectious titers of viruses produced in primary and passaged glioblastoma cell cultures infected at a low multiplicity of infection (<0.001 infectious

units per cell)

Cell culture Poliovirus 1 Coxsackie virus A7 Echovirus 1 Echovirus 12
GM3564-0 4 x10° 3x107 5x10° 6 x 10
GM3564-6 2 %107 1x107 6 x 10° 4 x10*
GM3876-0 1x10° 2 x10* 1x10° 3% 10?
GM3876-6 1x107 8 x10° 2 x10° 4 % 10?
GM3912-0 1x10* 3x107 8 x 10° 1x10*
GM3912-6 1x10* 4 x107 8 x 10° 8 x10°
Vero-1 5 x 107 8 x 107 2 x10° 5x10°
Vero-2 4 %107 1x108 1x108 5x10°

heterogenous and continuously changing. Although a certain
equilibrium is maintained in the tumor in terms of its cellular
composition, supported by local conditions, this balance is
shifted when cells are transferred to a culture flask. As a
result, cells that are better adapted to in vitro conditions may
overgrow. Therefore, one can assume that selection of certain
cell types can be accompanied by shifts in the sensitivity to
oncolytic viruses.

Our findings suggest that passaging of a primary
glioblastoma cell culture is accompanied by certain changes
leading to an increased or decreased sensitivity to individual
viruses. This may be a result of the initial population
heterogeneity of cancer cells that, due to a number of causes,
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HUMAN ENTEROVIRUSES EXHIBIT SELECTIVE ONCOLYTIC ACTIVITY IN THE MODEL
OF HUMAN GLIOBLASTOMA MULTIFORME XENOGRAFTS IN IMMUNODEFICIENT MICE
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Stem cells that penetrated deeply into the brain tissue are the main reason behind the relapses of glioblastoma multiforme after surgery.
Finding new approaches to counter such relapses, including those that make use of oncolytic viruses, is a pressing issue. This study
aimed to determine the sensitivity of cells of human glioblastoma multiforme to non-pathogenic enteroviruses, in vitro and in vivo
(mice xenografts model). Glioblastoma tumor cells were exposed to type 1 poliovirus (Sabin vaccine strain), Coxsackie virus A7 (strain
LEV8), Coxsackie virus A9 (strain LEV9) and Coxsackie virus B5 (strain LEV14). The virus reproduction intensity and cytolytic activity
were assessed through infection of monolayered glioblastoma cell cultures. The ability of glialoblastoma cell cultures (enriched with
tumor stem cells) to build subcutaneous tumors in immunodeficient mice after those cultures were exposed to viruses signaled the
effectiveness of glioblastoma stem cells destruction. The study revealed that Coxsackie virus A7 and type 1 poliovirus possess the most
pronounced oncolytic and replicative properties when tested on gliblastoma cells infected with viruses in vitro and on subcutaneous
tumor xenografts in immunodeficient mice (in vivo). Type 1 poliovirus and Coxsackie virus A7 virus prevented development of tumors
when glioblastoma neurospheric cell cultures were preincubated with viruses before subcutaneous implantation. Coxsackie virus B5
only managed to reduce the number of tumors developed, and Coxsackie virus A9 did not affect the tumor development at all. Thus,
a number of non-pathogenic enteroviruses strains can destroy glioblastoma's stem cells, i.e. they show promise in the context of
development of therapeutic agents for relapse-free treatment of glioblastomas.
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SHTEPOBUPYCbIl YEJIOBEKA MPOABNAIOT USBUPATESIbHYHO OHKOJIMTUHECKYHO
AKTNBHOCTb HA MOAENIN KCEHOTPAHCIIJTAHTATOB MYNIbTU®OPMHOU
MUOBJTIACTOMbI HEJTIOBEKA B UMMYHOAEPULIATHBIX MbILLIAX

A. O. Xentyxun'!, A. B. Cobonesa'?, A. O. CocHosuesa'?, T. X. Jle', I. B. VnbuHckaa'*, [. B. KodeTkos', A. B. Jlunarosa’, M. M. Yymakos'? =

"IHCTUTYT MonekynsipHo Gronornn nmeHn B. A. SHrenbrapaTta, Mockea

2 MefepasibHbIA Hay4YHbIN LIEHTP MCCNenoBaHnin 1 pa3paboTKu MMMYHOBMONOrMHeCKX npenapatos uMern M. M. HYymakosa, Mocksa
3 POCCUINCKIMIA HALMOHAaNbHDBIN MCCNeaoBaTeNnbCKUn MeauUMHCKNIA yHBepcuTeT nMvenn H. . Minporosa, Mockea

4 POCCUINCKMIN OHKOMOrMYecKunii LeHTp umenHn H. H. BnoxmnHa, Mockea

OCHOBHbIM NCTOYHMKOM BO3HVKHOBEHWS PELIAMBOB MyAsTUOPMHON MMOBNacTOMbl MOCAE XUPYPrMYECKOrO BMeLLATENbCTBA
SABNSAKOTCS CTBOJIOBbIE KNETKM, yCreBaroLlMe MPOHVKHYTb MyOOKO B TKaHM Mo3ra. B HacTosillee Bpems akTyaseH Momck
HOBbIX MOAXOA0B ANst 60PbObI C HAMK, B TOM YMCE C MOMOLLIbK OHKOMUTUYECKIMX BUPYCOB. Llenbio paboTbl 6bI10 onpeaeneHve
HyBCTBUTENBHOCTI K HEMATOMEHHbIM 3HTEPOBMPYCaM KIETOK MyBTUEOPMHON MMOBacToMbl YenoBeka, MoAAEPKMBaEMbIX in Vitro
1 B MOZEMM MbILLVHBIX KCEHOTPAHCMIAHTATOB. KynbTypbl ONyXOMeBbIX KNETOK MMOBIACTOM UCTbITbIBA/IM HA HyBCTBUTENIBHOCTb K
nonuosupycy 1 Tnna (Wtamm BakLmHbl CabuHa), Bupycy Kokcakin A7 (Lwtamm YKSBS8), Kokcakn A9 (wramm XKOB9) 1 Kokcakmn B5
(LLtamm >KBB12). KonmyeCcTBEHHYHO OLIEHKY PEnpPOOyKLMM BUPYCOB U VX LUTOUTUHECKYIO aKTVBHOCTb MPOBOAWIM 3apaDKEHNEM
MOHOCSIOMHBIX KyNBTYP KNETOK MMO6MacToMbl. OPMEKTUBHOCTb YHUHTOXEHWSI CTBOMIOBBIX KIIETOK MMMOOAacTOMbl OMpPeaensim
MO CMOCOBHOCTU KIIETOYHBIX KyNbTYp MMO61acToM, 060ralleHHbIX OMyXOfeBbIMUA CTBOMOBbLIMY KIETKaMK, (hOopMUpPOBaThb
MOOKOXKHbIE ONYXONM Yy UMMYHOAEMULMTHBIX MbILLE nocne obpaboTky Bvpycamu. o pesynsratam 1ccnefoBaHvst Hanbonee
BbIPa@)KEHHasA OHKONUTMHECKAs U PEMMKaLMOHHAs aKTVBHOCTb BbisiBlieHa Y Bupyca Kokcakn A7 1 nonvoBupyca 1 Tmna npuv
TECTUPOBaHWN B MOAENM KyJIBTYP KIETOK rMMoBIacToM, MHULIMPOBaHHBIX BUPYCaMW in Vitro, a Takke in vivo, B MOJen MOoaKOXHbIX
OrMyXOJIEBbIX KCEHOTPAHCMIAHTATOB Ha MMYHOLEULMTHLIX MbiLax. [onmosmpyc 1 Tvna 1 Bupyc Kokcakeu A7 npenorspalLiasm
obpa3oBaHe OMnyxonel NoCne TOro Kak HenpocdepHble KynsTypbl KIETOK MMobnacToM NMpenHKyoupoBanu ¢ BUpycaMin nepen,
NMOAKOXHbIM BBeAeHeM. Bupyc Kokcakn B5 Bbi3biBa N1ib YaCTHHOE COKpalLLeHne Yicna onyxonen, a Kokcakm A9 He Binsn Ha
onyxoneobpasosaHue. Takm 06pa3oM, P, LUITaMMOB HEMaTOreHHbIX SHTEPOBMPYCOB CMNOCOOEH YHUHTOXATb CTBOSOBbIE KIETKN
MMOGNACTOM U MPEACTARMAETCH MEPCMNEKTVBHBIM MV pa3paboTKe TepaneBTHECKUX CPEACTB A9 6E30ELAMBHOIO SIEHEHIS ITIMOOIACTOM.
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Brain tumors remain hard to treat, especially when they take
form of a glioblastorma multiforme, which is the most malignant
and practically incurable [1]. Such tumors grow and infiltrate
functionally important areas of the brain, making surgery
extremely difficult. Often, the risk of neurological disorders
dictates minimal invasion, i.e. only partial removal of the tumor.
However, even when it is removed completely, a relapse is
imminent: glioblastoma stem cells that ignite the development
of such tumors migrate deeply into the healthy areas of the
brain and cannot be removed [2-4]. Chemotherapy and
radiotherapy result in short-term remissions only; when they
are over, the tumor resumes its growth [4]. Modern medicine is
almost out of options when dealing with glioblastomas, which
justifies the search for alternative approaches to targeted and
effective destruction of malignant cells. Significant progress
in understanding the mechanisms of malignant growth and
specific properties of glioblastoma cells is a good basis for
development of innovative therapies. The particularly promising
one implies using non-pathogenic oncolytic viruses that
recognize and destroy glioblastoma cells [5, 6].

Members of various virus families are used to design
oncolytic viruses to treat human gliomas. Among these are
herpes viruses, Newcastle Disease virus [7—11], adenoviruses
[12-16], parvoviruses [17-19], reoviruses [20-23] , enteroviruses
[24-27] etc [1]. Numerous clinical trials have shown that
oncolytic virus preparations are non-toxic [28-31]. In addition,
unlike chemo- and targeted therapy, many oncolytic viruses
can effectively kill tumor-initiating stem cells [16, 32-37], which
is crucial for the complete recovery of patients. Today, there is
a wide range of potentially therapeutic virus strains that can
be used in further clinical trials. Properties of non-pathogenic
strains of Coxsackie viruses (A7, A9 and B5 in particular) are
being studied actively, and preliminary data suggest that they
can potentially form therapeutic agents [38].

This study aimed at evaluating the response of glioblastoma
tumor cells to oncolytic action of a number of non-pathogenic
enteroviruses in in vitro and in vivo models in order to uncover
and assess their therapeutic potentials for a treatment of
glioblastomas.

MATERIALS AND METHODS
Obtaining primary cell cultures from glioblastoma tumors

Fragments of the freshly removed tumors were stored for up to
12 hours in ice-cold sterile culture medium. Pieces of tumors
were mechanically separated from necrotic tissue, stroma,
blood vessels, and then gently pushed through a nylon mesh
(pore size — 50 um). The tumor cell aggregate suspension was
washed with PBS and incubated in 25 volumes of collagenase
4 solution (PanEco, Moscow) for 25 minutes at 30 °C. To obtain
monolayer glioblastoma cells cultures, the suspension treated
with collagenase was washed twice with DMEM (PanEco,
Moscow) and placed in DMEM-F12 supplemented with 10%
fetal bovine serum and 100 pg/ml of penicillin and streptomycin
at the density of 10° cells/ml. The incubation was at 37 °C in
the atmosphere of 5% CO,; the medium was replaced every
4 days up until the monolayers formed. 18-25 days after the
incubation, monolayer cultures were placed to 10 cm culture
dishes.

Growth of tumor xenografts in immunodeficient mice

We obtained the xenografts of subcutaneous tumors by
injecting neurospheres, which were obtained by the alternative
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method of plating cells from glioblastomas after treating tumor
fragments with collagenase 4 (PanEco, Moscow). The plating
conditions were as follows: density — 10* cells/ml; medium
— DMEM-F12; supplements — 100 pg/ml penicilin and
streptomycin; growth factor — 20 ng/ml EGF and 10 ng/ml
bFGF. The cultures stayed in a CO, incubator at 37 °C for
2 weeks; the medium was replaced every 4 days until visible
neurospheres appeared. The neurospheres enriched with
glioblastoma stem cells are highly tumorigenic when injected
to immunodeficient mice. For implantation purposes, the
neurospheres were washed twice with PBS, their numbers
counted with a hemocytometer. 3-5-week-old athymic Balb/c
mice received 200 neurospheres subcutaneously, injection
location — shoulder. The tumor growth was monitored every
3 days; the total number of tumors was assessed on the day 21.

Strains of oncolytic viruses

We used non-pathogenic strains of human enteroviruses from
the laboratory's collection: type 1 poliovirus (Sabin vaccine
strain), Coxsackie virus A7 (strain LEV8), Coxsackie virus A9
(strain LEV9) and Coxsackie virus B5 (strain LEV14) [38, 39].
Enteroviruses were grown in Vero cells. Viral titres as TCID50/
ml were determined by infecting Vero cells with serial dilutions
of the virus-containing liquid.

Testing sensitivity of glioblastomas cells to viruses

We used the tumor material from two patients with glioblastomas
to determine the differential sensitivity of cells (after a minimal
number of passages in the culture) to the panel of oncolytic
enteroviruses. The cultures obtained from these patients were
named GM-3564 and GM-3876. 96-well culture plates (SPL
Lifesciences, Republic of Korea) were used to infect the cultures.
Subconfluent one-day monolayers of GM-3564 and GM-3876
cell cultures, as well as Vero control cells, were incubated with
0.1 ml serial virus dilutions. We measured cell viability seven
hours after infecting the cultures with serial tenfold dilutions of
viral preparations (four non-pathogenic enteroviruses). After 72
hours, we evaluated the cytopathic activity using the CellTiter-
Glo® Luminescent Cell Viability Assay kit (Promega, USA).

In vivo virus introduction

To measure the ability of viruses to prevent formation of tumors
with neurospheres injected, we incubated neurospheres with
viruses prior to subcutaneous administration (2 x 108 virus
infectious units (i.u.), volume 0.1 ml, for 30 minutes at 37 °C).

RESULTS

We tested sensitivity of the monolayer glioblastoma cultures
(obtained from tumors in two patients) to four strains of
enteroviruses. GM-3564 cells were most susceptible to
Coxsackie virus A7 and slightly less so to type | poliovirus (Fig. 1).
GM-3876 culture showed quite the opposite: type | poliovirus
was the strongest agent in its case and Coxsackie virus A7
produced a similar effect only when the dose was about ten
times larger. Both cultures were relatively resistant to Coxsackie
virus B5 and almost completely resistant to Coxsackie virus
A9. The latter produced a slight toxic effect only at maximum
doses. At the same time, all for strains were cytotoxic to the
Vero cells (control) at approximately the same dosage. Thus,
the two cultures of glioblastomas are apparently selective in
their sensitivity to virus strains, and the lysing activity of those
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strains depends on that sensitivity. The probable explanation is
the differing ability to support replication of viruses the cultures
exhibit.

In order to establish the ability of viral strains to prevent
formation of subcutaneous tumors following introduction of
xenografts into immunodeficient mice, we obtained cultures of
neurospheres from tumor material of glioblastoma patients. The
neurospheres received tumor-forming stem cells, which made
their tumorigenicity significantly greater than that of monolayer
glioblastoma cell cultures. Obtaining neurosphere cultures
requires medium with specific growth factors, EGF and bFGF.
In addition, the cells should be plated to a non-adhering plastic
surface preventing attachment of cells. In such conditions,
glioblastorma cells form spheroid aggregates, or neurospheres,
which are enriched in tumor-forming stem cells. Since counting
the number of individual cells in spheroids is difficult, in order to
standardize the procedure of subcutaneous injections aiming
tumor development we counted the number of neurospheres. In
our preliminary study, we found that injecting 200 neurospheres
leads to the formation of tumors within 1-2.5 weeks. The
control group of five mice received 200 neurospheres in a
volume of 0.5 ml subcutaneously in the shoulder region. We
used the same number of mice to test the effect produced by
viruses on tumor formation. Thus, each group of mice could
develop up to 10 tumors. To test the ability of viruses to prevent
formation of tumors from the injected neurospheres, the latter

were incubated with viruses (see Materials and Methods).
We used five mice for each type of virus; they were injected
with a suspension containing virus-treated neurospheres (two
injection points). The resulting tumors were counted 21 days
after the injection. Assessing the tumors, we did not take into
account their size (Fig. 2). 9 tumors (out of 10) developed in the
control group injected with GM-5564 neurospheres. Treatment
with type 1 poliovirus completely suppressed the formation
of the tumors; Coxsackie virus A7 showed a less prominent
result: one tumor did develop, but at a later date. Treatment
with the Coxsackie virus B5 lead to the formation of three
tumors, while Coxsackie virus A9 showed almost no anti-tumor
effect (8 tumors). Groups of mice that received the GM-3876
neurospheres showed principally similar results: 8 tumors in the
control group (out of 10 possible), no tumors after treatment
with poliovirus and Coxsackie virus A7, 4 tumors in the group
treated with the Coxsackie virus B5, 8 tumors in the Coxsackie
virus A9 group.

DISCUSSION

Neurosphere cultures are the most adequate model for
analyzing the therapeutic potential of anti-glioblastoma agents
[40]. This is due to the fact that neurospheres carry tumor
stem cells, which are the main cause of relapses: they are
very resistant to most therapeutic agents [41]. In this study,
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Fig. 1. Sensitivity of early-passage monolayer cell cultures obtained from two glioblastoma patients to four strains oncolytic enteroviruses: —Q— Type 1 Poliovirus;
- -A- - Coxsackie virus A7; —}— Coxsackie virus A9; ....@.... Coxsackie virus B5. Horizontal scale: 10-%-102 — ten-fold serial dilutions of viral stocks used for the

infections. Vero — control cell line that is sensitive to all four types of viruses used
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Fig. 2. Tumorigenicity-inhibition assay with glioblastoma neurosheres pretreated with each f the four viruses before being injected subcutaneously into nude mice. Bars
reflect number of tumors formed in each treated and untereated (Contr) group of mice. PVS1 — Type 1 Poliovirus; CV-A7 — Coxsackie virus A7; CV-A9 — Coxsackie

virus A9; CV-B5 — Coxsackie virus B5

we analyzed the ability of four non-pathogenic oncolytic
enteroviruses to prevent the formation of subcutaneous tumor
xenografts obtained through injecting neurospheres that were
developed from the tumor material of two glioblastoma patients.
The results of the study indicate that two viral strains, type 1
poliovirus and Coxsackie virus A7 were the most effective.
However, neurospheres from the two different patients
reacted to those viruses differently, which points to the need
for a personalized selection of the most effective therapeutic
strains after preliminary analysis of biopsy or surgical material
taken from the patients' tumors. The recently published results
of clinical trials of recombinant poliovirus PVSRIPO prove its
ability to initiate prolonged remissions in 21% of glioblastoma
patients, while the remaining patients saw no therapeutic effect
from the virus [42]. Adding more therapeutic virus strains to
the range available will significantly increase the percentage of
successfully treated glioblastoma cases.

References

7. Gubanova NV, Gaytan AS, Razumov I|A, Mordvinov VA,
Krivoshapkin AL, Netesov SV, i dr. Onkoliticheskie virusy v terapii
gliom. Molekuljarnaja biologija. 2012; 46 (6): 726-38.

2. Greenberg MS. Handbook of Neurosurgery. 7th ed. New York:
Thieme Publishers; 2010.

3. Park DM, Rich JN. Biology of glioma cancer stem cells. Molecules
and cells. 2009; 28 (1): 7-12. DOI: 10.1007/s10059-009-0111-2.
PubMed PMID: 19655094.

4. Claes A, Idema AJ, Wesseling P. Diffuse glioma growth: a guerilla
war. Acta Neuropathol. 2007; 114 (5): 443-58. DOI: 10.1007/
s00401-007-0293-7. PubMed PMID: 17805551; PubMed
Central PMCID: PMCPMC2039798.

5. Buonaguro FM, Tornesello ML, Izzo F, Buonaguro L. Oncolytic
virus therapies. Pharmaceutical patent analyst. 2012; 1 (5): 621—
27.DOI: 10.4155/ppa.12.65. PubMed PMID: 24236929.

6.  Parker N, Bauer DF, Cody JJ, Markert JM. Oncolytic viral therapy
of malignant glioma. Neurotherapeutics. 2009; 6 (3): 558-69.

7. Zukifli MM, Ibrahim R, Ali AM, Aini |, Jaafar H, Hilda SS, et al.
Newcastle diseases virus strain VAUPM displayed oncolytic ability
against experimental human malignant glioma. Neurological
research. 2009; 31 (1): 3-10. DOI: 10.1179/174313208x325218.

BULLETIN OF RSMU |2, 2018 | VESTNIKRGMU.RU

CONCLUSIONS

Based on the results of the study, we conclude that each of
the four strains of non-pathogenic oncolytic enteroviruses
produces cytolitic effect on monolayer cell cultures of human
glioblastomas, and that the effect correlates well with the ability
of the same strains to prevent tumor formation in xenografts
transplanted to immunodeficient mice. Thus, there is a clear
relationship between the effects produced by the viruses in vitro
and their oncolytic activity in vivo. Besides, it was found that
viruses that can efficiently replicate in monolayer glioblastoma
cell cultures can effectively kill tumor-initiating glioblastoma
stem cells, which signals the high oncolytic potential of the
viruses in preventing tumor relapses. The differences in reaction
to viruses that tumor cells from two patients have shown
indicate the need for personalized selection of therapeutic
strains.

PubMed PMID: 18937888.

8. Wagner S, Csatary CM, Gosztonyi G, Koch HC, Hartmann C,
Peters O, et al. Combined treatment of pediatric high-grade
glioma with the oncolytic viral strain MTH-68/H and oral valproic
acid. Apmis. 2006; 114 (10): 731-43.

9. Freeman Al, Zakay-Rones Z, Gomori JM, Linetsky E, Rasooly L,
Greenbaum E, et al. Phase I/ll trial of intravenous NDV-HUJ
oncolytic virus in recurrent glioblastoma multiforme. Mol Ther.
2006; 13 (1): 221-28.

10. Csatary LK, Gosztonyi G, Szeberenyi J, Fabian Z, Liszka V,
Bodey B, et al. MTH-68/H oncolytic viral treatment in human high-
grade gliomas. J Neurooncol. 2004; 67 (1-2): 83-93.

11. Csatary LK, Bakacs T. Use of Newcastle disease virus vaccine
(MTH-68/H) in a patient with high-grade glioblastoma. JAMA.
1999; 281 (17): 588-89.

12. Tsamis KI, Alexiou GA, Vartholomatos E, Kyritsis AP.
Combination treatment for glioblastoma cells with tumor
necrosis factor-related apoptosis-inducing ligand and oncolytic
adenovirus delta-24. Cancer Invest. 2013; 31 (9): 630-38. DOI:
10.3109/07357907.2013.849724. PubMed PMID: 24164301.

18. Li X, Mao Q, Wang D, Xia H. A novel Ad5/11 chimeric oncolytic



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

ORIGINAL RESEARCH | VIROLOGY

adenovirus for improved glioma therapy. Int J Oncol. 2012; 41
(6): 2159-65. DOI: 10.3892/ij0.2012.1674. PubMed PMID:
23117867.

Alonso MM, Jiang H, Gomez-Manzano C, Fueyo J. Targeting
brain tumor stem cells with oncolytic adenoviruses. Methods Mol
Biol. 2012; 797: 111-25.

Ahmed AU, Ulasov IV, Mercer RW, Lesniak MS. Maintaining and
loading neural stem cells for delivery of oncolytic adenovirus to
prain tumors. Methods Mol Biol. 2012; 797: 97-109.
Gomez-Manzano C, Fueyo J. Oncolytic adenoviruses for the
treatment of brain tumors. Curr Opin Mol Ther. 2010; 12 (5): 530-
37.

Lacroix J, Schlund F, Leuchs B, Adolph K, Sturm D, Bender S,
et al. Oncolytic effects of parvovirus H-1 in medulloblastoma
are associated with repression of master regulators of early
neurogenesis. Int J Cancer. 2014; 134 (3): 703-16. DOI: 10.1002/
ijc.28386. PubMed PMID: 23852775.

Paglino JC, Ozduman K, van den Pol AN. Lulll parvovirus
selectively and efficiently targets, replicates in, and kills human
glioma cells. J Virol. 2012; 86 (13): 7280-91.

Geletneky K, Huesing J, Rommelaere J, Schlehofer JR, Leuchs B,
Dahm M, et al. Phase l/lla study of intratumoral/intracerebral
or intravenous/intracerebral administration of Parvovirus H-1
(ParvOryx) in patients with progressive primary or recurrent
glioblastoma multiforme: ParvOryx01 protocol. BMC cancer.
2012; 12: 99.

Kicielinski KP, Chiocca EA, Yu JS, Gill GM, Coffey M, Markert JM.
Phase 1 clinical trial of intratumoral reovirus infusion for the
treatment of recurrent malignant gliomas in adults. Mol Ther.
2014; 22 (5): 1056-62. DOI: 10.1038/mt.2014.21. PubMed
PMID: 24553100; PubMed Central PMCID: PMCPMC4015229.
van den Wollenberg DJ, Dautzenberg IJ, van den Hengel SK,
Cramer SJ, de Groot RJ, Hoeben RC. Isolation of reovirus T3D
mutants capable of infecting human tumor cells independent of
junction adhesion molecule-A. PLoS One. 2012; 7 (10): e48064.
DOI: 10.1371/journal.pone.0048064. PubMed PMID: 23110175;
PubMed Central PMCID: PMCPMC3480499.

Forsyth P, Roldan G, George D, Wallace C, Palmer CA, Morris D,
et al. A phase | trial of intratumoral administration of reovirus in
patients with histologically confirmed recurrent malignant gliomas.
Mol Ther. 2008; 16 (3): 627-32.

Wilcox ME, Yang W, Senger D, Rewcastle NB, Morris DG,
Brasher PM, et al. Reovirus as an oncolytic agent against
experimental human malignant gliomas. J Natl Cancer Inst. 2001;
93 (12): 903-12. PubMed PMID: 11416111.

Goetz C, Dobrikova E, Shveygert M, Dobrikov M, Gromeier M.
Oncolytic poliovirus against malignant glioma. Future Virol. 2011;
6 (9): 1045-58.

Goetz C, Gromeier M. Preparing an oncolytic poliovirus
recombinant for clinical application against glioblastoma
multiforme. Cytokine Growth Factor Rev. 2010; 21 (2-3):
197-203. DOI: 10.1016/j.cytogfr.2010.02.005. PubMed PMID:
20299272; PubMed Central PMCID: PMCPMC2881183.
Dobrikova EY, Broadt T, Poiley-Nelson J, Yang X, Soman G,
Giardina S, et al. Recombinant oncolytic poliovirus eliminates
glioma in vivo without genetic adaptation to a pathogenic
phenotype. Mol Ther. 2008; 16 (11): 1865-72.

Gromeier M, Lachmann S, Rosenfeld MR, Gutin PH, Wimmer E.
Intergeneric poliovirus recombinants for the treatment of malignant
glioma. Proc Natl Acad Sci USA. 2000; 97 (12): 6803-08.

Lawler SE, Speranza MC, Cho CF, Chiocca EA. Oncolytic Viruses

Jlutepatypa

[y6arHosa H. B., lantan A. C., Pasymos V1. A., MopgsuHos B. A,
KpusowankuH A. J1., Heteco C. B., n gp. OHKonuUTU4eCKMne
BMPYCbl B Tepanuu oM. MonekynsapHasa 6uonorus. 2012; 46
(6): 726-38.

Greenberg MS. Handbook of Neurosurgery. 7th ed. New York:

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

4.

in Cancer Treatment: A Review. JAMA oncology. 2017; 3 (6):
841-49. DOI:  10.1001/jamaoncol.2016.2064. PubMed PMID:
27441411,

PolJ, Bugue A, Aranda F, Bloy N, Cremer |, Eggermont A, et al. Trial
Watch-Oncolytic viruses and cancer therapy. Oncoimmunology.
2016; 5 (2): e1117740. DOI: 10.1080/2162402x.2015.1117740.
PubMed PMID: 27057469; PubMed Central PMCID:
PMCPMC4801444.

Taguchi S, Fukuhara H, Homma'Y, Todo T. Current status of clinical
trials assessing oncolytic virus therapy for urological cancers. Int
J Ural. 2017; 24 (5): 342-51. DOI: 10.1111/iju.13325. PubMed
PMID: 28326624.

Warner SG, O'Leary MP, Fong Y. Therapeutic oncolytic viruses:
clinical advances and future directions. Curr Opin Oncol. 2017;
29 (5): 359-65. DOI: 10.1097/cco.0000000000000388. PubMed
PMID: 28678032.

Bach P, Abel T, Hoffmann C, Gal Z, Braun G, Voelker |, et al.
Specific elimination of CD133+ tumor cells with targeted
oncolytic measles virus. Cancer Res. 2013; 73 (2): 865-74. DOI:
10.1158/0008-5472.can-12-2221. PubMed PMID: 23293278.
Berghauser Pont LM, Balvers RK, Kloezeman JJ, Nowicki MO,
van den Bossche W, Kremer A, et al. In vitro screening of
clinical drugs identifies sensitizers of oncolytic viral therapy in
glioblastoma stem-like cells. Gene Ther. 2015. DOI: 10.1038/
gt.2015.72. PubMed PMID: 26196249.

Dey M, Ulasov IV, Lesniak MS. Virotherapy against malignant
glioma stem cells. Cancer Lett. 2010; 289 (1): 1-10.

Liu J, Ma L, Xu J, Liu C, Zhang J, Liu J, et al. Spheroid body-
forming cells in the human gastric cancer cell line MKN-45
possess cancer stem cell properties. Int J Oncol. 2013; 42 (2):
453-59. DOI: 10.3892/ij0.2012.1720. PubMed PMID: 23229446;
PubMed Central PMCID: PMCPMC3583623.

Sgubin D, Wakimoto H, Kanai R, Rabkin SD, Martuza RL. Oncolytic
herpes simplex virus counteracts the hypoxia-induced modulation
of glioblastoma stem-like cells. Stem cells translational medicine.
2012; 1 (4): 322-32. DOI: 10.5966/sctm.2011-0035. PubMed
PMID: 23197811; PubMed Central PMCID: PMCPMC3659700.
van den Hengel SK, Balvers RK, Dautzenberg IJ, van den
Wollenberg DJ, Kloezeman JJ, Lamfers ML, et al. Heterogeneous
reovirus susceptibility in human glioblastoma stem-like cell
cultures. Cancer Gene Ther. 2013; 20 (9): 507-13. DOI: 10.1038/
cgt.2013.47. PubMed PMID: 23907517.

Chumakov PM, Morozova VV, Babkin IV, Baykov IK, Netesov SV,
Tikunova NV. Onkoliticheskie enterovirusy. Molekuljarnaja
biologija. 2012; 46 (6): 712-25.

Voroshilova MK, Magazanik SS, Chumakov PM. Poleznye virusy
cheloveka. Aktual’nye voprosy epidemiologii, mikrobiologii i
infekzionnyh zabolevaniy. Tashkent: Medicina; 1980. p. 227-29.
Wang X, Yang K, Xie Q, Wu Q, Mack SC, Shi Y, et al. Purine
synthesis promotes maintenance of brain tumor initiating cells
in glioma. Nature neuroscience. 2017; 20 (5): 661-73. DOI:
10.1038/nn.4537. PubMed PMID: 28346452; PubMed Central
PMCID: PMCPMC6015494.

Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CL, Rich JN.
Cancer stem cells in glioblastoma. Genes Dev. 2015; 29 (12):
1203-17. DOI: 10.1101/gad.261982.115. PubMed PMID:
26109046; PubMed Central PMCID: PMCPMC4495393.
Desjardins A, Gromeier M, Herndon JE, 2nd, Beaubier N,
Bolognesi DP, Friedman AH, et al. Recurrent Glioblastoma Treated
with Recombinant Poliovirus. N Engl J Med. 2018; DOI: 10.1056/
NEJMoai1716435. PubMed PMID: 29943666.

Thieme Publishers; 2010.

Park DM, Rich JN. Biology of glioma cancer stem cells. Molecules
and cells. 2009; 28 (1): 7-12. DOI: 10.1007/s10059-009-0111-2.
PubMed PMID: 19655094.

Claes A, Idema AJ, Wesseling P. Diffuse glioma growth: a guerilla

BULLETIN OF RSMU | 2, 2018 | VESTNIKRGMU.RU



OPUI'MHAJTIbHOE NCCJIEQOBAHWE | BUPYCOJ10I A

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

war. Acta Neuropathol. 2007; 114 (5): 443-58. DOI: 10.1007/
s00401-007-0293-7. PubMed PMID: 17805551; PubMed
Central PMCID: PMCPMC2039798.

Buonaguro FM, Tornesello ML, Izzo F, Buonaguro L. Oncolytic
virus therapies. Pharmaceutical patent analyst. 2012; 1 (5): 621—
27.DOIl: 10.4155/ppa.12.65. PubMed PMID: 24236929.

Parker JN, Bauer DF, Cody JJ, Markert JM. Oncolytic viral therapy
of malignant glioma. Neurotherapeutics. 2009; 6 (3): 558-69.
Zulkifli MM, Ibrahim R, Ali AM, Aini |, Jaafar H, Hilda SS, et al.
Newcastle diseases virus strain VAUPM displayed oncolytic ability
against experimental human malignant glioma. Neurological
research. 2009; 31 (1): 3-10. DOI: 10.1179/174313208x325218.
PubMed PMID: 18937888.

Wagner S, Csatary CM, Gosztonyi G, Koch HC, Hartmann C,
Peters O, et al. Combined treatment of pediatric high-grade
glioma with the oncolytic viral strain MTH-68/H and oral valproic
acid. Apmis. 2006; 114 (10): 731-43.

Freeman Al, Zakay-Rones Z, Gomori JM, Linetsky E, Rasooly L,
Greenbaum E, et al. Phase I/l trial of intravenous NDV-HUJ
oncolytic virus in recurrent glioblastoma multiforme. Mol Ther.
2006; 13 (1): 221-28.

Csatary LK, Gosztonyi G, Szeberenyi J, Fabian Z, Liszka V,
Bodey B, et al. MTH-68/H oncolytic viral treatment in human high-
grade gliomas. J Neurooncol. 2004; 67 (1-2): 83-93.

Csatary LK, Bakacs T. Use of Newcastle disease virus vaccine
(MTH-68/H) in a patient with high-grade glioblastoma. JAMA.
1999; 281 (17): 588-89.

Tsamis Kl, Alexiou GA, Vartholomatos E, Kyritsis AP
Combination treatment for glioblastoma cells with tumor
necrosis factor-related apoptosis-inducing ligand and oncolytic
adenovirus delta-24. Cancer Invest. 2013; 31 (9): 630-38. DOI:
10.3109/07357907.2013.849724. PubMed PMID: 24164301

Li X, Mao Q, Wang D, Xia H. A novel Ad5/11 chimeric oncolytic
adenovirus for improved glioma therapy. Int J Oncol. 2012; 41
(6): 2159-65. DOI: 10.3892/ij0.2012.1674. PubMed PMID:
23117867.

Alonso MM, Jiang H, Gomez-Manzano C, Fueyo J. Targeting
brain tumor stem cells with oncolytic adenoviruses. Methods Mol
Biol. 2012; 797: 111-25.

Ahmed AU, Ulasov IV, Mercer RW, Lesniak MS. Maintaining and
loading neural stem cells for delivery of oncolytic adenovirus to
prain tumors. Methods Mol Biol. 2012; 797: 97-109.
Gomez-Manzano C, Fueyo J. Oncolytic adenoviruses for the
treatment of brain tumors. Curr Opin Mol Ther. 2010; 12 (5): 530-
37.

Lacroix J, Schlund F, Leuchs B, Adolph K, Sturm D, Bender S,
et al. Oncolytic effects of parvovirus H-1 in medulloblastoma
are associated with repression of master regulators of early
neurogenesis. Int J Cancer. 2014; 134 (3): 703-16. DOI: 10.1002/
ijc.28386. PubMed PMID: 23852775.

Paglino JC, Ozduman K, van den Pol AN. Lulll parvovirus
selectively and efficiently targets, replicates in, and kills human
glioma cells. J Virol. 2012; 86 (13): 7280-91.

Geletneky K, Huesing J, Rommelaere J, Schlehofer JR, Leuchs B,
Dahm M, et al. Phase I/lla study of intratumoral/intracerebral
or intravenous/intracerebral administration of Parvovirus H-1
(ParvOryx) in patients with progressive primary or recurrent
glioblastoma multiforme: ParvOryx01 protocol. BMC cancer.
2012; 12: 99.

Kicielinski KP, Chiocca EA, Yu JS, Gill GM, Coffey M, Markert JM.
Phase 1 clinical trial of intratumoral reovirus infusion for the
treatment of recurrent malignant gliomas in adults. Mol Ther.
2014; 22 (5): 1056-62. DOI: 10.1038/mt.2014.21. PubMed
PMID: 24553100; PubMed Central PMCID: PMCPMC4015229.
van den Wollenberg DJ, Dautzenberg IJ, van den Hengel SK,
Cramer SJ, de Groot RJ, Hoeben RC. Isolation of reovirus T3D
mutants capable of infecting human tumor cells independent of
junction adhesion molecule-A. PLoS One. 2012; 7 (10): e48064.
DOI: 10.1371/journal.pone.0048064. PubMed PMID: 23110175;
PubMed Central PMCID: PMCPMC3480499.

Forsyth P, Roldan G, George D, Wallace C, Palmer CA, Morris D,
et al. A phase | trial of intratumoral administration of reovirus in
patients with histologically confirmed recurrent malignant gliomas.

BULLETIN OF RSMU |2, 2018 | VESTNIKRGMU.RU

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mol Ther. 2008; 16 (3): 627-32.

Wilcox ME, Yang W, Senger D, Rewcastle NB, Morris DG,
Brasher PM, et al. Reovirus as an oncolytic agent against
experimental human malignant gliomas. J Natl Cancer Inst. 2001;
93 (12): 903-12. PubMed PMID: 11416111.

Goetz C, Dobrikova E, Shveygert M, Dobrikov M, Gromeier M.
Oncolytic poliovirus against malignant glioma. Future Virol. 2011;
6 (9): 1045-58.

Goetz C, Gromeier M. Preparing an oncolytic poliovirus
recombinant for clinical application against glioblastoma
multiforme. Cytokine Growth Factor Rev. 2010; 21 (2-3):
197-203. DOI: 10.1016/j.cytogfr.2010.02.005. PubMed PMID:
20299272; PubMed Central PMCID: PMCPMC2881183.
Dobrikova EY, Broadt T, Poiley-Nelson J, Yang X, Soman G,
Giardina S, et al. Recombinant oncolytic poliovirus eliminates
glioma in vivo without genetic adaptation to a pathogenic
phenotype. Mol Ther. 2008; 16 (11): 1865-72.

Gromeier M, Lachmann S, Rosenfeld MR, Gutin PH, Wimmer E.
Intergeneric poliovirus recombinants for the treatment of malignant
glioma. Proc Natl Acad Sci USA. 2000; 97 (12): 6803-08.

Lawler SE, Speranza MC, Cho CF, Chiocca EA. Oncolytic Viruses
in Cancer Treatment: A Review. JAMA oncology. 2017; 3 (6):
841-49. DOI:  10.1001/jamaoncol.2016.2064. PubMed PMID:
27441411,

Pol J, Bugue A, Aranda F, Bloy N, Cremer |, Eggermont A, et al. Trial
Watch-Oncolytic viruses and cancer therapy. Oncoimmunology.
2016; 5 (2): e1117740. DOI: 10.1080/2162402x.2015.1117740.
PubMed PMID: 27057469; PubMed Central PMCID:
PMCPMC4801444.

Taguchi S, Fukuhara H, Homma Y, Todo T. Current status of clinical
trials assessing oncolytic virus therapy for urological cancers. Int
J Urol. 2017; 24 (5): 342-51. DOI: 10.1111/iju.13325. PubMed
PMID: 28326624.

Warner SG, O'Leary MP, Fong Y. Therapeutic oncolytic viruses:
clinical advances and future directions. Curr Opin Oncol. 2017;
29 (5): 359-65. DOI: 10.1097/cco0.0000000000000388. PubMed
PMID: 28678032.

Bach P, Abel T, Hoffmann C, Gal Z, Braun G, Voelker |, et al.
Specific elimination of CD133+ tumor cells with targeted
oncolytic measles virus. Cancer Res. 2013; 73 (2): 865-74. DOI:
10.1158/0008-5472.can-12-2221. PubMed PMID: 23293278.
Berghauser Pont LM, Balvers RK, Kloezeman JJ, Nowicki MO,
van den Bossche W, Kremer A, et al. In vitro screening of
clinical drugs identifies sensitizers of oncolytic viral therapy in
glioblastoma stem-like cells. Gene Ther. 2015. DOI: 10.1038/
gt.2015.72. PubMed PMID: 26196249.

Dey M, Ulasov IV, Lesniak MS. Virotherapy against malignant
glioma stem cells. Cancer Lett. 2010; 289 (1): 1-10.

Liu J, Ma L, Xu J, Liu C, Zhang J, Liu J, et al. Spheroid body-
forming cells in the human gastric cancer cell line MKN-45
possess cancer stem cell properties. Int J Oncol. 2013; 42 (2):
453-59. DOI: 10.3892/ij0.2012.1720. PubMed PMID: 23229446;
PubMed Central PMCID: PMCPMC3583623.

Sgubin D, Wakimoto H, Kanai R, Rabkin SD, Martuza RL. Oncolytic
herpes simplex virus counteracts the hypoxia-induced modulation
of glioblastoma stem-like cells. Stem cells translational medicine.
2012; 1 (4): 322-32. DOI: 10.5966/sctm.2011-0035. PubMed
PMID: 23197811; PubMed Central PMCID: PMCPMC3659700.
van den Hengel SK, Balvers RK, Dautzenberg IJ, van den
Wollenberg DJ, Kloezeman JJ, Lamfers ML, et al. Heterogeneous
reovirus susceptibility in human glioblastoma stem-like cell
cultures. Cancer Gene Ther. 2013; 20 (9): 507-13. DOI: 10.1038/
cgt.2013.47. PubMed PMID: 23907517.

Yymakos 1. M., Mopo3osa B. B., babkux W. B., baikos U. K.,
Hetecos C. B., TukyHoBa H. B. OHkonMTUYeCKIE SHTEPOBMPYCHI.
MonekynsipHas 6unonorus. 2012; 46 (6): 712-25.

Bopouwwunosa M. K., Marazarvk C. C., Yymakos [1. M. None3aHble
BMPYCbl 4enoBeka. AKTyanbHble BOMPOCHI SMMAEMUONOTN,
MUKPOBMONOrMM 1N UHPEKUMOHHBIX 3aboneBaHnii. TallKeHT:
MegunupmHa; 1980. p. 227-29.

Wang X, Yang K, Xie Q, Wu Q, Mack SC, Shi Y, et al. Purine
synthesis promotes maintenance of brain tumor initiating cells
in glioma. Nature neuroscience. 2017; 20 (5): 661-73. DOI:



41.

ORIGINAL RESEARCH | VIROLOGY

10.1038/nn.4537. PubMed PMID: 28346452; PubMed Central 42, Desjardins A, Gromeier M, Herndon JE, 2nd, Beaubier N,

PMCID: PMCPMC6015494. Bolognesi DP, Friedman AH, et al. Recurrent Glioblastoma
Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CL, Rich JN. Treated with Recombinant Poliovirus. N Engl J Med. 2018; DOI:
Cancer stem cells in glioblastoma. Genes Dev. 2015; 29 (12): 10.1056/NEJMoa1716435. PubMed PMID: 29943666.

1203-17. DOI: 10.1101/gad.261982.115. PubMed PMID:
26109046; PubMed Central PMCID: PMCPMC4495393.

BULLETIN OF RSMU | 2, 2018 | VESTNIKRGMU.RU



METHOD | GYNECOLOGY

UTERINE HEMODYNAMICS AND OVARIAN RESERVE QUALITY
IN THE PREDICTION OF IN VITRO FERTILIZATION OUTCOMES

Rabadanova AK, ¥ Shalina RI, Gugushvili NA

Department of Obstetrics and Gynecology, Faculty of Pediatrics,
Pirogov Russian National Research Medical University, Moscow

There are a few major factors determining the success of in vitro fertilization (IVF), including the potential of embryos to implant
and the receptivity of the endometrium, which, in turn, are directly dependent on the ovarian reserve, i.e. the quality and
quantity of oocytes. Diminished ovarian reserve can be inferred from reduced blood flow to the uterus on Doppler sonography.
Based on the results of 3D power Doppler imaging of uterine blood flow on the day of ET and Virtual Organ Computer-aided
Analysis (VOCAL), we attempted to predict the outcomes of IVF and embryo transfer (ET) in 56 female patients with different
ovarian reserves. Blood flow was measured in the uterus, subendometrial region and endometrium, and IVF cycle outcomes
were subsequently assessed. We have established an association between the characteristics of uterine and subendometrial
blood flow and the outcomes of IVF cycles and ET. No such association has been established for the endometrium, though.
Therefore, a 3D power Doppler examination on the day of embryo transfer provides valuable information on the endometrium
receptivity and can be used as a prognostic marker of IVF success.

Keywords: IVF, 3D power Doppler, diminished ovarian reserve, poor ovarian response, uterine blood flow
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FrEMOOVNHAMUMNKA MATK N COCTOAHUE OBAPUAJIbHOIO PE3SEPBA
B OLEHKE S®OEKTUBHOCTU SKCTPAKOPINOPAJIbHOIO
onnoaoTBOPEHUA

A. K. PabapgaHosa,= P. U. LLanvHa, H. A. Tyrywsunm

Kadenpa akyluepctsa 1 MHEKON0rn, NeguaTpnyeckmin hakynsTteT,
Poccuirtckmin HaumoHanbHbIM MCCnefoBaTensCKNn MEAULIMHCKII yHUBEPCUTET nMeHn. H. . MNuporosa

OhPeKTUBHOCTL NMPOrpamMmMbl SKCTPaKOPNOpaabHOro onnoaoTeopeHus (SKO) 3aBucHT OT psiga hakTopoB, cpeam KOTOPbIX
O0MbLUOE 3HAYEHNE VMEIOT SMOPUOHABbHBIN 1 SHAOMETPUANbHBIN. Kaxkapil 13 3TUX (DakTOPOB HampsiMyto 3aBUCUT OT
OBapVianbHOro pe3epBa, ONPEAENsIOLLEro Ka4eCTBO OOLMTOB U U3MEHEHME AOMNNEPOMETPUHECKMX MOKasaTenen B MaTke,
KOTOPbIE OTPaKAKOT CHKEHNE BHYTPUMATOYHO Nepdyann. Lienbto nccneaoBanms 6bino NporHo3upoBaHmne 3hdeKTUBHOCTI
umknoB OKO n nepeHoca aMOprnoHOB ([13) y mauUneHTOK C pasnyHbIM OBapUaibHbIM PE3EPBOM Ha OCHOBaHW OMPEaEneHs
0OBEMHOrOKPOBOTOKABMATKE BAEHbNepeHOcaamMbproHacnomMoLLbto 3D-Y 3V ¢ yHKLMeN aHepreTnyeckogonnieporpahum.
Y 56 naumeHToK ¢ pasdnnyHbIM OBapuabHbIM PE3EPBOM MPOU3BEAEHO V3MEPEHME MapaMeTPOB KPOBOTOKA C MOMOLLIO
3D-Y3W n npuknagHon nporpammel VOCAL (Virtual Organ Computer-aided Analysis) B MaTke, Cy6aHOOMETPVANBHOM 30HE
N B SHOOMETPUM B AeHb MepeHoca aMOproHa C mocnedyroen oueHkon ahdexkTnBHocTU LnknoB OKO. B xome paboTsbl
yCTaHOBMEHa 3aBMCMMOCTb Mexxay napameTpamuy 3D-KpoBOTOKA B MaTke 1 CyOaHAOMETPUaNbHON 30HE U 9 EKTUBHOCTHIO
unknos OKO u 3. lMpu nccnegoBaH KPOBOTOKA B 9HOOMETPUM Takasd 3aBUCUMMOCTb HE BbisiBeHa. Takm ob6pas3om,
ncnonb3oarme 3D-Y3W ¢ yHKUMEN SHEpreTUHecKor gonnneporpadum B AeHb nepeHoca amMOproHa NO3BONSET CyAUTb O
CTENEHW BbIPaXKEHHOCTU PELIEMTUBHOCTU SHAOMETPUS 1 MOXET ObITb MCMOIB30Ba0 B KAYECTBE MPOrHOCTUHECKOMO KpUTEPUSE
0N ONpefeneHns BeposTHOCT HacTynneHns 6epemeHHocTr B Lumkne OKO.

KntoueBble cnoBa: sKCTpakoprnopaabHOe ONI0A0TBOPEHNE, CHKEHHBIN OBapUasibHbI PE3EPB, MaTOYHbIN KPOBOTOK,
3D-Y3W ¢ thyHKLMEN SHEPreTUYECKOWN aonnneporpadun
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Today, the success of in vitro fertilization (IVF) is seen as a  ultrasonography reveals decreased uterine perfusion. In the

combination of two major factors: the ability of embryos to
implant and the receptivity of the endometrium [1]. These two
factors are directly dependent on the ovarian reserve of the
female patient. In patients with diminished ovarian reserve
the quality of oocytes tends to degrade [2] and Doppler
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study presented below we chose to focus on the endometrial
blood flow as the quality of transferred embryos was good; so
their ability to implant is not discussed here.

In 2013 the Russian Association of Human Reproduction
(RAHR) reported that the use of cryopreserved donor eggs
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in females over 40 years of age improves the outcome of IVF
cycles by as little as 4.8% [3]. The figures published in the report
suggest that better IVF outcomes in patients with diminished
ovarian reserve are largely determined by the receptive quality
of the endometrium. In this light, the discovery of robust
methods for its assessment and enhancement should receive
special attention. Conveniently, three-dimensional power
Doppler ultrasonography can be a perfect non-invasive tool for
predicting endometrial receptivity [4, 5].

Proliferation and differentiation of endometrial cells is
controlled by ovarian steroid hormones promoting angiogenesis
[6], which plays a crucial role in stimulating endometrial growth
and ensures good implantation of the embryo [7, 8]. Sufficient
blood supply to the endometrial and subendometrial regions is
an essential prerequisite for successful implantation.

The study conducted in 2012 [8] compared the prognostic
value of 2D and 3D ultrasonography in the assessment of
endometrial receptivity, which signals the opening or closure
of the implantation window. The data on the endometrial blood
flow obtained during the scans were compared to the findings of
endometrial biopsy. It was established that 3D ultrasonography
is @ more accurate prognostic tool than 2D ultrasonography.
The lack of correlation between 2D ultrasonography findings
and IVF outcomes was also reported by other researchers [9].

Unfortunately, few authors have studied the uterine blood
flow as a predictor of the outcomes of infertility treatment with
embryo transfer in patients with different ovarian reserves, so
the literature on this problem is scarce.

In our study we attempted to establish a correlation
between the outcome of an IVF cycle and the findings of a 3D
power Doppler examination of uterine blood flow in patients
with different ovarian reserves on the day of embryo transfer.

METHODS

The study was carried out at the facilities of the Center for
Family Planning and Reproductive Health (Department of
Reproduction) between 2015 and 2017.

As part of the study, we conducted a prospective analysis
of standard IVF cycles in 56 female patients with different
ovarian reserves. The treatment included transfer of no more
than 2 blastocysts on day 5 after oocyte retrieval. Based
on the outcome of the IVF cycle we distributed the patients
into 2 groups. The first group included 21 patients who
became pregnant after IVF, and the second group consisted
of 35 patients whose IVF cycle failed. Among the patients
who achieved pregnancy, 13 (61.9%) had been previously
diagnosed with tuboperitoneal infertility and 8 (38.1%) had a
diminished ovarian reserve. Twenty-three (65.7 %) of all patients
who did not achieve pregnancy had been diagnosed with
tuboperitoneal infertility, and in 12 (34.2%) females the ovarian
reserve was diminished.

Our study was conducted in the females between 30 and
40 years of age diagnosed with diminished ovarian reserve and
tuboperitoneal infertility.

Patients with ovarian neoplasms, myomas, adenomyosis,
and those who had previously undergone a therapy to improve
their uterine blood flow or had an infertile partner were excluded
from the study.

The loss of ovarian reserve was assessed by measuring
the levels of the follicle stimulating hormone (FSH) and the anti-
Mullerian hormone (AMH), and by counting antral follicles less
than 10 mm in size identified during the ultrasound scan on
days 2-3 of treatment. If FSH levels exceeded 8 U/l and AMH
levels were lower than 1 ng/ml and the number of retrieved

oocytes was < 3, then the ovarian reserve was considered
diminished.

In the course of treatment, patients’ ovaries were stimulated
by gonadotropin-releasing hormone antagonists. Ovulation
was induced by a recombinant FSH.

The starting dose of FSH (75 to 275 1U/24 hours) was
individually selected for each patient depending on her age,
body mass index (BMI), FSH and AMH levels, and ovarian
response to previous treatment cycles. Follicle development
was monitored by ultrasonography. Once a leading follicle had
reached 18-20 mm in diameter, we introduced an ovulation
trigger (human chorionic gonadotropin HCG) and 34-36 hours
later performed a transvaginal puncture of follicles of >15 mm in
size. Oocyte retrieval, insemination, culture, ET and lutein phase
support by progesterone administration in the post-transfer
period were performed according to standard protocols [2].

On the day of embryo transfer the patients underwent
an ultrasound examination; a 3D image of the uterus was
reconstructed in a 3D power Doppler mode. The procedure
was performed on Voluson 730 Expert (GE Healthcare, Austria)
equipped with an endovaginal transducer (frequency range
from 5 to 9 MHz). Because blood flow characteristics are
sensitive to varying frequencies, we used the following settings:
Gn of 9.0, Frqg, low; Qual, norm; WMF, low1; PRF, 0.9 kHz.

The original 2D image for further 3D reconstruction
represented the central plane of the volume of interest [10, 11];
the scan swept through the volume from one of its borders
to another. The scan angle was 120°; the rotation step was
exactly 15°, because otherwise the vessels located in close
proximity to the uterus could have been captured into the
reconstructed volume.

The contours of the endometrium and the uterus were
manually delineated using the VOCAL software. Blood flow
was assessed in 1) the endometrial region with the contour
drawn along its basal layer and in 2) the endometrium and
a 5-mm shell area around its basal layer which included the
subendometrium with its basal and radial arteries [12]. Jagged
contours after contouring were regarded as an error.

After the reconstruction, the volumes of the uterus,
endometrium and subendometrium were computed. A few
important histogram indices were also computed, including
the vascularization index (VI), which represents the percentage
of blood vessels in a given tissue volume; the flow index (Fl),
which represents the blood volume moving through the vessels
during the scan, and the vascularization-flow index (VFI), which
provides information on the organ perfusion.

The data were processed in Excel 7.0 and Statistica 6.0.
The parameters analyzed were compared pairwise; differences
were considered significant at p < 0.05. We also used the AUC
ROC analysis. Generally, the higher is AUC, the better is the
performance of the model. The performance scale used in our
study was as follows: 0.9-1.0, excellent; 0.8-0.9, very good;
0.7-0.8, good; 0.6-0.7, fair; 0.5-0.6, poor.

RESULTS

Patients’ age varied between 30 and 42 years (mean age was
34.27 + 3.98 years). There were 17 patients under 35 and 39
patients between 35 and 42 years of age. The mean age of
the patients who achieved pregnancy after ET (group 1) was
34.27 + 3.98 years. The mean age of the patients whose IVF
failed (group 2) was 36.00 + 3.74 years (p > 0.05). Although
IVF tended to fail in older patients, especially in those with
diminished ovarian reserve, no significant differences were
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revealed between the groups with regard to this parameter
(Table 1).

Because candidates for the infertility treatment with assisted
reproductive technologies (AST) were selected very carefully,
the rate of extragenital pathologies fell within the population range.

A relatively big number of patients (40%) with diminished
ovarian reserve whose IFV treatment failed had previously
undergone an ovarian surgery (Table 1). Of them 5 patients
(31.2%) had received surgical treatment for cystadenomas and
11 patients (68.8%) for endometroid cysts.

About half of our patients (48.6%, or 17 individuals with
different ovarian reserves) whose IVF failed had a previous
history of dilation and curettage. Of them 14 had received
treatment for uterine polyps and 3 for endometrial hyperplasia.
In patients who achieved pregnancy after IVF endometrial
pathologies were 1.7 times less frequent (Table 1).

The duration of infertility ranged from 1 to 11 years. The
patients with diminished ovarian reserve had a longer history
of infertility than those with normal ovarian reserve, but the
difference between those two groups was insignificant (Table 1).

The majority of the patients who achieved pregnancy had
been previously diagnosed with primary sterility. The same was
true for 20 patients (57.1%) whose IVF failed.

FSH and AMH levels regulating the ovarian function differed
significantly between the patients with different ovarian reserves.
Low AMH and high FSH were observed in the patients with
diminished ovarian reserve (Table 1).

Doses of rFSH administered to the patients and the number
of transferred embryos did not differ significantly between the
groups.

On day 5 after oocyte retrieval and before embryo
transfer, the patients underwent 2D and 3D power Doppler
ultrasonography.

Endometrial thickness measured on the day of embryo
transfer varied from 8.0 to 14.5 mm in the patients who
achieved pregnancy after IVF. The endometrium was the

METHOD | GYNECOLOGY

thickest (14.5 mm) in the patient who later gave birth to twins. In
the females whose IVF failed the thickness of the endometrium
varied from 7.0 to 10.6 mm. The differences in the endometrial
thickness were significant between the patients whose IVF was
successful and those whose IVF was ineffective, for both good
and bad ovarian reserves (p = 0.003; p = 0.05) (Table 1).

Therefore, endometrial thickness measured on the day of
embryo transfer can be a good prognostic marker of the IVF
cycle outcome regardless of the quality of ovarian reserve.

The uterine volume measured by 3D Doppler varied from
31.7 t0 83.3 mm? in group 1 (successful IVF) and from 21.0 to
90.3 mm?3 in group 2 (failed IVF). The analysis revealed that the
uterine volume tended to depend on whether the patient had
given birth in the past. In group 1 there were 87.5% of females
who had given birth before, and in group 2 such patients made
65.7%. The uterine volume in such patients was over 58 mm3.
No association between the uterine volume and the ovarian
reserve or IVF success was established during the study
(p > 0.05) (Table 2).

On average, the volume of the endometrium ranged from
3.5 to 13.9 mm? in women who achieved pregnancy after IFV.
In women whose IVF failed this parameter varied from 4 to
14 mm?&. No significant differences (p > 0.05) in the endometrial
volume were observed between the groups with different
ovarian reserves or different IVF outcomes (Table 2).

This means that myometrial and subendometrial volumes
have no significant prognostic value for IVF success regardless
of the quality of patient’s ovarian reserve.

In contrast, the data on the endometrial volume available
in the literature demonstrate its strong correlation with IVF
success. Unlike thickness (midline echo), the endometrial
volume is recommended as a predictor of an IVF cycle outcome
[12]. Our study shows that the volume of the endometrium
was significantly larger in patients who achieved pregnancy,
regardless of their ovarian reserve, than in those whose IVF
failed (p = 0.0083; see Table 2). The endometrial volume was 1.4

Table 1. Characteristics of female patients with different ovarian reserves and the IVF outcome

Successful IVF cycle

Failed IVF cycle

medical history

(n=21) (n = 35)
p
Good ovarian reserve | Diminished ovarian reserve | Good ovarian reserve Diminished ovarian reserve
(n=13) p’ (n=8)p? (n=23) p° (n=12) p*
Age. years 33.27 + 4.98 35.45 +2.98 35.09 + 3.46 37.02 £ 2.87 -
Body mass index 24.36 + 1.98 24.76 +1.43 25.02 +1.17 25.32 +1.87 -
History of infertility. years 416 +2.54 5.26 + 3.54 5.98 + 2.07 5.41 £3.07 -
Primary sterilit 8 6 5 10 -
i y 14.3% 28.6% 14.3% 28.6%
- 10 2 18 2
Secondary sterility 47.6% 9.5% 51.4% 5.7% -
FSH levels. p'/p?=0.001*
miU/ml 6.8 £ 1.56 11.99 £ 7.03 718 £1.79 12.29 £ 5.99 p¥p = 0.002*
AMH levels. p'/p®=0.021*
ng/ml 3.26 +1.27 0.61 +0.42 3.57 £2.43 0.65 + 0.37 p?/p* = 0.001*
rFSH dose. IU 2202.5 + 986.8 1602.9 + 796.8 2309.2 + 862.2 1809.2 + 987.8 -
Endometrial thickness on p'/p® = 0.05*
the day of ET. mm 10.4 + 2.6 10.60 + 1.94 8.4+0.9 8.31+1.28 p?/p* = 0.003*
Number of transferred 1.49 + 0.21 1.59 + 0.29 1.76 + 0.68 1.32 + 0.43 -
embryos
Ovarian surgeries ! 3 5 ! -
9 4.8% 14.9% 14.9% 40%

Number of ovarian

athologies in the patient’s 4 2 9 8 _
p J P 19.0% 9.5% 25.7% 22.9%

Note: * — represents significant differences.
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Table 2. Volumes of the myometrium, subendometrium and endometrium measured by 3D power Doppler

Successful IVF cycle Failed IVF cycle
(h=21) (n=35) P
Good ovarian reserve | Diminished ovarian reserve | Good ovarian reserve | Diminished ovarian reserve
(mm?) (mm?) (mm?) (mm?)
(n=13) (n=38) (n=25) n=12)
p1 p2 pa p4
Volume of myometrium 49.4 + 5.01 47.2 + 4.98 49.2 + 3.67 48.6 + 5.12 -
Volume of subendometrium 10.0+1.1 9.8+0.8 89+0.8 8.7+0.7 -
p'/p? = 0.004*
3/4 — >
Volume of endometrium 2.53+0.19 1.38 + 0.31 1.79 £ 0.38 0.82 £ 0.25 pp{;)pz—=0600058*
p?%/p* = 0.02*

Note: * — represents significant differences.

and 1.7 times bigger, respectively, in patients whose IVF was
effective and ovarian reserve was good than in those whose
IVF failed (p = 0.004, p = 0.008; see Table 2). This confirms that
the volume of the endometrium can be used for predicting the
success of IVF cycles.

The endometrial volume was relatively small on the day of
embryo transfer in the patients who had undergone endometrial
curettage in the past, in contrast to those who had not had a
prior surgery. This was true for all patients regardless of their
IVF outcome.

To predict the success of IVF cycles, we used 3D
power Doppler ultrasonography which helps to measure
the parameters of the low-velocity blood flow typical for the
myometrium and endometrium. Some authors point out that
3D power Doppler is more effective for the imaging of blood
vessels with low-velocity blood flow [11].

Histogram indices of myometrial and subendometrial blood
flow presented in Table 3 were significantly higher in the patients
who achieved pregnancy after ET. VI and VFI computed for the
myometrium were 1.6 and 2.0 times higher, respectively, in the
patients whose IVF was successful than in those whose IVF
failed. A similar tendency was observed for the subendometrial
region where VI and VFlI were 2.6 and 2.5 times higher,
respectively, in the patients whose IVF was successful than in
those whose IVF failed.

In the patients with diminished ovarian reserve whose IVF
was ineffective, the myometrial VI and VFI were 1.6 and 1.5
times lower, respectively, and the subendometrial VFI was 2.5

lower than in the females with normal ovarian reserve whose
IVF was also ineffective (p < 0.05; see Table 3). This suggests
poor uterine blood supply in the patients with diminished
ovarian reserve.

In contrast, the patients who achieved pregnancy after IVF
showed no differences in the blood flow indices, regardless of
the ovarian reserve quality.

To compare the approaches to the assessment of the
endometrial blood flow (the subendometrium excluded and
included into the studied volume; see Fig.1), we used the ROC-
AUC analysis (Fig.2); it revealed no associations between the
studied blood flow indices and the success of IVF (Fig. 2 A;
AUC for VI was 0.49, for Fl, 0.50, for VFI, 0.49).

For the reconstructed images that included the 5-mm shell
around the basal layer (the subendometrium), an association
was established between the studied blood flow indices and
the outcome of IVF cycles (Fig. 2 B) (AUC for VI was 0.88, for
Fl, 0.66; for VFI, 0.91).

Using the data obtained with 2D and 3D ultrasonography,
we identified 3 major parameters that showed a reliable
correlation with IVF success regardless of the patient’s ovarian
reserve: the volume of the endometrium, myometrial VI and
subendometrial VFI. The prognostic value of these parameters
was demonstrated using the ROC-curve (Fig. 3). For the
endometrial volume sensitivity was 74.8%; specificity 60.6%;
AUC 0.851; for the myometrial VI these values were 86.4%,
69.4%, and 0.857, respectively, and for the subendometrial VFI
they were 90.4%, 79.4% and 0.916, respectively.

Table 3. Uterine hemodynamics in patients with different ovarian reserve and IVF outcomes

Uterus Subendometrium Endometrium
Groups Effect/ 3D Doppler
parameters
Vi Fl VFI FlI VFI \Y Fl VFI
- Successful cycle
b} (n=13) 11.41 +£2.19 16.16 + 2.90 1.77 £ 0.35 6.13 £4.23 10.0 +1.17 0.92 + 0.64 3.41+£2.82 11.60 = 1.61 0.32 £0.33
g2 P
S3 :
S e Failed cycle
8 (n=25) 7.45 £0.97 12.75 +1.68 0.94 +0.05 3.19 £ 2.57 10.55 + 1.90 0.25+0.15 25+2.22 11.38+£2.76 | 0.27 £0.21
pz
) Successful cycle
3 g (n=8) 10.56 + 2.57 17.68 + 3.44 1.92 £ 0.75 3.52 = 1.09 11.12+1.03 0.39 £ 0.16 240+1.84 | 10.69+1.68 | 0.22+0.20
8 P
S c
EZ Failed cycle
og (n=12) 4.47 +2.30 14.05 + 3.32 0.62 + 0.28 1.23+1.27 8.61 +3.95 0.10 + 0.08 1.82+1.49 | 11.17 +2.16 | 0.19+0.16
o pd
p'/p? =0.007** | p'/p?=0.06 | p'/p?>=0.23 p'/p?=0.24 p'/p? = 0.58 p'/p?=0.013" | p'/p?=0.34 | p'/p?*=0.83 p'/p? = 0.57
p*/p* =0.003"* | p*p*=0.35 | p¥p*=0.009" | p*/p*=0.014* | p*/p*=0.18 p*/p*=0.007** | p%p*=0.82 | p%p*=0.65 p*/p*=0.77
P p'/p® = 0.62 p'/p*=0.52 | p'/p*=0.78 p'/p®=0.27 p'/p®=0.19 p'/p®=0.12 p'/p®=0.21 p'/p®=0.37 p'/p®=0.57
p?/p* = 0.014* p?/p*=0.41 p?/p*=0.011* p?/p*=0.12 p?/p*=0.30 p?/p* = 0.04* p?/p*=0.41 p?/p*=0.85 p?/p*=0.32

Note: * — difference significant at p < 0.05; ** — difference significant at p < 0.01.
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DISCUSSION

The thickness of the endometrium (midline echo) was measured
by 2D ultrasonography. There is no consensus in the literature
on the minimal endometrial thickness necessary for achieving
pregnancy. The majority of the researchers report failed IVF in
patients with endometrial thickness less than 7 mm [7, 13, 14].
However, there are reports of pregnancy in patients with 6-mm-
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or even 4-mme-thick endometrium [15]. Endometrial thickness
over 14 mm is associated with a high risk of miscarriage [7].
Our study reveals that endometrial thickness measured by
2D ultrasonography in patients with different ovarian reserve
correlates with the outcomes of IVF cycles. The differences
were more significant (p = 0.003), though, for the patients with
good ovarian reserve than for those with diminished ovarian
reserve (p = 0.05). Some researchers have demonstrated

A Blood flow in the endometrium

B Blood flow in the subendometrium

Fig. 1. Blood flow assessment in the endometrium (the subendometrial region excluded and included)
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Fig. 2. ROC-analysis of the associations between IVF outcomes and the blood flow in the endometrium (A) and the subendometrial region (B)
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Fig. 3. ROC-analysis of the associations between IVF outcomes and the endometrial volume, myometrial VI and subendometrial VFI

the lack of associations between the success of IVF and the
thickness of the endometrium [14]. It has been also reported
that patients older than 40 tend to have thinner endometrium,
which is a consequence of lower estradiol levels [12]. A few
authors believe that endometrial thickness is a subjective
parameter, so 3D sonography appears to be a more reliable
tool for measuring the endometrial volume and establishing
an association between this parameter and the success of
IVF [9]. The use of 3D ultrasonography allowed us to reveal
significant differences in the endometrial volume in the patients
whose IVF outcomes were different (p = 0.05; p = 0.02). The
endometrial volumes were also significantly different in the
patients who achieved pregnancy but had different ovarian
reserves (p = 0.004); however, no significant difference was
observed between the patients with regard to their endometrial
thickness.

Uterine blood flow plays an important role in the prediction
of IVF outcomes. The meta-analysis of the literature has
demonstrated that indices of subendometrial and endometrial
blood flows can indirectly reflect endometrial receptivity [5].
It is known that blood is supplied to the endometrium mainly
by spiral arteries which are a continuation of the basal arteries
located in the subendometrium [11]. The subendometrial
region should be included in the studied volume because the
subendometrial blood flow indices show the intensity of blood
flow in the arcuate artery and its radial branches.

Due to a high risk of injury to the endometrium, invasive
techniques cannot be used on the day of embryo transfer for the
assessment of endometrial receptivity. Non-invasive techniques
are recommended instead. Ultrasonography of the myometrial
and subendometrial blood flows has revealed significant
differences between the patients regardless of the quality of
their ovarian reserve in the myometrial IV (p = 0.007 for the
patients with normal ovarian reserve; p = 0.003 for the patients
with diminished ovarian reserve) and the subendometrial VFI
(p = 0.013 for the patients with normal ovarian reserve and
p = 0.007 for the patients with diminished ovarian reserve). The
lowest values were observed in the patients with low ovarian
reserve who failed to achieve pregnancy. It is believed that in
patients with decreased ovarian reserve reduced blood flow

indices result from the impaired growth of blood vessels in
the functional endometrial layer due to the insufficient effect of
estrogen during the proliferative stage [16].

Our findings are consistent with the results of the study
[17] suggesting that estrogen content in the serum can be
reliably associated with the intensity of the uterine blood flow
during IVF cycles in patients who receive gonadotropins and
gonadotropin-releasing hormone antagonists. It has been
proved that hormone replacement therapy considerably
improves the uterine blood flow (as and its indices measured
by Doppler sonography) in patients with premature ovarian
insufficiency [18].

Thus, our findings suggest that the use of 3D power Doppler
ultrasonography on the day of embryo transfer can be an
effective technique for the indirect assessment of endometrial
receptivity, which is consistent with the data obtained by other
researchers [5], and a good tool for predicting the outcome of
an IVF cycle after embryo transfer.

Once we know myometrial and subendometrial blood
flow characteristics, we can avoid useless embryo transfers.
Patients with diminished ovarian reserve are recommended
to undergo uterine flow examinations and therapies aimed at
improving uterine perfusion (should there be any deviations
from the norm) before starting IVF.

CONCLUSIONS

We have demonstrated that 3D power Doppler ultrasonography
is a reliable method for the assessment of uterine perfusion
on the day of embryo transfer in patients undergoing infertility
treatment. Myometrial and subendometrial blood flow indices
are better predictors of IVF success than characteristics of the
endometrial blood flow which showed no correlation with the
IVF outcomes in our study. Endometrial volume measured by
3D Doppler has a higher prognostic value than endometrial
thickness measured by 2D ultrasound. Considering very low
values of blood flow indices in patients with diminished ovarian
reserve whose IVF was ineffective, we recommend 3D Doppler
scans for such patients before embryo transfer.
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NON-THERMAL ATMOSPHERIC-PRESSURE PLASMA IN THE ANTI-AGE
THERAPY OF FACIAL SKIN
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Traditionally, anti-age therapies employ ultraviolet radiation and exposure to ozone, nitric oxide and electromagnetic fields.
Non-thermal atmospheric-pressure plasma (NTAPP) combines the effects of all those techniques. The aim of our study was
to assess the feasibility of low-dose NTAPP application in anti-age facial skin therapy. Ten female patients aged 50 to 55
years were examined and three facial zones were chosen for the experiment: the T-zone (the central part of the forehead)
and the “crow’s feet” areas on the right and left sides of the face. Ultrasonography was performed on the DUB SkinScaner
before the treatment course and 24 hours after the last treatment. Cleansed skin was exposed to a low-energy NTAPP helium
jet generated by the HELIOS system (Plasma Research and Production, Russia). Exposure time was 5 min per zone. Each
participant received 10 NTAPP procedures on alternate days. Before therapy, the skin condition in all participants fitted into
morphotype 3. Ultrasonography of the studied zones revealed a considerable deformation of the skin surface, a thickening
of the epidermis with a distinct border between the epidermis and the dermis, a slight thinning of the dermis, its relatively
homogenous echogenicity, and a blurred border between the dermis and the hypodermis. After the course was completed, all
patients demonstrated an evener skin surface, reduced epidermal thickness and reduced acoustic density of the epidermis and
the dermis; the dermis tended to have above average thickness. The most significant changes were observed for the wrinkles:
they became less pronounced in the “crow’s feet” area. Exposure to NTAPP caused the epidermal corneum to diminish in
thickness; it also stimulated microcirculation and improved the condition of the hydrolipidic film, all of which ultimately led to
the effacement of wrinkles. Treatment produced no adverse effects on the skin or its appendages.
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HN3KOTEMMNEPATYPHAA ATMOC®EPHASA NMJIASMA B KOPPEKL NI
BO3PACTHbIX USMEHEHMIN KOXXN NIULIA

M. U. Wemwyk', B. H. KopoTkumin'®, [1. H. Cepos?, M. A. Ko4eTkor?, A. . CteHbko®, H. . KopoTkuin!

" Kacbegpa gepmatoBeHeponorim, POCCUNCKUIA HaUMOHabHBIN UCCNeAoBaTENbCKMA MegULMHCKIIA yHBepeuTeT UM. H. . Mnuporosa, Mockea
2 MOCKOBCKUI HayYHO-MPaKTUHECKNIA LIEHTP [ePMaTONIorn 1 KocMeTosorin, Mocksa
3 IHCTUTYT NnacTU4eCcKon Xvpyprim 1 kocmeTonornn, Mockea

B aHTMBO3pacTHOW Tepanuu KO N1La CTaHOaPTHO MUCMONb3YIOT yibTpaduonetoBoe obnydeHne, 06paboTky MOBEPXHOCTHU
KOV O30HOM 1 OKCMZOM a30Ta 1 BO3OEVCTBME 3NEKTPOMarHUTHbIM nonemM. HuskotemnepaTypHas atmMocdepHasa nnasma
(HTTT) cnocobHa okasaTb Bce 3Th BO3AeNCTBUS. Lienbto paboTbl ObI10 oLeHUTb 9hdeKTUBHOCTb HTTT HU3KOM MHTEHCUBHOCTH
B Ka4eCTBe aHT1BO3PaCTHOM Tepanuu Koxu nnua. Ldecsty naumeHTkam B BodpacTte 50-55 neT npoBoannm NCCnenoBaHme
COCTOSIHMSA KOXXM vLia (T-30Hy (LeHTp nba), obnacTu «ryCuHbIX lanok» cnpasa ki cneea) Ha annapate DUB SkinScaner go Hadana
npumMmeHerns HTT 1 vepes cyTkm nocne 10 npouenyp. MNocne oumeHns Koxmn ee obpadbotani HTT HU3KOoM MHTEHCUMBHOCTU,
KOTOPYHO FEHEPVPOBaN B Cpede renvs B Buae nnasmeHHoro daxena Ha npudope «MESIIOC» («HMLL Mna3wva», Poccus). Bpemst
akeno3vumm HTTT cocTaBmnno 5 MnH Ha Kavkayro 30Hy, MpoLieaypbl MPOBOANAN HYepes AeHb. [0 NeHeHns COCTOAHME KOXM nLia
BCEX Y4aCTHUL, COOTBETCTBOBASIO TPETHEMY MOP(OTUMY MHBOMOLIMOHHBIX U3MEHEHMI. YNBTPa3BykoBOe 1ccnegoBarvie (Y3)
BCEX 30H NMOKa3asio 3Ha4NTENbHYIO AethopMaLmio MUKpopenbeda, YTOMNLLEHVE SnraepMuIca Npu COXPaHEHMN YETKON MpanHmnLbl
snuaepMm1ca U AepMbl, HEKOTOPOE CHIDKEHWE TOMLLMHBI AEPMbl C OAHOPOAHOW 3XOCTPYKTYPOW, CMa3aHHOe OTrpaHnyeHre
[EepMbl OT rmnodepMbl. MNocne 3aBepLUenns Kypca Y BCEX MaLMEHTOK OTMEYEHO YMeHbLLEHVE Aedopmanmn Mrkpopenseda,
cpenHen TONWMHbI snnaepMmca 1 yasTpasByKOBOW MIOTHOCTW anvaepMmca U AepMbl, TEHOEHUMS K YBENMHEHNIO CPeaHEeN
TONLWMHBI AepMbl. Hanbonbluve M3MEHEHMS KOCHYIUCh MOPLLVMH: HabMOAanoch X CriaxuBaHWe B 00MacT «MyCUHbIX
nanok». Taknm 06pasdom, 1ncnonb3oBaHe HTTT BbI3BANIO YMEHbLLEHWE TOMLWMHBI POFOBOrO Cos anuaepMuca, yaydlleHne
MUKPOLMPKYIALIAM 1 ynyHLLEHVE KadecTBa MaPOANMNAHON MaHTUN KOXK, YTO COMPOBOXAAIOCH CrIaXKMBaHNEM MOPLLMH.
HexxenatenbHbiX SBNEHWIA CO CTOPOHBI KOXXHOMO MOKPOBA 1 MPUAATKOB KOXXW He OblI0 OTMEYEHO.

KntoueBble cnoBa: BO3PaCTHbIE M3MEHEHMS KOXM, HU3KOTeMNepaTypHas atMocdepHas nnasma, MOpLLUMHbI
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Skin aging is the first visible sign of changes occurring in the
body as it grows old. There are two types of aging: chronological
(intrinsic) and sun-induced (extrinsic, also called photoaging)
[1]. Typical features of chronological aging include a 10% to
50% loss of the epidermal thickness, atrophy of the prickle cell
layer, shrinking and flattening of basal cells, decreased mitotic
activity of basal keratinocytes, slow lipid renewal, flattening
of the dermal-epidermal junction, and progressive loss of
melanocytes, Langerhans cells and melanocyte heterogeneity.
Dermal fibroblasts of the aging skin become less abundant,
the extracellular matrix atrophies, collagen and elastic fibers
degrade and shrink, and amyloids deposit. Such involution
causes skin deformation and wrinkles. The second type of aging,
photoaging, is an inevitable result of skin exposure to the hostile
environment that causes skin withering. Its symptoms can be
noticed long before the first wrinkles appear. Morphological and
functional signs of photoaging are traditionally categorized into
dermal and epidermal. Visible manifestations of photoaging
include telangiectasias and pigment spots (lentigines).

The main differences between photoaging and intrinsic
aging include epidermal thickening caused by the thickening of
the stratum corneum and accumulation of atypical amorphous
elastin in the dermal extracellular matrix. However, in photoaging
the dermis retains its ability to synthesize collagen and other
components of the extracellular matrix; therefore, some of its
manifestations can be reversed.

Visible signs of aging vary and can be grouped into five
morphological types [2]:

e morphotype 1 referred to as “the tired face”; the face
looks puffy, with drooping mouth corners;

e morphotype 2 known as “the wrinkled face”; it is
characterized by the pronounced wrinkles around the eyes
(“crow’s feet”) and on the upper and lower eyelids; vertical
upper lip wrinkles are also visible;

e morphotype 3, which refers to age-related facial and
neck deformities, namely excess skin on the upper and lower
eyelids, sagging cheeks, and a double chin;

e morphotype 4 is the combined type; it brings together the
age-related changes mentioned above, lack of skin firmness,
deep wrinkles, and overall skin deformation;

e morphotype 5 is the muscular type characterized by the
folds on the lower and upper eyelids, pronounced expression
wrinkles, and loss of facial contours; this type is most often
seen in Asian and Japanese people who have well developed
facial muscles and not so much subcutaneous fat.

As we grow older, our skin becomes thinner and paler,
loses its elasticity and firmness, and the texture of its surface
changes. Age affects all skin layers, including the epidermis,
the dermis, and the subcutis. In young people these layers
are visually distinct; dermal papillae create a very clear pattern
showing on the epidermis, the dermis is firm, the subcutaneous
tissue is well-pronounced [2]. As we age, the skin thins out
and loses its well-defined structure [2]. The pattern on the
skin surface fades out and the interface contact between
the epidermis and the dermis shrinks in size [2]. The fibrous
support of the dermis becomes lax, the signs of edema are
observed [2]. Wrinkles start to show. The subcutaneous tissue
looks fibrotic and the border between the subcutis and the
dermis becomes very blurred.

Skin aging is an issue for many patients and a challenge for
a cosmetic dermatologist. Treatments invented to combat skin
aging are abounding and based on the use of special cosmetic
products, chemical peeling and other non-surgical procedures
used alone or in combination [3-5]. All of them serve to restore
the hydrolipidic film of the skin, maintain adequate water content

in the epidermis and dermis, and improve microcirculation in all
skin layers, promoting synthesis of collagen fibers [3]. However,
these therapies often have unpleasant or even severe adverse
effects. Treatments for the aging face, neck or décolleté area
may provoke allergies [5]; chemical peelings can cause skin
flaking, edema and/or pigmentation of the treated areas [5];
laser treatments, electrical stimulation or the like may result
in demarcation lines, hyper- or hypopigmentation, scarring,
thermal burns, pain, loss of skin tone, or electric injury [6].
Therefore, the search for effective and safe treatments against
skin aging is still ongoing. So far, a number of experiments
have shown that low-dose non-thermal atmospheric-pressure
plasma (NTAPP) can improve tissue nutrition and the ability of
skin to rejuvenate [7-10].

NTAPP is a novel noninvasive method that combines the
effects of ultraviolet light and exposure to ozone, nitric oxide,
and the electromagnetic field [8-12]. In its essence, plasma is a
partially or fully ionized gas, the so-called fourth state of matter.
NTAPP is generated when the electromagnetic field is applied
to the gas at atmospheric pressure. When the field is strong
enough, gas molecules start releasing electrons, turning into
gas ions. Free electrons are accelerated by the electromagnetic
field and move to the anode colliding with gas molecules,
generating more gas ions and more free electrons (ionization
by collision). The process goes on and on, resulting in the
generation of plasma. Plasma properties are determined not
only by the electromagnetic field, but also by gas pressure, gas
type and the radiation source geometry [12, 13]. Conveniently,
NTAPP lacks the main drawback of other therapies: high
concentrations of toxic chemicals.

The main components of NTAPP are electrons, ions, free
radicals, and light [13]. Free radicals are particularly important
for cell and tissue physiology. Reactive oxygen and nitrogen
species have a crucial role in cellular health and pathology [14—
16]. In the recent decade new devices have been invented for
NTAPP production [17, 18]. NTAPP’s direct effects on lipids,
proteins, and nucleic acids of living cells, as well as its indirect
impact on signaling pathways, are well studied [15, 19].

Recently, NTAPP has been introduced into regenerative
medicine. Low-dose NTAPP stimulates cell growth and
proliferation, while high-dose NTAPP is capable of inducing
apoptosis or necrosis, confirming the dose-dependent
effect of oxidative stress [13, 20, 22]. Studies of the effects
of different NTAPP energies applied to mammalian cells have
demonstrated that low doses (under 0.2 J/cm?) stimulate cell
proliferation, medium doses (0.2 to 0.6 J/cm?) do not have any
effect on mammalian cells, whereas high doses (over 0.6 J/ cm?)
induce apoptosis [19, 22]. Multiple ex vivo and in vivo
experiments described in the literature prove antiseptic [22-28]
and wound-healing [9, 10, 29, 30] effects of NTAPP. High-dose
NTAPP has found its application in cancer treatment [20, 31]
and is employed to fight pathogens [21-28]. Low-dose NTAPP
is used in regenerative medicine [9, 10, 20, 29, 30].

In the present work we study the feasibility of low-dose
NTAPP for improving the condition of aging facial skin.

METHODS

The study was conducted in September through November
2017 at the Department of Dermatology and Venerology
(Pirogov Russian National Medical Research University) in
10 healthy female volunteers aged 50 to 55 years who gave
informed consent to participate. The study was approved
by the independent ethics committee (Protocol 2 dated
February 8, 2017) and the Academic Council of the Research
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and Medical Center of Dermatology and Cosmetology of the
Department of Healthcare, Moscow (Protocol 3 dated March 2,
2017). The study included only females between 50 and 55
years of age without facial inflammation or infection and normal
sugar levels. Females who had facial inflammation or infection,
diabetes mellitus, chronic kidney or liver diseases, vasculitis or
decompensated cardiovascular diseases and those who had
undergone a previous anti-age therapy less than 3 months
before the study were excluded.

All study participants had their facial skin examined; 3
facial zones were selected for the experiment: zone 1, or
the T-zone, covered the central part of the forehead; zone 2
included the “crow’s feet” area on the right side of the face;
zone 3, “crow’s feet” on the left. We used the DUB SkinScaner
(Digital Ultraschall Bildisystem, Germany) equipped with two
22 MHz and 75 MHz applicators with an axial resolution of
72 um and 21 um, respectively; the applicator with 75 MHz
center frequency (frequency range of 65 MHz to 85 MHz) was
used. The participants were examined twice: before NTAPP
therapy was started and 24 hours after the last treatment. A
standard ultrasound conductive gel was used for ultrasound
examinations. The obtained data were interpreted and analyzed
using the original software for the DUB SkinScaner according
to the manufacturer’s guidelines. Ultrasound examinations
were performed at room temperature, with the patients lying in
the supine position. We measured the average thickness of the
epidermis and the dermis, the acoustic density of the epidermis
and the dermis, assessed the microtopography of the skin
(length of the epidermal external surface contour), calculated
the index of epidermal deformation and the coefficient of
acoustic density distribution in the dermis (ADDD), i.e. the ratio
of the acoustic density of lower dermal layers to the acoustic
density of upper dermal layers; the reference interval for the
coefficient ranged from 0.75 to 1.70 units [33, 34].

After cleansing the face was exposed to the non-thermal
atmospheric pressure helium plasma jet (HELIOS, Plasma
Research and Production, Russia; see Fig. 1). Helium, the inert
gas, was released from the tank at 1.5 I/min on the rotameter
scale at moderate jet intensity. Exposure time was 10 min for
the “crow’s feet” areas and 5 min for the T-zone (the region of
the procerus muscle). Every participant received 10 procedures
in total with a one-day interval between successive procedures.

RESULTS

Before the experiment all participants were ascribed to
morphotype 3 based on their skin condition (puffy face,
drooping mouth corners, pronounced “crow’s feet”, wrinkles
on the upper and lower eyelids, vertical lip wrinkles, excess skin
on the upper and lower eyelids); one participant had a deep
furrow between the brows. Figures 2A and 3A show photos of
the participants with typical signs of skin aging.

The ultrasound examination (Table 1) revealed a considerable
deformation of the skin surface in all participants, a thickening
of the epidermis with a distinct border between the epidermis
and the dermis, a slight thinning of the dermis, its relatively
homogenous echogenicity, and a blurred border between the
dermis and the hypodermis. In one case (a 50-year-old female)
a deep wrinkle was observed in the T-zone (width of 2, 867 um,
depth of 250 um; see Fig. 2A).

After completing the procedures, we observed
improvements of skin condition in all participants (Table 1,
Fig. 2B and 3B). Epidermal deformation decreased by 35% in
the T-zone, by 58% and 30% in the “crow’s feet” area on the
right and left sides of the face, respectively. Average thickness
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of the epidermis decreased by 13.3%, 5.0% and 6.3%,
respectively. The acoustic density of the epidermis was 20%
in the T-zone, 46.6% and 35.6%, respectively, in the “crow’s
feet” areas on the right and left sides of the face, demonstrating
improved epidermal nutrition. Positive changes were also
observed for the dermis. Its average thickness increased in the
T-zone by 6%, in the “crow’s feet” area by 1.2% and 2.7% on
the right and left sides, respectively. The acoustic density of the
dermis decreased by 37.7%, 20.6% and 52.2%, respectively.
The observed changes indicate better nutrition and better
tissue hydration. On the whole, the skin structure in the studied
zones became considerably healthier, which was confirmed by
the increase in the ADDD value by 27.1%, 11.9% and 30.3%,
respectively. The deep wrinkle between the eyebrows in one of
the participants became narrower, though its depth remained
unchanged (Fig. 2B).

The most pronounced changes were observed for the
microtopography of the skin surface in the “crow’s feet” area:
the skin became smother, and the wrinkles shallower.

DISCUSSION

It is known that exposure to NTAPP induces production of
reactive oxygen and nitrogen species, UV-protons, electrons
and ions [32]. Experiments have demonstrated improved skin
microcirculation and, therefore, better hydration and activation
of collagen synthesis after exposure to low-dose NTAPP [33-
35]. In another study conducted in healthy male and female
volunteers over 18 years of age, changes in microcirculation
and the lowering of skin pH depended on the duration of
exposure to NTAPP [36]. It has been shown that nitric oxide
generated by low-dose NTAPP triggers -catenin activation by
epidermal cells, stimulating the renewal of the epidermis [37].
For normal epidermal function, proliferation of keratinocytes
and their apoptosis (programmed cell death) need to be well
balanced. Repeated exposure to NTAPP helps to achieve
normal epidermal thickness and better regeneration [37]. At
present NTAPP is used for microbial decontamination; it is
also employed to promote wound or venous ulcer healing.
Currently, the feasibility of NTAPP application in regenerative
medicine is being explored. Our study proves that NTAPP is
safe for the skin. We have shown that after 10 procedures
of facial skin exposure to NTAPP, epidermal acoustic density
decreases significantly, suggesting the loss of excess corneum
thickness, better microcirculation and improved quality of the
hydrolipidic film. Our findings are consistent with the published
experimental data [7, 12, 17, 33, 34]. Decreased acoustic
density of the dermis can be the result of good hydration of deep

Fig. 1. Low-dose non-thermal atmospheric-pressure helium plasma jet generator
(HELIOS, Plasma Research and Production, Russia)
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Table 1. Ultrasonography of different facial skin zones before and after exposure to NTAPP (M+o)

Parameter Before exposure to NTAPP After exposure to NTAPP

Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
Microtopography, mm 13.2+ 0.1 13.2+0.3 13.1+0.2 13.1 + 0.1 12.9 + 0.08 13.02 £ 0.13
Epidermal deformation, un. 0.416 £ 0.07 0.43 £ 0.26 0.33+0.18 0.27 + 0.09* 0.18 + 0.08* 0.23 +0.13*
Epidermal thickness, um 729 +12.3 64.3 £ 10.0 65.1+7.8 63.3 + 8.2 61.1+8.7* 61.0 +9.8"
Acoustic density of the epidermis, un. 1421 £12.8 106.6 £ 7.2 125.6 £ 28.7 113.7 £ 24.0* 56.9 + 21.0* 82.1 £ 33.7*
Dermal thickness, um 1521.6 +249.8 | 1313.4 £121.1 | 1292.4 +106.1 | 1612.4 + 168.0* | 1329.1 +136.4* | 1326.4 + 92.4*
Acoustic density of the dermis, un. 11.4+6.7 19.9 £ 14.6 20.7 +10.8 71+47 15.8 +14.8 9.9+51
ADDD 0.70 + 0.11 1.09 £ 0.16 0.944 + 0.191 0.89 +0.14* 1.22 +0.18* 1.23 + 0.28*

Note: ADDD is distribution of acoustic density in the dermis; * shows statistically significant differences between the parameters before and after exposure to NTAPP

(p < 0.085).

Fig. 3. The “crow’s feet” area before (A) and after 10 procedures of exposure to NTAPP (B)

skin structures. The structural changes in the skin following the
treatment course demonstrate the anti-age effect of NTAPP.
All study participants noticed changes in their skin appearance
(fewer and shallower wrinkles in the areas of interest). It is still
unclear, though, how many procedures need to be performed
and at what interval in order to achieve the best possible effect.
Perhaps, structural improvements would have been more
pronounced if the number of exposures had been higher. This
question requires further investigation.

CONCLUSION

Exposure to low-dose NTAPP can significantly improve the
condition of the epidermis, smoothing out the wrinkles that
negatively affect women’s emotional state. No adverse effects
on the skin or its appendages have been observed. Further
clinical studies of NTAPP application in cosmetology are
necessary to perfect the technique and define the optimal
duration of the treatment course for the best anti-age effect.
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THE COMPETENCE OF PLASTIC SURGEONS
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Russian system of continuous medical education does not guarantee professional development of its participants: doctors
do not report the number and specifics of the operations performed, self-assess their competence and compile individual
professional development plans, and the professional community does not take part in these processes. Therefore, there is a
need for accurate assessment of competence of plastic surgeons and objectivity of their self-assessment. We have conducted
a study in the form of a single-stage questionnaire filled by the surgeons in person. The questionnaire contained two sections.
The first section offered a competence self-assessment table listing 9 plastic surgery specialties; the participants used a 5-point
scoring system to state their level, where 1 meant "no experience", 2 — "beginner", 3 — "specialist", 4 — "knowledgeable",
5 —"expert". The second section contained 9 test tasks (closed, univariate) used to objectively assess the level of competence
of the participants. Each correct answer added 1 point to the participant's score, wrong answers added nothing. 162 people
took part in the survey. The average age of the participants was 31.5 + 6.9 years; average length of service — 4.0 + 4.8 years.
Analyzing the data, we applied the Kolmogorov-Smirnov test, Mann-Whitney test, Kruskal-Wallis test, Spearman's coefficient,
used ANOVA, Levene's test, Duncan test. The values were considered statistically significant at p < 0.05. The overall self-
assessment score was 2.1 + 0.92 points. We have discovered a statistically significant (p < 0.001) correlation of the length of
service with the level of self-assessment (r, = 0.72). The average score for the second section, the tests, was 2.6 + 1.76 points
(out of 9). The correlation between the test score and the length of service was insignificant (r, = -0.08, p = 0.3); same is true
for the self-assessment (r, = -0.006, p = 0.9).

Keywords: competence of plastic surgeons, self-assessment of competence by plastic surgeons, objectivity of self-
assessment of competence
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KOMMNETEHTHOCTb MNACTUYECKUX XUPYPIOB

H. E. ManTyposa', B. B. Kouy6ein?™, A. B. Kouy6eir®

"Kadegpa nnacTm4eckomn, PeKOHCTPYKTUBHOM XVPYPIiN, KOCMETONOMM 1 KNETOYHBIX TEXHOMOMI, (akysTeT AOMONHUTENBHOMO MPOdECCHOHaNBHOrO 06pa3oBaHKs,
Poccuiickunii HaumoHanbHbI MCCReaoBaTeNbCK MeANLMHCKUIA YHUBepcuTeT umeHn H. V. Muporosa, Mockea

2Kadpenpa chakynsreTckon xupyprim Ne 1, nedebHbil hakynster,
MOCKOBCKWMIA rOCYAAPCTBEHHbI MEANKO-CTOMATONOMMHECKNI YHUBEPCUTET UMeHn A. 1. EBOOKMMOBa, Mockea

8 Kachenpa 06LLECTBEHHOIO 3L0POBbLS 1 3PABOOXPAHEHNS,
VIHCTUTYT noBbiLLeHNs kBannprkaummn ®egepanbHOro Meamyko-61onorn4eckoro areHTcTea, Mockea

OTevecTBEHHAst cUCTEMA HEMPEepbIBHOMO MeauumMHCKoro obpasoBaHua (HMO) He rapaHTUpyeT eXerofHoro nporpecca
npodeccroHanbHON KOMMETEHTHOCTN Yy BCEX €€ YYaCTHMKOB: Bpadamun He MpedoCTaBAstoTCs OTHETbl O KOMHECTBE U
CMeKTpe NpofeniaHHbIX onepaLnii, oLeHKa KOMMNETEHTHOCTU 1 CO3AaHMe NNaHoB MHAMBUOYaIbHOMO 00y4eHNst MPOBOAATCH
VMM CamMOCTOSITENbHO 663 y4acTua MpoecCroHaibHOro coobluectea. B aToi CBA3M aKTyaslbHbIM ABASETCH U3y4eHre
KOMMETEHTHOCTW MNaCTUHECKMX XMPYProB 1N OOBEKTVBHOCTU €€ CamMOOLEHKM. V3ydYeHre NMpoBOANAN C MOMOLLBIO OYHOMO
O[HO3TaNHOro aHKeTMpPOBaHWS. AHKeTa copepxana [ABa pasfgena. [1epBbii pasgen BkoYan TecTbl AJ19 CaMOOLEHKM
KOMMETEHTHOCTM MO 9 TPYAOBbIM (PYHKLIMSIM MNacTUHECKOro xvpypra, roe 1 o3Hadano, YTO HET OmMbiTa, 2 — HOBUYOK,
3 — cneupannct, 4 — 3HaToK, 5 — 3KcnepT. Bo BTOpPOW pasfden BXOAUAN TECTOBblE 3a[aHVs 3aKpbITOro Tina NpPOCTOro
OHOBapnaHTHOro Bblbopa Anst OOBEKTUBHON OLEHKM 3HAHWUI PECMOHAEHTOB. [paBuiibHbIN OTBET OuleHMBaM B 1 6ann,
HeBepHbIi — 0. B aHKeTpoBaHWM NpUHSAM ydacTne 162 Yenoseka. CpeaHuin BO3pacT pecnoHaeHToB 6bin 31,5 + 6,9 roaa,
cpenHuin ctax paboTbl 4,0 + 4,8 roga. [Ansa cTaTMCTUYECKOro aHanmnaa paccHuTbiBanv Kputepun Konmoroposa—CMUPHOBA,
MaHHa-YuTHK, Kpackena—Yonnuca, koadpdpuumeHT CnvpmeHa, MCnoib30oBaim OoHOMaKTOPHbIN AMCNEPCUOHHBIA aHanma
(ANOVA), TecT JleBeHa, TecT [yHkaHa. CTaTUCTUHECKM 3HAYMMbIML CHUTaM 3HadeHus npu p < 0,05. Mo peaynsratam
1ccnefoBaHnst 06LLIMIN YPOBEHb CaMOOLIEHKM BCEX pecrnoHaeHToB coctasun 2,1 + 0,92 6anna. ObHapy»eHa CTaTUCTUHECKN
aHaummMan (p < 0,001) koppenauvs ctaxa ¢ ypoBHeM camooueHkun (1, = 0,72). CpeaHasa oleHka Mo TecTam cocTaBuia
2,6 + 1,76 6annoB 13 9 MakcMManbHO BO3MOXHbIX. HeaHaumolm okasanacb KOpPensumsi TECTOBOW OLEHKN CO CTaXKeM
paboTsl (r, = -0,08, p = 0,3) 1 ¢ camooLeHko (r, = =0,006, p = 0,9).

KntoyeBble cnoBa: KOMMETEHTHOCTb MIACTUHECKNX XMPYProB, CaMmOOLEHKa KOMMETEHTHOCTU NAACTUYECKUMM XMPYPramu,
0OBEKTUBHOCTb CAMOOLIEHKI KOMMNETEHTHOCT
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Russian legislation obliges each medical doctor to constantly
improve professional expertise through participation in
additional professional education programs [1]. One of the goals
of modernization of the national medical education system
is introduction of the continuous professional development
principle [2]. For this purpose, there was built a continued
medical and pharmaceutical education web portal, which is
maintained by the Center for Scientific and Methodological
Support of Transition to Continuous Medical and Pharmaceutical
Education System under the Russian National Research
Medical University named after N. Pirogov [3, 4]. This portal
hosts continued education programs and educational activities
approved by the Commission for Development of Continued
Medical and Pharmaceutical Education of the Ministry of Health
of the Russian Federation [5]. This is the factor that guarantees
high quality of content provided in the context of the CME
(continued medical education) system. The portal also allows
practitioners to compile individual training plans [3], which
means that a doctor's professional level depends on his or her
own attitude, personal desire to develop and master a wider
range of professional skills, and, most importantly, objectivity of
self-assessment.

Today, testing in the context of periodic accreditation is the
only tool to "weed out" unqualified specialists. At the same time,
it encourages professional growth [6]. But periodic accreditation
only takes place once every 5 years; it is a checkpoint through
which a doctor gets permission to practice. During those 5
years, the Russian continued medical education system does
not oblige practitioners to develop their professional skills, as
opposed to the like systems active abroad, which do [7-10].
The latter prove that their mechanisms designed to annually
assess a doctor's professional progress are effective, with such
assessment comprising a portfolio of reports stating number and
specifics of operations, peer reviews and an individual training
plan (developed jointly with the organization administrating the
system) listing mandatory subjects [11-14].

This study aimed to learn the level of competence of plastic
surgeons, as well as objectivity of their self-assessment, in
certain modules of plastic surgery.

MATERIALS AND METHODS

The study started with a one-time surveying of medical doctors
carrying plastic surgeon certificates (which was the inclusion
criterion). The questionnaire contained two sections. First
section offered a competence self-assessment table listing 9
plastic surgery modules; the participants used a 5-point scoring
system to state their level, where 1 point meant "no experience"
and 5 points — "expert". Each score tier for each specialty

Table 1. Competence level of plastic surgeons: self-assessment

defined one of five groups a doctor could belong to: 1 — no
experience, 2 — beginner, 3 — knowledgeable, 4 — specialist,
5 — expert.

The mean of all points a participant assigned to each
specialty was his or her overall self-assessment level. This
level could bring the participant into one of three groups: mean
from O to 2 — low self-assessment level; mean from 2 to 4 —
average self-assessment level; mean from 4 to 5 — high self-
assessment level.

Second section contained 9 test tasks (closed, univariate)
used to objectively assess the level of competence of the
participants. The tasks were taken from a collection of tests
used at the final certification exam plastic surgeons take [15].
Each correct answer added 1 point to the participant's score,
while wrong answers added nothing. The total number of points
was the overall assessment level of each participant; the values
ranged from O to 9.

162 people took part in the survey. The survey was
anonymous. Respondents indicated their age, sex and length
of service in the field of plastic surgery.

The average age of the participants was 31.5 + 6.9 years,
average length of service — 4.0 + 4.8 years. There were 63
women (mean age 32.1 + 8.6 years, average length of service
4.5 + 0.8 years) and 99 men (mean age 31.2 + 5.5 years,
average length of service 3.7 + 0.4 years). Length of service
defined 4 groups of participants: O years of experience —
14.2% of respondents, 1-5 years — 58.0%, 6-10 years —
20.4%, over 10 years — 7.4 %. Distribution by age, length
of service and variants of respondents' self-assessment was
irregular (p < 0.001).

We applied the Kolmogorov-Smirnov test to assess
uniformity of distribution; any deviation at p < 0.05 was
considered statistically significant. Differences between the
two groups were assessed with the help of the Mann-Whitney
test (U), that among multiple groups — through ANOVA
with simultaneous assessment of the equality of variances
(Levene's test) and application of the Kruskal-Wallis test (chi-
square). Duncan test allowed isolation of the homogeneous
groups. Spearman's coefficient (r) was used to confirm
correlation between attributes. The criteria and coefficients
were considered statistically significant at p < 0.05. Average,
standard deviations, percentages were calculated.

IBM SPSS Statistics software (version 23) was used for
statistical processing of the data.

RESULTS

The most popular competence level for all plastic surgery
modules was "no experience" (Table 1).

Competence levels
Specialty

no experience beginner knowledgeable specialist expert
Otoplasty 37% 27.8% 16.7% 18.5% -
Rhinoplasty 38.9% 27.8% 18.5% 14.8% -
Blepharoplasty 40.7% 22.2% 14.8% 13.0% 9.3%
Cheiloplasty 40.7% 33.3% 13.0% 7.4% 5.6%
Mammaplasty 33.3% 29.6% 13.0% 14.8% 9.3%
Urogenital plastic surgery 68.5% 20.4% 5.6% 1.9% 3.7%
Cutaneous plastic surgery 31.5% 25.9% 20.4% 16.7% 5.6%
Craniofacial plastic surgery 50.0% 29.6% 9.3% 5.6% 5.6%
Arm and hand plastic surgery 57.4% 24.1% 5.6% 11.1% 1.9%
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The greater the competence level, the less respondents
picked it throughout all specialties, the only exception being "arm
and hand surgery". In this specialty, the share of self-assessed
"specialists" was greater than that of "knowledgeable". The
participants of the study picked the lower competence levels
in the "arm and hand surgery", "urogenital plastic surgery",
"craniofacial plastic surgery" specialties.

The overall self-assessment score was 2.1 + 0.92 points.
For the "otoplasty" specialty, the figure was 2.2 + 1.12 points;
for the "rhinoplasty" — 2.1 + 1.08; "blepharoplasty" — 2.3 +
1.36; "cheiloplasty" — 2.0 + 1.16; "mammaplasty" — 2.4 +
1.32; "urogenital plastic surgery" — 1.5 + 0.96; "cutaneous
plastic surgery" — 2.4 + 1.24; "craniofacial plastic surgery" —
1.9 + 1.14; "arm and hand surgery" — 1.8 + 1.09.

Analysis of the self-assessment scores against length of
service (0 years, 1-5 years, 6-10 years, over 10 years) has shown
that the level of self-assessed competence level differs in all
specialties (chi-square 66.9; p < 0.001). The average seff-assessment
score grows together with the length of service (Table 2).

The results received and the fact that the greater the length
of service the more participants consider themselves "experts"
and "specialists" lead us to look into the relationship of
experience and self-assessment. We have found a statistically
significant (p < 0.001) correlation between length of service,
overall (r, = 0.72) and specialty-specific self-assessment levels:
"otoplasty" r, = 0.64, "rhinoplasty" r, = 0.52, "blepharoplasty"
r, = 0.57, "cheiloplasty" r, = 0.66, "mammaplasty" r, = 0.72,
"urogenital plastic surgery" r, = 0.35, "cutaneous plastic
surgery" r, = 0.62, "craniofacial plastic surgery" r, = 0.46, "arm
and hand surgery " r_ = 0.42.

As for the second part of the study, the tests, 7.4% of
participants gave no correct answers, 22.8% gave one correct
answer, 20.4% — two correct answers, 17.9% — three correct
answers, 20.4% — five correct answers, 3.7% — six correct
answers, 1.9% — nine correct answers. Specialty-wise, the
distribution of correct answers was as follows: "otoplasty" —
53.1% (of respondents answered correctly); "rhinoplasty" —
46.9%, "blepharoplasty" — 21%, "cheiloplasty" — 20.4%,
"mammaplasty" — 20.4%, "urogenital plastic surgery" —
24.1%, "cutaneous plastic surgery" — 34%, '"craniofacial
plastic surgery" — 32.1%, "arm and hand surgery" — 13%.

+
+

Table 2. Overall assessment score by length of service and self-assessment level
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The overall average score was 2.6 + 1.76 points. There was
no correlation found between the overall score (all test tasks)
and length of service (r, = -0.08, p = 0.3). As for the specialties,
no correlation between length of service and the amount of
correct answers was established for "rhinoplasty" (r, = -0.03,
p = 0.7), "blepharoplasty" (r, = -0.05, p = 0,5), "urogenital
plastic surgery" (r, = -0.09, p = 0.2), "cutaneous plastic
surgery" (r, = =0.05, p = 0.5). A statistically significant but
inverse correlation was found between the length of service and
the number of correct answers for "mammaplasty" (r, = -0.2,
p = 0.01) and "craniofacial plastic surgery" (r, =-0.05, p = 0.01).
"Rhinoplasty" and "cheiloplasty" were the only modules where
experience directly affects the number of correct answers:
r, =027, p =0.001 and r_, = 0.19, p = 0.02, respectively. It
should be noted that the correlation, although statistically
significant, was quite weak.

The distribution of correct answers among the 4 length of
service groups was uneven (chi-square 12.1, p = 0.007).

The "overall assessment level" in the three groups that
were defined during the study (low, medium and high self-
assessment levels) showed no statistically significant
differences: 2.6 + 1.63, 2.8 + 2.0, 1.5 + 0.55, respectively,
chi-square 3.3, p = 0.20. Table 2 shows collates the overall
average assessment score by length of service and self-
assessment level.

The correlation between overall self-assessment level
and overall assessment level was not statistically significant
(r, = -0.006, p = 0.9). In some specialties, the distribution
of correct answers considered from the point of view of 5
proficiency groups (no experience, beginners, knowledgeable,
specialists, experts) was quite even: "rhinoplasty" (p = 0.36),
"blepharoplasty" (p = 0.31), mammaplasty (p = 0.11), "urogenital
plastic surgery" (p = 0.45). In other specialties, on the contrary,
it was uneven: "rhinoplasty" (p = 0.0001), "cheiloplasty"
(p=0.015), "cutaneous plastic surgery" (p = 0.018), "craniofacial
plastic surgery" (p = 0.002), "arm and hand plastic surgery"
(p = 0.005).

The Duncan's test allowed singling out groups with
homogeneous distribution of correct answers. In "rhinoplasty",
the correct answers were distributed similarly in "no experience"
(M = 0.25) and "specialist" (M = 0.29) (p = 0.74) proficiency

Length of service Self-assessment level Overall average assessment score
low 2.6+1.64
0 years
total 2.6+1.64
low 2.8 +1.61
medium 2.1+1.48
1-5 years
high 1.0 £ 0.00
total 2.6 +1.59
low 2.0 +1.09
6-10 years medium 3.8+224
total 3.5+2.18
low 0.0 + 0.00
medium 1.7 £ 0.51
Over 10 years
high 2.0 £ 0.00
total 1.3+0.88
low 2.6 +1.63
medium 2.9 +2.01
Total
high 1.5+0.55
total 2.7 +1.76
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Table 3. Competence level: results of the testing

Average number of correct answers in groups
Modules
"no experience" "expert"
Otoplasty 0.47 + 0.50 -
Rhinoplasty 0.29 + 0.46 -
Blepharoplasty 0.18 + 0.39 0.20 + 0.41
Cheiloplasty 0.09 + 0.29 0.33 + 0.50
Mammaplasty 0.28 + 0.45 0.00 + 0.00
Urogenital plastic surgery 0.26 + 0.44 0.00 + 0.00
Cutaneous plastic surgery 0.35 + 0.48 0.00 + 0.00
Craniofacial plastic surgery 0.33 + 0.47 0.00 + 0.00
Arm and hand plastic surgery 0.16 + 0.37 0.00 + 0.00

groups, as well as in "knowledgeable" (M = 0.60) and "beginner"
(M=0.76) (o = 0.15). As for the cheiloplasty specialty, there were
no statistically significant differences in distribution of correct
answers: "no experience" (M = 0.09) and "knowledgeable"
(M =0.14) (p = 0.1), "specialist" (M = 0.25), "beginner" (M = 0.33),
"experts" (M = 0.33) (p = 0.26). In cutaneous plastic surgery,
homogeneity in distribution of correct answers was registered
in groups "expert" (M = 0.00) and "beginner" (M = 0.21)
(p = 0.12), as well as groups "no experience" (M = 0.35),
"specialist" (M = 0.44), "knowledgeable" (M = 0.48) (p = 0.07).
In craniofacial plastic surgery we have also detected two
groups with expressed correct answers homogeneity, one
comprised of "knowledgeable" (M = 0.00), "expert" (M = 0.00),
"'no experience" (M = 0.33) (p = 0.05), the other including
"beginner" (M = 0.40) and "specialist" (M = 0.67) (o = 0.05). In
arm and hand surgery, homogeneous groups were "beginner",
"knowledgeable", "expert" (M = 0.00 for each) (p = 0.34) and
groups "no experience" (M = 0.20) and "specialist" (M = 0.33)
(p =0.26).

As this data describing homogeneity of distribution of
correct answers in groups shows, self-assessment does not
match scores received through testing. Moreover, in most
specialty groups those respondents that claimed to have "no
experience" gave more correct answers than those who placed
themselves on the "expert" tier (Table 3).

In blepharoplasty the average number of correct answers
was higher in the "expert" group, but the difference was
non statistically significant (U = 486, p = 0.88). Only in the
cheiloplasty specialty the average number of correct answers
given by '"experts" was higher than that seen in the "no
experience" group (U = 225, p = 0.04).

DISCUSSION

Our survey has shown that plastic surgeons generally believe
their level of competence to be quite low. This is especially
S0 in such modules as urogenital plastic surgery (1.5 + 0.96),
arm and hand surgery (1.8 + 1.09), craniofacial plastic surgery
(1.9 £ 1.14). It should be noted that according to a study we
have conducted earlier [16], these are the modules where
surgeries are most seldom.
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CLINICAL AND RADIOGRAPHIC CHARACTERISTICS OF PATIENTS WITH
CERVICALGIA AFTER PREVIOUS INJURY TO THE PECTORAL GIRDLE
Kalinsky EB'™, Chernyaev AV', Slinyakov LYu', Lychagin AV', Kalinsky BM?, Goncharuk YuR'

" Chair of Trauma, Orthopedics and Disaster Surgery, Faculty of Medicine,

Sechenov First Moscow State Medical University (Sechenov University), Moscow
2Botkin Moscow State Clinical Hospital, Moscow

The health of the cervical spine (CS) and the functional state of the pectoral girdle are interdependent. Injuries to the pectoral
girdle can be an underlying cause of CS pain, including cervicalgia. The aim of this study was to evaluate the condition of the
cervical spine in patients with cervicalgia developed after a pectoral girdle injury using radiographic and physical examinations.
The study included 400 patients complaining of cervicalgia. Pain intensity was evaluated on the visual analog scale (VAS); the
impact of the condition on patients’ lives was assessed using the Neck Disability Index (Russian language). During physical
examinations, the general health of the spine was evaluated and abnormalities in the cervical spine were noted. All participants
underwent a radiographic scan of the cervical spine in the lateral and anterior-posterior projections; 49.5% of patients underwent
postural digital radiography to evaluate their CS sagittal profile. All patients received an MRI scan. Based on the results, we
identified certain functional changes in the cervical spine which possibly caused cervicalgia. Structurally and functionally, the
changes were divided into static and dynamic. We conclude that cervical spinal pain is a common problem among patients
with previous pectoral girdle injury.

Keywords: cervicalgia, sagittal balance, spine, cone of economy, radiography, pectoral girdle injury, cervical spine,
global alignment

Correspondence should be addressed: Evgeny Kalinsky,
Trubetskaya 8, bl. 2, Moscow, 119991; eugene_kalinsky@mail.ru

Received: 15.03.2018 Accepted: 24.03.2018
DOI: 10.24075/brsmu.2018.017

KIIMHNKO-PEHTITEHOJIOITMYECKAA XAPAKTEPUCTUKA NALIMEHTOB
C LEPBUNKAJIbHbIM CMHOPOMOM MNOCJE TPABMbI HAAMNJIEYbA

E. Bb. KanuHckuin™, A, B. Hephsies!, J1. HO. CnuHsikos!, A. B. JlbidarvH!, B. M. KanuHcknia?, KO. P. ToH4apyk!
"Kadhegpa TpaBMaTonornn, OPTONeamn 1 XMPyprim KatacTpod, NeqebHblin (haxynsteT

[MepBbln MOCKOBCKMIA FOCYAAPCTBEHHbIN MEAVLIMHCKIMIA yHMBEPCUTET M. V1. M. CeveHoBa (CeveHoBCKUIA yHBEpCUTET), MocKBa
2Topopackas knnHudeckast 6onbHuLAa um. C. T, BoTkuHa, Mocksa

CocTosiHve LWelHoro otaena no3soHo4YHVKa (LLIOTT) HaxogmTes BO B3anMOCBS3W C (DYHKUMOHaMbHBIM COCTOSHMEM Mosica
BEPXHEN KOHEYHOCTU. MoBpexaeHnst nosica BEpXHEN KOHEYHOCTU MOMyT nexxaTb B OCHOBe 60MeBbixX oLyLeHnin B LLIOT,
B TOM 4MCne BbI3blBaTb LepBukanruio. Llensto nccnenoBaHms 66110 OLEHWUTb KIMHUKO-PEHTIEHONOMMHECKYIO KapTUHY
LLIOINM y nauneHTOB C LiepBMKanrien, nepeHeclurx TpaBMmy nnedveBoro nosica. B nccneposanue Bowv 400 naumeHToB ¢
»xanobamm Ha LepBukanro. VIHTEHCUBHOCTb OO OLeHMBanM Mo BM3yanbHO-aHanoroson wkane (VAS), orpaHn{eHns
xXnsHepesTensHocTn — no onpocHrky NDI-RU (The Neck Disability Index, Russian language). Npy ocMOTpe naumeHToB
NPOBOAMAM OLIEHKY MPOdWIS NO3BOHOYHMKA 1 TOKasbHbIX M3MeHeHw B LLIOTT. Bcem nnuam, BKIKOYEHHbIM B UCCNEA0BaHME,
ObI10 BbINOHEHO peHTreHonorn4eckoe obcnenosanie LLIOI B 60K0OBOM 1 nepefHe-3agHen npoekumnsx, y 49,5% naumeHTos
npoBefdeHa NocTypasibHas LmdpoBas peHTreHorpadust MO3BOHOYHMKA Ast OLEeHKN carnTTanbHoro npodung LLIOM. Beem
nauyeHTam Oblna caenaHa MarHUTHO-pe3oHaHcHast Tomorpadus (MPT). Mo pesynsrataMm KOMAIEKCHOMO KIMHUKO-/yHeBOro
obcnefoBaHNs y MaumeHToB Oblv OTMeYeHb! (DYHKLMOHANBbHBIE U3MEHEHNS!, KOTOPbIE MOXXHO TPakTOBaTb Kak MpUYMHY
pasBuTUA LiepBuKanmm., C TOYKM 3pEeHUst CTPYKTYPHO-(YHKLMOHANBHOrO AMarHo3a onpefdeneHbl pasnuyHble CTaTuKo-
OVHaMUYeckme HapylleHnsi. Takum o6pas3oM, Obino BbiIsiBNEHO, YTO 6onesol cuHapom B obnactv LLUOM aBnsetcs 1acTto
BCTpeYvatoLLencs NpobneMon y nauneHToB, NepeHecLUnX TpaBMy Haanneybs.

Knto4yeBble crnoBa: LiepBrKanris, carntranbHbli 6anaHc, MO3BOHOYHUK, KOHYC SKOHOMUM, PEHTreHorpadus, TpaBma BEPXHEN
KOHEYHOCTW, LLIEMHbIV OTAEeN NO3BOHOYHMKA, 0bLLEee CTPOeHMe
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In the recent decade structural deformities and functional
impairments of the spine have been deemed increasingly
important as an underlying cause of both axial and peripheral
pain syndromes. Biomechanically, the spine and the pectoral
and pelvic girdles resemble an intricate rigging system [1,
2]; the spine, its central component, is a “mast” supported

by “shrouds”, i.e. the pectoral girdle, pelvis, and spinal and
limb muscles. In this biomechanical system, a change in the
spatial orientation of one component will entail adaptive shifts
or functional adjustments of others. Through such adaptation
energy-efficient performance is achieved, meaning that the
body can maintain its postural balance within the cone of
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economy, as described by Dubousset (Fig.1) [3-6]. Thus,
functional statuses of the cervical spine (CS) and the shoulder
girdle should be seen as interdependent [1, 3, 7, 8].

Injuries to the pectoral girdle are very common and
nowadays account for 15% of all skeletal injuries [9]. They are
most often seen in young patients of working age and are a
result of household, sport-related and road accidents.

Based on the analysis of treatment outcomes in patients
with pectoral girdle injuries, we can isolate a group of patients
with cervicalgia. This group is heterogenous and includes
differently aged individuals who previously received operative
or non-operative treatment for their condition. Of particular
interest here are young and middle-aged patients who had no
clinical signs of cervicalgia before the injury. Neck pain entails
functional limitations and slows down rehabilitation, affecting its
intensity; it also deteriorates the patient’s quality of life [7]. It is
worth noting that there are no reliable data in the literature on
the prevalence of cervicalgia in patients with previous injuries to
the pectoral girdle or on its possible causes.

The aim of our study was to evaluate the condition of the
cervical spine in patients with cervicalgia after a pectoral girdle
injury based on radiographic and physical examinations.

METHODS

The study was conducted in 400 patients undergoing treatment
at the facilities of the Trauma Unit (Botkin City Clinical Hospital,
Sechenov First Moscow State Medical University, Department
of Traumatology, Orthopedics and Disaster Surgery) between
2015 and 2018. The study included male and female individuals
aged from 18 to 59 years (mean age was 41.3 + 1.1 years) with
localized neck pain (suggestive of cervicalgia) and an isolated
unilateral injury of the pectoral girdle received at least 6 weeks
before the study.

Patients with clinical signs of cervical radiculopathy, any
previous injury to the spine, the narrowing of the cervical spinal
cord of any etiology and multiple injuries were excluded from
the study.

Age- and sex-based distribution of patients is shown in
Table 1.

=4¢—P-§

Fig. 1. The picture of the optimal standing posture of the human body as
proposed by the “cone of economy” concept [3]
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Of all selected patients, 276 (69%) received surgical
treatment, 124 (31%) received non-operative treatment.

Clinical evaluation of the orthopedic status was performed
in all patients. Pain intensity was evaluated on the visual analog
scale (VAS) [10, 11].

The impact of neck pain on the patients’ lives was assessed
using the NDI-RU questionnaire [12—14].

CS radiography was performed in standard anterior-
posterior and lateral projections (100%). Functional radiography
of the cervical spine was not ordered: it would have provided no
valuable information because of the pain syndrome the patients
suffered from and because it would have been impossible to
maintain identical conditions during each examination.

To investigate the sagittal profiles of CS, we performed
postural digital radiography of the spine in the lateral and
anterior-posterior projections in 198 patients (49.5%) [5]. This
type of imaging allows to evaluate both cervical spinal balance
and the so-called global alignment (Fig. 2) [7, 15-20].

To understand the condition of intervertebral discs and
to exclude cervical spinal stenosis, an MRI examination
was ordered for all the patients (T1/T2-weighted and STIR
scans in closed 1.5 Tesla machines with standard Pfirrmann
grading) [21].

RESULTS

All patients complained of neck pain. Pain intensity on the VAS
scale was mild in 18 patients (4.5%), moderate in 312 patients
(78%), fairly severe and severe in 70 patients (17.5%). Average
score for pain intensity was 5.6 + 0.45 points.

The NDI-RU questionnaire revealed mild self-measured
disabilities in 85 patients (21.3%), moderate, in 290 patients
(72.5%) and severe, in 25 (6.2%) patients.

Physical examinations were carried out to assess the
overall condition of the spine, search for the abnormalities in
the cervical spine, and estimate the range of motion in the latter
(Table 2).

Radiography detected the following local symptoms
(Table 3).

In the frontal
undeformed.

Table 4 shows the findings of postural digital radiography
performed to assess cervical sagittal balance.

MRI scans were suggestive of intervertebral disc
degeneration in the studied zone in all the patients (Pfirrmann’s
types | and Il) [21]; their vertebral bodies were intact. No signs
of cervical spinal stenosis were observed.

plane the cervical spinal axis looked

DISCUSSION

Qur study was conducted in 400 patients with previous
injury to the pectoral girdle who had developed clinical
signs of cervicalgia in the post-injury period. The symptoms
included local pain, myofascial pain, and the restricted range
of motion in the cervical spine. Radiography did not detect
severe degeneration or dystrophic changes in the spine. The
sagittal balance profile obtained for 198 patients (49.5%) did
not reveal severe biological or mechanical damage to the

Table 1. Distribution of patients based on sex and age

Male Female
18-44 125 (31.3%) 101 (25.2%)
45-59 88 (22%) 86 (21.5%)
Total 213 (53.3%) 187 (46.7%)
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BALANCE

Cervical lordosis
+T1 slope

Thoracic kyphosis

Lumbar lordosis

Global
Pelvic position alignment
1. Cranial offset Ju Lowerlimbs -
2. C0-C2 angle
3. C2-C7 angle
4. T1 slope
5. Thoracic inlet angle
Fig. 2. Radiographic parameters of sagittal balance [15, 19, 20]
Table 2. Results of clinical examinations
Symptom Number of patients
General health of the spine
Flat back (loss of cervical and lumbar lordosis or thoracic kyphosis) 98 (24.5%)
Round back (thoracic hyperkyphosis) 47 (11.7%)
Flat-concave back (thoracic hyperkyphosis and lumbar lordosis) 29 (7.3%)
Thoracolumbar scoliosis 247 (61.8%)
Pelvic misalignment 198 (49.5%)
Changes in the cervical spine
Cervical hyperlordosis 186 (46.5%)
Loss of cervical lordosis 199 (49.8%)
Hypertonia of paraspinal muscles 359 (89.3%)
Restricted flexion 373 (93.3%)
Restricted extension 340 (85%)
Restricted rotation 381 (95.3%)
Restricted lateral flexion 391 (97.8%)
Table 3. Radiographic findings
Symptom Number (%)
Loss of disc height (relative to neighboring discs) 49 (12.3%)
Stepladder instability of vertebral bodies (the posterior vertebral body line is interrupted) 273 (68.3%)
Facet joint arthrosis 23 (5.8%)
Local deviation of the spinous process 379 (94.8%)
Inclination of zygapophyses (facet subluxation. broken Hadley’s S curve) 367 (91.8%)
Spondylosis 12 (3%)
Table 4. Parameters of cervical sagittal balance
Parameter Value 1 ,l\qe;r; 8]
C0-C2 angle -29° +1.3° -30°
C2-C7 angle -9.8° +0.9° -9.6
T1 slope 38.9°+ 1.2° 40°
C2-C7 SVA (sagittal vertical axis) 3.9+0.5¢cm 4cm
TIA (thoracic inlet angle) 43° +1.4° 44°
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spine, suggesting that pain originated in the neck. MRI data
are suggestive of the initial stage of degenerative dystrophic
changes in the functional spinal units but show no disc-root
conflicts and central or lateral canal stenosis.

Therefore, the changes detected in the cervical spine are
not structural, but functional, implying static and dynamic
impairments, such as hypermobility or hypomobility of spinal
units, which can be interpreted as a functional dislocation
within the facet joint syndrome [22, 23].

Based on the static and dynamic changes detected, patients
can be recommended an adequate plan of rehabilitation to
alleviate cervical pain. However, further research is necessary
to understand a correlation between those changes and
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KNEE OSTEOCHONDRITIS DESICCANS: SURGERY ALGORITHM

Egiazaryan KA, Lazishvili GD®, Hramenkova IV, Shpak MA, Badriev DA

Department of Traumatology, Orthopedics and Military Field Surgery,
Pirogov Russian National Research Medical University, Moscow

Knee osteochondritis desiccans, or Koenig's disease, is commonly found in active young people engaged in manual labor,
sports etc., i.e. socially active population. Today, we have a good number of surgical method to treatment of this disorder;
however, there is still much controversy about their application, and no single approach is considered to be the optimal one.
Plus, high-quality biomaterials required for the intervention are sometimes unavailable. The analysis of the results of treatment
of patients (spanning several years) proved urgency of the problem and highlighted the necessity to solve a number of related
issues. This paper presents the algorithm of surgical treatment of knee osteochondritis desiccans. We have provided surgery
validation criteria, suggested optimal methods of correction of local cartilage defects (depending on the degree of damage and
patient's age) and outlined some recommendations based on our practical experience.

Keywords: local cartilage defects, knee joint, osteochondritis dissecans, Koenig's disease, osteochondral defect, collagen
scaffold, mosaic plastic
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AJTTOPUTM XNPYPIMYECKOIO JIEHEHUSA BOJIbHbLIX C PACCEKAKOLLIM
OCTEOXOHAPUTOM KOJIEHHOIO CYCTABA

K. A. Ervasapsh, I [. Nasmwemnnn®, K. B. Xpamerkosa, M. A. LLinak, [. A. Bagpves

Kabegpa Tpasmartonornm, optoneanm 1 BOEHHO-MONEBOW X1PYPriu,
Poccuiikini HaumoHabHbI MCCRefoBaTeNbCKUA MEAVLIMHCKUIA YHUBEPCUTET UMeHn H. . Muporosa

Hav6onee 4acTo pacceKatoLLyin OCTEOXOHOPUT KONEHHOMO CycTasa, Ui 6onesaHb KéHnra, BCTPEYaeTCst Y akTUBHbIX MOJObIX
NOOeN, 3aHATbIX (DUBUYECKUM TPYAOM, CMOPTOM, T. €. MPEeOCTaBuTeNIen COLWMAIbHO aKTVBHOW MPOCONKLA HaCeneHus.
HecmoTpst Ha pazHoobpasiie COBPEMEHHbIX METOAVK XUPYPIMHECKOro IeHeHnst 60N1e3HW, OCTAETCS MHOIO CrOPHbIX BOMPOCOB
Mo WX MPUMEHEHMIO, OTCYTCTBYET OMTUMasbHbI MOAXOM UM OrpaHuydeHa [AOCTYMHOCTb KadeCTBEHHbIX GromaTepuasnos,
TpebytoLmXcst Npy BMeLLaTenbeTae. [poBedgHHbIN aHann3 pesynsTaToB fleHeHrst NaUyeHTOB 3a HEeCKOMbKO NET nokasal
BbICOKYHO aKTyaslbHOCTb 1 HEOOXOAMMOCTb PELLIEHMSI MHOTX BOMPOCOB 3T NpobiemMbl. B paboTe npeacTasneH anroputm
XNPYPrMHECKOro fleHeHrst pacceKatoLLero 0CTeOXOHAPUTa KosleHHoro cycTasa. O60CHOBaHbI MOKa3aHVst K orepaTvBHOMY
BMeLLATeNbCTBY, MPEASIoKEHbI ONTUMAasbHBIE CMIOCOObI KOPPEKLIMM TOKasTbHbIX AeEKTOB Xpsilla B 3aBMCKMOCTIX OT CTaaun
€ro NMopadkeHst 1 Bo3pacTa NaLyeHTa, AaHbl PeKOMeHOALMN, OCHOBAHHbIE HA MPAKTUHECKOM OrbITe aBTOPOB.

KntoueBble cnoBa: loKasbHble ,D,ed)eKTbI XpsLla, KONEHHbIN CyCTaB, paCCGKaI'OLLI,VIVI OCTEOXOHOPUT, 6oneaHb KEHura,
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Treatment of the hyaline cartilage pathology is a problem
regarded by current orthopedics as urgent. Surgery aimed at
local cartilage defects correction is one of the most difficult
tasks a surgeon can have today.

Osteochondritis desiccans (Koenig's disease) in femoral
condyle makes up 2% of all knee joint disorders. The pathology
mainly affects people 11 to 13 and 20 to 40 years old.

Every year, surgeons in Europe perform over 300,000
operations aimed at correction of local intraarticular cartilage
defects of the knee joint [1]. Many of the previously popular
surgery methods applied to remedy the disorder, like
cartilaginous plate anchoring, subchondral bone tunneling etc,
have proved ineffective and are quite outdated.

In 80-85% of cases, osteochondritis desiccans manifests
around the medial femoral condyle; in 10-20% of cases —
around lateral femoral condyle; in 4% — on the articular surface
of patella and in 0.5-0.7% of cases — around the femoral
intercondylar groove. In 14-24% of cases, Koenig's disease
is bilateral [2].
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The reasons behind damage to cartilage accompanying
osteochondritis desiccans are not quite clear. The list of
these reasons may include constitutional and genetic factors,
ischemia, traumas, bone overload disorders, ossification
disorders etc [3]. Probably, Koenig's disease is the result of
ischemia and local necrosis of the subchondral bone that
spreads onto cartilage. Development of osteochondritis
desiccans leads to separation of the subchondral bone's
necrotic fragment and its transfer to the joint's cavity.

There are many diverse surgery approaches to the Koenig's
disease, and some of them imply making use of advanced
biotechnology; however, numerous related questions remain
unanswered [4-8]. Simultaneous osteochondral reconstruction
(and the necessity thereof) is one of the subjects of discussion.
Lack of a common opinion and related standards complicates
validation of methods chosen to treat a case of Koenig's
disease, especially in juvenile patients with open physes.

Unfortunately, the choice our surgeons have today when
treating osteochondritis desiccans is very limited. The reason
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behind such a state of affairs is unavailability of a wide range of
techniques and tools offered by current biological and cellular
technologies. National R&D centers have not yet offered viable
alternatives to the imported biomaterials, the cost of which
makes them inexpedient in the context of routine treatments in
Russian hospitals.

Analysis of the long-term outcomes of bone-cartilage
autotransplantation ("mosaic" chondroplasty, commonly used
by Russian practitioners) has revealed the drawbacks of this
approach: 1) frequently observed non-restoration of the joint
surfaces' congruence, as well as that of the defect itself; 2)
problematic consequences seen around the patello-femoral
articulation. One of the main causes of complications arising
during surgery on extensive osteochondral defects of femoral
condyles is the deficit of osteoplastic material.

This paper presents the optimal algorithm of surgical
treatment of femoral condyle osteochondritis desiccans
(depending on the cartilage damage severity) and validation
thereof.

Study Design

To develop the optimal treatment algorithm addressing the
disorder in question, as well as validation points thereof,
we have analyzed the results observed in 184 patients with
various chronic knee injuries (full-thickness local cartilage
and osteochondral) treated from 1995 to 2017 in Hospital #1
named after N.I. Pirogov.

The patients were divided into two groups, treatment (1st)
and control (2nd). The first group included 86 patients; they
were treated following current local cartilage defects surgical
correction protocols (mono or "mosaic" bone/cartilage auto- or
allotransplantation, autologous matrix-induced chondrogenesis
- AMIC - implantation of collagen matrix with or without bone
grafting) [12].

The second group consisted of 98 patients; their treatment
followed older local cartilage defects correction practices
(abrasive chondroplasty, subchondral bone micro-fractures,
tunneling) [2-5, 6].

Duration of the condition was estimated from case records,
i.e. from the day a patient first noticed the disorder to the day
that patient was diagnosed with Koenig's disease.

Examination and treatment results assessment methods
employed: clinical and functional checkup, MRI and multispiral
computed tomography (MSCT); scales used to assess
condition in pre- and postoperative periods: ICRS physical
activity scale (ICRS — International Cartilage Repair Society),
VAS (visual analogue scale), WOMAC knee score [2].

Hounsfield scale was used to analyze and assess treatment
results as shown by the CT scans of the patients' knee joints.
MOCART scale was employed to assess the MRI scans [9-11].

Inclusion criteria: male and female patients aged 15 to 60
years (mean age 40 + 1.6 years); chronic full-thickness knee
cartilage defects, 3rd and 4th stage (ICRS classification).

Exclusion criteria: age under 15 or over 60; 1st or 2nd stage
of the knee cartilage defects (not full-thickness, fresh injury).

We have analyzed the long-term (up to 8 years) treatment
results observed in 70 patients (81.4%) of the treatment
group and 78 patients (79.6%) of the control group. This is
not the entire sample; the reasons behind the discrepancy are
unavailability of a number of patients and recency of surgery in
some cases.

Below, we outline the knee osteochondritis desiccans
surgery algorithm we have developed and employ in our
hospital; it is based on the aforementioned research effort.

Knee Osteochondritis Desiccans: Surgical Correction
1. Patients with open physes

Today, Russian hospitals have a number of options when it
comes to surgical correction of local osteochondral defects of
femoral condyles, intercondyle groove, kneecap.

We believe that osteochondral transplantation is an
inappropriate choice for juvenile patients with open physes.
Anchoring the detached necrotic osteochondral plate is also a
prospectless option. AMIC, collagen matrix implantation onto
necrotic subchondral bone, will not result in regeneration of
the latter. We have verified that subchondral bone continues to
decay when AMIC does not imply using a bone plate. See more
on this technology below.

Thus, the method of choice for patients of this age group
is tunneling, i.e. drilling holes in the subchondral bone to
stimulate repairs done by mesenchymal stem cells that enter
through those holes [12]. Lately, we have been doing that
arthroscopically, using a 3.5 mm triangular bit drill with a
stopper limiting depth to 15 mm (Fig. 1).

2. Patients with closed physes
"Mosaic" osteochondral autotransplantation

If the patient's physes are closed and the osteochondral defect
measures less then 10 cm?, we recommend "mosaic" bone
and cartilage autotransplantation.

Planning the operation, it is important to determine if the
full-scale osteochondral autotransplantation can be done
arthroscopically, since it is not always possible practice this
approach to collect donor transplant columns, do "mosaic"
osteoplasty and articular surface congruence restoration [13,
14]. As a rule, the arthroscopic access itself imposes such
limitations through restricting the use of instruments. Such
cases call for "mosaic" chondroplasty (open or minimally
invasive variations) [15].

There is an important aspect of surgery to consider, namely
location of the transplants. Full-scale chondrogenesis and
affected cartilage regeneration require transplants placed as
close to each other as possible, almost sticking together or
even slightly overlapping.

CT scans made 12 months after surgery prove that
osteochondral regeneration in the "mosaic" zone went well
(Fig. 2).

Up to early 2017, we resorted to "mosaic" osteochondral
allotransplantation when the defect's area was greater than
10 cm?. We used lyophilized canned femoral condyles as
donor allomaterial, which was sterilized with gamma rays. The
surgery's technique and the arrangement of transplants were
same to osteochondral autotransplantation (Fig. 3).

We believe that this method offers a number of advantages.
First off, there is no need to collect autologous donor transplant
posts from the sides of the knee joint, which makes the surgery
shorter and less traumatic. Secondly, if the defect's area is
small, the operation can be done arthroscopically. Thirdly,
there is always a good supply of grafting materials, which
allows using allotransplants of different diameters for full-scale
osteochondral osteoplasty. Fourthly, there is no need to use
biomaterials, which makes the surgery considerably less costly.
Fifthly, localization of the osteochondral defect does not matter,
the method is a viable solution for knee and other joints.

Today, we often resort to the combined (auto- and allo-)
"mosaic" osteochondral transplantation (Fig. 4). Typically,
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Fig. 1. A. Separated necrotic cartilage plate, arthroscopic view. B. Osteochondral defect after removal of the necrotic plate, arthroscopic view. C. Drilling holes (tunnels)

in the subchondral bone. D. Subchondral bone after tunneling

Fig. 2. A. Osteochondritis desiccans affecting medial femoral condyle, MRI scan. B. Condyle defect shape and size after sanation. C. Result of "mosaic" osteochondral
autotransplantation. Donor sites filled with biocomposite bone. D. 12 months after operation, MSCT scan. Osteochondral regeneration in the "mosaic" zone went well

it ensures better regeneration of the subchondral bone and
cartilaginous surface of the femoral condyle.

Here is the list of our recommendations pertaining to the
osteochondral transplantation technique:

— full-scale osteoplasty of a osteochondral defect requires
transplants with the diameter of 5-6 mm or greater;

— complete regeneration requires transplants placed as
close to each other as possible, sticking together or even
slightly overlapping;

— if the defect's area exceeds 10 cm?, adequate (pre-
surgery) assessment of very possibility of complete elimination
of that defect is crucial for success; combined auto- and
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alloplastic approach is a viable solution when there is a risk of
shortage of autoplastic material.

Subchondral bone microfracturing (Steadman technique)

From 2002 to 2005, when faced with a 3rd stage local femoral
condyles cartilage defect (contacts, 5 cm? maximum), we
often resorted to subchondral bone microfracturing, or the
Steadman technique [2, 4, 5]. This method implies stimulation
of chondrogenesis by stem cells obtained through the openings
formed. Analysis of the outcomes of such operations showed
that they are prospectless: the Steadman's technique does not
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deliver the results expected, i.e. cartilage does not regenerate
in the affected area. These outcomes are a yet another prove of
this fact: normal chondrogenesis requires anchoring stem cells
in the cartilage defect area as a super-clot.

Autologous matrix-induced chondrogenesis (AMIC)

Lately, practitioners have been choosing the autologous
matrix-induced chondrogenesis technique (AMIC) more
often when faced with full-thickness cartilage defects (Fig. 5).

T
/

AMIC makes use of the above-described reparative ability of
mesenchymal stem cells that enter the joint cavity through
holes drilled in the subchondral bone [17-22].

Tunneling allows formation of a super-clot of cytokines
and red bone marrow stem cells, which stabilizes through
implantation onto the matrix defect and stimulates bone and
cartilage-like tissue repairs [23, 24].

AMIC offers a number of distinct advantages: it is minimally
invasive; it can remedy larger cartilage defects; it is a simple
surgery; its effectiveness has been proved — patients suffer

Fig. 3. A. Osteochondral defect of the medial femoral condyle (Koenig's disease). B. Allogeneic lyophilized femoral condyle and cylindrical donor transplants (columns,

posts). C. Result of "mosaic" osteochondral allotransplantation

Fig. 4. A. Osteochondral defect of the medial femoral condyle (Koenig's disease), shape and size. B. Result of combined osteochondral autotransplantation. A — auto,

E —allo

-

Fig. 5. A. Osteochondral defect of the medial femoral condyle shape and size after sanation. B. Subchondral bone after tunneling. C. Collagen matrix implantation. D.
1.4 years after surgery: condyle defect is completely covered by stable cartilaginous tissue (arthroscopic view)
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lesser pain, in some cases the pain was gone completely and
knee functions returned in full, which had positive effect on
patient satisfaction.

Today, collagen matrix is the most advanced widely available
biological material used to repair cartilage tissue, a material that
positively affects stem cell differentiation and chondrogenesis.

We believe this operation is the proper choice for patients
with 3rd stage of Koenig's disease (full-thickness defects
of hyaline cartilage, no damage to subchondral bone).
Prerequisites: healthy hyaline cartilage surrounding the defect,
viable subchondral bone and unchanged mechanical axis of
the lower limb.

Contraindications: multiple cartilage defects, including
"kissing lesions"; widespread knee osteoarthritis; systemic
autoimmune diseases; knee joint instability caused by ligament
and meniscus injury; valgus or varus leg deformations that call
for corrective surgery; allergic reactions to collagen.

Special attention should be paid to the state of the
subchondral bone: expressed sclerosis there indicates its non-
viability. We believe the non-viable part of the bone should be
sanitated up to the healthy, bleeding layers, and the defect
remedied through osteoplasty. Lack of pinpoint bleeding after
subchondral bone tunneling signals of its non-viability, which
should alert the surgeon. In such cases, implantation of a
collagen matrix without osteoplasty is fruitless.

The list below presents our recommendations based on the
analysis of long-term outcomes of AMIC technique application
o our patients.

— A mandatory prerequisite for collagen matrix implantation
is healthy and stable subchondral bone.

— Deep (over 5 mm) local damage to subchondral bone
calls for osteoplasty on the osteochondral defect.
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