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REVIEW | ALTERNATIVE TO ANTIBIOTICS

ALTERNATIVES TO ANTIBIOTICS: PHAGE LYTIC ENZYMES
AND PHAGE THERAPY

Nazarov PA®
Belozersky Institute of Physico-Chemical Biology,
Lomonosov Moscow State University, Moscow, Russia

Multiple drug resistance of nosocomial bacterial strains provoked by the unwise and uncontrolled use of antibiotics in medicine
and agriculture seriously threatens modern healthcare: minor and trivial infections are about to kill again. A solution may lie in
the development of new alternatives to antibiotics. This review highlights the most interesting approaches to the development
of antibacterial drugs focusing on the most promising ones, such as phage therapy and phage lytic enzymes (lysins).

Keywords: antibiotic, bacterophage, phage lysin, phage therapy, antibiotic treatment, multiple drug resistance
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The antibiotic era: from victory to defeat

Back in the early 19th century an opinion prevailed that disease
is caused by imbalances in the body. It was only in the mid-
century that Louis Pasteur linked infections to their causative
agents, germs. The day in 1928 when penicillin was discovered
by the British bacteriologist Alexander Fleming became a
milestone in the history of medicine, marking the advent of
the antibiotic era. Antibiotics were initially seen as a universal
remedy, a super weapon capable of turning the tide in the
war against infectious diseases. But the euphoria did not last
long. As our knowledge accumulated, more new antibiotics
were discovered with various mechanisms of action, different
properties and spectra of activity; but bacteria struck back by
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developing resistance to those drugs, frustrating the efforts of
researchers and doctors [1]. So hopes were pinned on last-
resort antibiotics, such as colistin and daptomycin.

In May 2015 the World Health Organization (WHO) admitted
that bacterial resistance to antibiotics was the underlying
cause of the ongoing healthcare crisis and proposed the
Global Action Plan on Antimicrobial Resistance [2]. However,
it was only a few months after that a mobile colistin-resistance
gene was discovered in November 2015 [3]. A similar report
followed in October 2016 describing a daptomycin-resistant
Staphilococcus aureus strain capable of inactivating the
antibiotic by releasing membrane phospholipids into the
surrounding environment once they have bound daptomycin
[4]. In September 2016, a month before that report, an
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American patient died of sepsis caused by the gram-negative
“superbacteria” Klebsiella pneumoniae resistant to all 26
antibiotics approved in the US [5]. The analysis of all known
antibiotics and their therapeutic combinations published by
WHO in 2017 [6] uncovered a sad truth: there is currently
no cure for infections caused by gram-negative multidrug-
resistant bacteria. Last-resort antibiotics, the defense we
thought reliable, no longer work, and trivial infections can Kill
once again. This urges us to develop novel antibiotics or start
searching for an alternative that will be just as effective.

Sources for new antibiotics

Antibiotics are natural, synthetic or semisynthetic chemicals
whose small concentrations are capable of inhibiting microbial
growth. The primary source of clinically important antibiotics is
actinomycetes and sometimes non-mycelial bacteria, so these
microorganisms may still have something new to offer. Another
way to discover a novel antibiotic is a screening for a candidate
chemical structure and predicting its orientation and position in
the active site of a target protein.

That said, the search for novel antibiotics has almost
stopped, and for a few understandable reasons. First, most
antibiotics target one of three key prokaryotic metabolic
pathways and processes, including protein biosynthesis, DNA
replication and bacterial cell wall synthesis [7]. The majority
of possible approaches to these targets have already been
proposed and scrutinized. Besides, there is always a risk of
spontaneous mutations in bacteria that can ruin years of efforts
spent in a scientific lab and incur additional costs. Second, to
discover a single antibiotic, one has to analyze about a million
new actinomycetes [8], which is a very costly procedure.

Over 90 % of all bacterial species found in the environment
cannot be cultured in a lab under standard conditions [9].
However, recently it has become possible to create specific
conditions favorable for such bacteria in order to identify
producers of yet unknown antibiotics among those species.
This gave rise to two conceptually different search strategies:
screening for a source of new antibiotics among unculturable
bacteria and production of novel synthetic antibiotics. Both
strategies are starting to pay off. For example, screening of
uncultured soil bacteria has revealed a previously unknown
antibiotic (teixobactin) that kills gram-positive bacteria [10].
Another antibiotic PEG-2S that inhibits Na* translocating
NADH:ubiquinone oxidoreductase has been synthesized in the
lab [11].

Of particular interest are synthetic antibiotics targeting
bacterial bioenergetics [12]. In 2012, the Food and Drug
Administration (USFDA) approved bedaquiline synthesized
after 4 decades of research for the treatment of tuberculosis.
This drug targets mycobacterial ATP synthase suppressing
bacterial bioenergetics, which is causing death for the affected
cells [13].

Based on the symbiotic theory a supposition was made
that antioxidants that induce collapse of mitochondrial
membrane potential can be effective against bacteria. Lately
it has been found that the antioxidant SkQ1, a synthetic
triphenyl phosphonium-based compound, can Kill bacteria by
decreasing their membrane potential [14, 15].

Alternatives to antibiotics
In spite of the astonishing variety of approaches to the

discovery of effective alternatives to antibiotics and more than
ten years of painstaking research, there have been no serious

breakthroughs in the therapy of infections. Few candidate
substitutes seem to work.

Among the most interesting alternatives to antibiotics
are vaccines, antibodies, probiotics, immunostimulants,
photosensitizers, natural bacteriophages, phage lytic enzymes,
synthetic bacteriophages, antimicrobial peptides, host-
defense peptides, antibiofilm compounds, multidrug efflux
pump inhibitors, immunosuppressants, liposome entrapment
of toxins, metal chelators, antibacterial nucleic acids, anti-
resistance nucleic acids, and antibacterial peptides. This list is
not exhaustive, though.

Based on the evaluation of clinical potential and relative
simplicity of use, a conclusion can be drawn that phage lysins
and multidrug efflux pump inhibitors are the most promising
therapeutic alternatives to antibiotics, while vaccines and
antibodies seem to have a good potential as prevention
tools, and probiotics can be used for both treatment and
disease prevention. Bacteriophages, antibiofilm compounds,
antimicrobial peptides and photosensitizers also hold promise;
however, it is not clear yet whether they can enter the market as
finished pharmaceutical products to replace existing antibiotics.
There are also doubts about immunostimulants that are
sometimes used for disease prevention or as complementary
drugs: their clinical significance is yet to be elucidated; therefore,
they do not seem to be an adequate substitute for antibiotics.

Many of the approaches listed above are either undergoing
experimental trials or exist as theories. More information about
them can be found in the review [16] ordered by the Wellcome
Trust foundation (UK) and prepared by the researchers from
academic circles and the pharmaceutical industry. In this article
we focus on the most promising and interesting alternatives to
antibiotics, including vaccines, antibodies, multidrug efflux pump
inhibitors, photosensitizers, bacteriophages and phage lysins.

Vaccines

Vaccines are a well-established and effective method of
disease prevention. In 2015 the novel multicomponent vaccine
Bexsero (GlaxoSmithKline Biologicals, UK) against Neisseria
meningitidis was introduced into the national infantimmunization
program in the UK. Neisseria meningitidis is the causative
agent of pediatric meningitis and bacteriaemia. Because its
capsular polysaccharide MenB, which is a virulence factor,
resembles human cell adhesion molecules, effective induction
of antibodies against meningococcal infection is a difficult
task. A group of British researchers managed to solve it by
conducting a bioinformatic search for a candidate antigen. The
antigen contained in the outer membrane vesicles was later
shown to elicit sustained immune response upon vaccination.
The approach used by the British researchers is referred to as
reverse vaccinology. Bexsero is effective against 73 % to 88 %
of group B meningococcal strains (MenB) [17]. That said, it is
still very unlikely that antibiotics will be fully replaced by such
vaccines in the nearest future.

Antibodies

A wide range of unique properties makes antibodies a keystone
of contemporary medicine. Pathogen-specific monoclonal
antibodies are either used independently for disease prevention
or in combination with antibiotics to treat bacterial infections
[18]. Antibodies neutralize the effects of bacterial toxins
[19-22]; they can also be directed against bacterial antigens
[23-25] and quorum-sensing signals [26, 27]. Together,
traditional antibiotics and antibodies open new possibilities for
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inhibiting biofilm formation enhancing the effect of antibiotic—-
based treatment and can be employed for combating persister
cells insensitive to antibiotics [28, 29].

Multidrug efflux pump inhibitors

Although these compounds were known before, they are
now receiving closer attention [30, 31] owing to the peculiar
interactions between the substrates of multidrug efflux pumps
and their inhibitors [15, 32]. Efflux pump inhibitors are a
conceptually new approach to fighting bacteria not mentioned
in the review [16], helping to reduce therapeutic concentrations
of antibiotics administered to a patient by an order of
magnitude or two. This phenomenon was first demonstrated
using a novel antibiotic SkQ1, with pump inactivation leading
to a 50-fold reduction in its minimum inhibitory concentrations.
The bad news is that normally several pumps are involved
in pumping antibiotics out, and the inhibitors often affect
a multitude of different pumps simultaneously. Importantly,
SkQ1 is recognized only by the main multidrug efflux pump
of Escherichia coli, AcrAB-TolC [15]. Indeed, the use of efflux
pump inhibitors provides a solution to the problem of antibiotic
resistance.

Photosensitizers

Antimicrobial photodynamic therapy or inactivation (@PDT or
aPDI) is new effective method of kiling gram-negative and
gram-positive bacteria and yeast [33-36]. aPDI employs a
non-thermal reaction induced by the interactions between
visible light photons and a photosensitizer, such as methylene
blue, chlorin, porphyrin, chlorophyll or their derivatives, in
the presence of oxygen. Reactive oxygen species produced
as shown in Fig. 1 effectively kill bacterial cells, including
Pseudomonas aeruginosa. This therapy is in particular demand
in dentistry and dermatology [36] where it can replace local
antibiotic treatment.

Phage therapy

Bacterial viruses or bacteriophages constitute the largest
group of viruses with double-stranded genomic DNA, although
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there are phages with single stranded DNA and single/double-
stranded RNA [37]. In total, the number of phages is estimated
to be as high as 10%'-10% [38]. They play an important role in
the regulation of the world’s bacterial population. Phages Kill
20-40 % of sea bacteria per day [39]. The use of phages as
therapeutic agents was proposed and successfully tested by
Twort [40], D’Herelle [41], Bruynoghe and Maisin [42] in the
early 20th century. However, phages did not become a popular
treatment option at that time largely because antibiotics kept
gaining ground and there was a lack of theoretical knowledge
to explain phages’ failure in clinical trials [43].

According to the contemporary views, phages used for
treating bacterial infections must meet a few requirements: 1)
they have to be lytic; 2) their therapeutic concentrations must
be calculated for each particular infection; 3) a phage receptor
involved must be well studied; 4) the final formulation must be
free of bacteria and 5) contain viable bacteriophage particles
[44-486]. The positive effect of phage therapy, i.e. reduction in
the pathogen count down to the level at which the organism
can handle the infection on its own [47], varies between
individuals depending at the same time on a few other factors,
which prevents phages from entering American and European
markets [46].

Both bacteriophages and antibiotics directly attack
bacteria; therefore, their effectiveness can be compared.
Advantageously, bacteriophages are more specific for certain
bacterial strains, such as Clostridium difficile that causes
intestinal infections or diarrhea following antibiotic treatment
[48]. Also, phage therapy is more sparing than antibiotic-based
therapies [49, 50]. However, if infection is caused by multiple
different bacteria, as is the case with wounds, bacteriophages
are far less effective than antibiotics [51].

In the experiment [52] E. coli were infected with
bacteriophages collected in two geographically distant regions:
Mexica and Bangladesh. The tested phages turned to be highly
specific for bacteria from their home region [52]. However, no
significant differences were observed in the outcome of two
different treatments (with a Russian bacteriophage cocktail and
a placebo) applied to the cohort of 160 Bangladeshi children
with E. coli-associated diarrhea [53]. Bacteriophages directed
against antibiotic-resistant bacterial strains are easier to find in
those regions where these bacteria are indigenous [54], which
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Fig. 1. Schematic illustration of antibacterial photodynamic therapy (left). Photodynamic effects explained on the molecular level (right). Upon absorbing a photon, a
photosensitizer molecule (S) enters a short-lived excited singlet state ('S*), moving then to a triplet state (°S*). After that, two scenarios are possible: either *S* reacts
with the substrate and intermittent radicals are produced that damage cell structures and macromolecules inside the cell (type 1), or energy from 3S* is transferred to
oxygen, and reactive singlet oxygen 'O, is produced that also damages cell structures or its macromolecules
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provides a new insight into the problem of antibiotic resistance
and the use of phage therapy.

Anideato use bacteriophages for treating infections caused
by biofilm-forming bacteria seems quite attractive. Antibiotics
are not the best option here: they inhibit biofilm formation only
when administered in high toxic doses [55]. Experiments in
vitro have demonstrated that bacteriophages prevent formation
of biofilms and even destroy them, especially in the case of
Listeria monocytogenes, P. aeruginosa and Staphylococcus
epidermidis [56, 57].

To predict possible complications or adverse effects of
phage therapy, one should be aware of all nuances of phage
biology and genome since many phages contain genes coding
for virulence factors or toxins [58] or conferring resistance to
antibiotics [59-62]. Phage therapy is difficult and requires more
caution than antibiotic treatment because of the phenomena
of phage-associated botulinum toxins [59], diphtheria toxins
[68], cholera toxins [63], and phage-triggered conversion of
non-toxic bacteria into toxic [64]. It is believed that life cycles
of bacteriophages (Fig. 2) can vary from lytic to lysogenic,
including pseudo lysogenic and defective [65, 66]. The genomic
analysis of the gigantic bacteriophage P aeruginosa [67-69]
has demonstrated that its gene products very much resemble
proteins with yet uncharacterized function produced by other
organisms.

To sum up, complicated life cycles, a risk of conversion and
resistance gene transfer and the variability of phages, as well
as mutations in the bacterial population, render phage therapy
somewhat unreliable and unpopular, in spite of its good clinical
potential.

Phage lytic enzymes (phage lysins)

A bacterial cell envelope is a barrier in the way of bacteriophage
DNA that enters the cell in order to infect it or is released
back into the surrounding environment as a viral particle.
The cell envelope is a complex organized system of lipid and
peptidoglycan layers protecting the cell from the invasion of
foreign agents. The cell envelope of gram-negative bacteria
has three components, including the inner plasma membrane,
peptidoglycans and the outer membrane [70, 71], while the cell
envelope of gram-positive microorganisms consists of only two
components and misses the outer membrane.

The hardest to penetrate is the peptidoglycan layer
built from alternating residues of N-acetylglucosamine and
N-acetylmuramic acid linked by (-1,4-glycosidic bonds and
short peptide chains. Linked together, peptidoglycan blocks
(referred to as murein) form a gigantic macromolecule that
ensures mechanical stability of the layer and its impermeability
to viruses and toxic factors with big molecular weight [37, 70,
71]. Therefore, to get inside the cell, the phage has to locally
disrupt the integrity of cell membranes and the peptidoglycan
layer. This is done by lytic enzymes called bacteriophage lysins
(phage lysins, endolysins or virolysins).

Importantly, the peptidoglycan layer of an infected cell is
lysed in a two-step process [72] which includes “lysis from
without” followed by phage DNA passage into the cell and
“lysis from within” facilitating release of new phage particles into
the environment. Normally, the first type of lysis is performed by
a capsid-associated phage lysin, such as the gp5 baseplate
protein produced by the T4 bacteriophage; this lysin has a
functional domain with Iytic properties [73, 74]. “Lysis from
without” is limited to a particular site on the membrane and lasts
just enough time for phage DNA to enter the cell and not be
killed by the phage. “Lysis from within” is usually performed by

a soluble phage lysin and is not site-restricted but very limited
in time. It follows the massive synthesis of phage lysins in the
cell and is activated in parallel with holin integration into the cell
membrane. Holin is a regulatory protein that forms nonselective
pores in the bacterial membrane. These pores disrupt bacterial
metabolism and make the peptidoglycan layer vulnerable to
phage lysins, which results in the total lysis of the layer, cell
damage and release of phage particles into the environment
[75-77].

Soluble phage lysins triggering massive “lysis from within”
are interesting candidate alternatives to antibiotics: they can
effectively lyse peptidoglycan and, unlike phages, do not
depend on holin presence.

There are a few classifications of phage lysins [78-85],
including the one based on the mechanism of their action: 1)
lysozymes, which hydrolyze -1,4-bonds between the residues
of N-acetylmuramic acid and N-acetylglucosamine in the
peptidoglycan molecule; they are subdivided into muramidases
and Iytic transglycosylases; 2) N-acetylmuramoyl-L-alanine
amidases, which hydrolyze the amide bond between
N-acetylmuramic acid and L-alanine; 3) peptidases, which
hydrolyze the peptide bond between peptidoglycan amino
acids, and 4) esterases (Fig. 3).

A study of autolytic enzymes of S. pneumoniae revealed
that phage lysins have a modular structure, with one domain
recognizing the site of lysis and the other cleaving peptidoglycan
[86]. The modular structure appeared to be typical for both
previously discovered and new phage lysins [87-89], which was
later confirmed by genetic engineering experiments involving
rearrangement and combination of functional domains [90].

Of course, not all phage lysins have equal potential to
become therapeutic agents but some of their properties, such
as the ability of PlySs2 to retain its function after 10 hours of
freezing and thawing cycles [91] and the ability of PlyG to attack
endospores of Bacillus anthracis [92], make phage lysins an
interesting object for research. They are also species-specific,
i. e. they Kill only those bacterial (sub)species that are targeted
by their phages [93, 94].
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Fig. 2. Possible scenarios of phage infection in the bacterial population.
Reversible stages are shown in red (mutations, premature sequence termination
in prophages, deletions, insertions, etc.)

BULLETIN OF RSMU | 1, 2018 | VESTNIKRGMU.RU



REVIEW | ALTERNATIVE TO ANTIBIOTICS

Considering the modular structure of natural phage lysins,
through simple genetic modifications researchers managed
to design chimeric phage lysins for treating complex bacterial
infections caused by methicillin-resistant S. aureus (MRSA)
[95]. Also, combined with low molecular weight antibiotics,
such as penicillin or gentamycin, phage lysin Cpl-1 can totally
eliminate penicillin—resistant pneumococci [96)].

However, the absence of phage machinery facilitating
passage through the bacterial cell wall restricts the use of phage
lysins. The outer membrane of gram-negative bacteria reduces
the therapeutic effect of phage lysins almost to nothing [94].
However, they do work in gram-positive bacteria. In addition,
there is a risk of antibody production in response to phage
lysins, which may interfere with phage lysin “mission”. Both
in vitro and in vivo experiments demonstrate that antibodies
impede but not totally block lysis of bacterial cells by phage

lysins [97], which may be explained by the fact that the affinity
of the latter to their substrates is possibly higher than the affinity
of a generated antibody to the enzyme.

CONCLUSION

Although there are a lot of promising alternatives to antibiotics,
none of them seems to be a perfect substitute for antimicrobial
drugs. All of them are not so safe, predictable, controllable,
easy to use or effective. Still, it is obvious that development
of alternative approaches to treating bacterial infections is a
vital necessity for today’s healthcare. Combination therapies
will probably win over others due to the synergistic effect of
their components: antibiotics and their alternatives working
together.

Gram-negative

Gram-positive

—~h e
=T 'p
.7 H I\~

‘(‘ Y "fl AV, 'Q

CH,OH

OH

0]

NHCOCH, ‘
CH,CHC=0

CH,OH

Acetylglucosamine
OH

NHCOCH

7

Peptidases

Muramidases

NHCOCH,

Transglycosylases
CH,OH

NHCOCH,

CH,OH CH,0H

Acetylglucosamine
OH

NHCOCH, NHCOCH,

Q
CH,CHC=0
NH

\ N-acetylmuramoyl-

) L-alanine amidases
n

),

Fig. 3. Schematic of bacterial cell envelopes and phage lysin classes that degrade the peptidoglycan layer
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TRIPHENYL PHOSPHONIUM-BASED SUBSTANCES ARE ALTERNATIVES
TO COMMON ANTIBIOTICS
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There is an urgent need for new antimicrobial and therapeutic strategies to deal with the ever evolving antimicrobial resistance
among the most prevalent bacterial pathogens. Infections due to virulent bacteria remain significant causes of morbidity and
mortality despite progress in antimicrobial therapy, primarily because of the increasing of antimicrobial resistance levels among
such group of bacteria. Despite significant advances in the understanding of the pathogenesis of infection due to these
organisms, there are only limited strategies to prevent infection. Recently it was reported that SkQ1, triphenyl phosphonium-
based mitochondria-targeted antioxidant and antibiotic, effectively kills all tested Gram-positive laboratory strains including
of Bacillus subtilis, Staphylococcus aureus and Mycobacterium sp. Moreover, SkQ1 demonstrated effectiveness towards
Gram-negative strains too, except Escherichia coli. The mechanism of the bactericidal action of TPP-based antibiotics could
be also described by its ability to suppress bacterial bioenergetics by collapsing membrane potential through activation of
protonophorous uncoupling. To this date, there are no reports of resistance to SkQ1 among Gram-positive strains; therefore,
triphenyl phosphonium-based antibacterial agents would be effective towards planktonic and sessile cells of clinical resistant
strains.

Keywords: triphenyl phosphonium, protonophore, bacteria, antibiotic resistance, clinical strains, membrane potential,
Staphylococcus aureus, Enterococcus faecalis, Enterococcus faecium, Streptococcus pneumoniae
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NMPON3BOAHbLIE TPUPEHNTI®OCDPOHUA KAK AJIBTEPHATUBA
OBbl4YHbIM AHTUBUOTUKAM

T. K. A. MuHTo', A. Banepxw?, M. A. Hazapos® =
"WiHcTtutyT Mukpo6buonorum um. Mayno ae loewa,
PepepanbHbIn yHMBEpcuTeT Pro-ae->KaHepo, Pro-ae->KaHenpo, bpaaunms

20TaeneHvie GUONOTUHECKUX HayK Y BUOUHXXMHUPWHTE,
VIHOWACKNIA TeXHONorn4ecknii HCTUTYT, Mymban, Vnans

8 Hay4Ho-1ccnenoBaTensCkuin MHCTUTYT 3MKO-XUMmnYeckor bronorum um. A. H. Benosepckoro,

MOCKOBCKMIN FOCYAapCTBEHHbIN YHVBEpCUTeT M. M. B. JTomoHocosa, Mocksa, Poccus
B cBs3u ¢ Tem, 4To Hanbonee pacnpocTpaHeHHbIe NaToreHbl MOCTOAHHO SBOJOLIMOHMPYIOT, IprobpeTast yCTONHMBOCTL KO BCE
OonbLUEMY YACTTY aHTUOMOTVKOB, B HACTOSILLIEE BPEMS CYLLIECTBYET OCTPast NOTPEOHOCTb B HOBbIX aHTVMUKPOOHbBIX Mpenapa-
Tax 1 CTpaTernsx neveHns MHEKLINI, BbI3bIBAEMbIX aHTUONOTUKOPE3NCTEHTHBIMY BaKTEPUSMIA. XOTS B MOHUMaHUM NaToreHe-
3a NOA06HbIX MHAEKUMIA yOAN0Ch 3HAYUTENBHO NMPOABUHYTLCS, CTpaTeruin ans 6opbbbl C HAMK He Tak MHOro. HegasHo Obiio
nokasaHo, 4to SkQ1, aHTMOKCKAAHT 1 aHTUBMOTVK Ha OCHOBE TPUdEHMNOCHOHNS, BOSAENCTBYIOLLUMIA HA MATOXOHAPWN,
a(heKTUBEH B OTHOLLIEHNM MPaMMONOXMTENbHBIX TabopaTopHbIX LTaMMOB, BKNtoYas Bacillus subtilis, Staphylococcus aureus
n Mycobacterium sp. bonee Toro, SkQ1 Takxe nokasan aPdPeKTUBHOCTb B OTHOLLEHWN rpaMoTpULaTeNbHbIX LUITAMMOB 3a
nckntodeHnem Escherichia coli. MexaHnam 6akTepuumaHoro AencTeus TpMdeHUNpochOHMEBLIX COEANHEHWIA MOXHO 06 bsAC-
HUTb X CNOCOBHOCTBIO BbI3bIBaTb HAPYLLIEHWST SHEPTETUHECKOrO OOMeEHa y 6aKTepuii 3a CHET PE3KOIO CHXKEHVA MEMOPaHHO-
ro noTeHUWana nyTeM CTUMyNSLMN NPOTOHOMOPHOrO PasobLLeHNs. Ha TekyLLMin MOMEHT ciydaun ycTonumsocT Kk SKQ1 cpean
rPaMMONOXUTENBHBIX HaKTepUin He 3aPUKCUPOBaHbI, MO3TOMY aHTUMUKPOBHbIE Mpenapathl Ha OCHOBE TPUMEHMNHOCHOHNS
MOryT ObITb 3PEKTMBHO MCNONB30BaHb! A1 6HOPLOLI C NAAHKTOHHBIMU 1 CECCUBHBIMA KIIMHUYECKUMI LUTaMMamMK, He-
YYBCTBUTENBHBIMU K ODbIMHBIM @HTUOVOTUKAM.

KntouyeBble cnosa: TprdeHnndocdoHNnin, NpoToHodop, BakTepun, YCTONYNMBOCTb K aHTUOMOTVIKaM, KIIMHUYECKME LUTaMMbl,
noTeHuman MembpaHsl, Staphylococcus aureus, Enterococcus faecalis, Enterococcus faecium, Streptococcus pneumoniae
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Antimicrobial resistance threatens the very core of modern
medicine. Systematic misuse and overuse of antibiotics in
human medicine and food production have put every nation at
risk. Without significant effort and immediate global action, the
world is heading towards post-antibiotic era in which common
and trivial infections could once again kill [1].

The resistance to antimicrobial agents is happening around
the world, and leading to a significant decrease of therapeutic
options for bacterial diseases. Antimicrobial resistance affects
all areas of health, and direct consequences of infection with
resistant microorganisms can be severe.

In 2017, the World Health Organization issued a global
priority pathogen list [2] to guide efforts to find new antibiotics
against the current public health bacterial threats. Gram-positive
bacterial pathogens, such as Streptococcus pneumoniae,
Staphylococcus aureus, and Enterococcus faecium, are
responsible for community-acquired and hospital-associated
infections and are an increasing public health threat. Despite
causing infections, such bacterial species are also normal
inhabitants of human and animal microbiota. To establish
infection, these pathogens possess a wide array of virulence
factors, which are responsible for successful colonization in
human hosts as well as evasion of the immune system. One
of the virulence aspects that contributes to the successful
infection by these bacteria is their ability to form biofilm, both on
biotic (bones and heart valves) and abiotic surfaces (catheters,
prostheses and other medical devices) [3-5]. Biofilms can be
defined as a sessile microbial community in which cells are
attached to a surface and/or other cells and incorporated
into the protective extracellular polymer matrix. The process
of biofim formation induces many phenotypic alterations,
including loss of motility, reduced growth rate, increased surface
adhesion and higher tolerance to antibiotics and host immune
response [6]. Thus, biofim can be associated with chronic and
recurrent infections caused by these bacterial species. Due to
ability to produce biofilm and high antimicrobial resistance rates
found in certain variants of S. pneumoniae, S. aureus and E.
faecium strains, therapeutic options are limited. Therefore, the
search for new therapeutic approaches is necessary.

Staphylococcus aureus

S. aureus is an important human pathogen and is a leading
cause of soft tissue, blood-borne and device related infections
in adults and children. Currently, S. aureus is the most common
bacterial species isolated in intensive care units in the United
States [7]. In addition, S. aureus is the second most common
bacterial pathogen that causes infections in outpatients [8]. At
the same time, it can also be found colonizing asymptomatically
the skin and nares of approximately 20 % of the population
[9]. Risk factors for infection include disruption of mucosal or
cutaneous surfaces, introduction of a foreign body or medical
device, surgery, hemodialysis or host immunosuppression.
Antimicrobial resistance, especially methicillin-resistant
S. aureus (MRSA), is an important public health problem
among S. aureus clinical isolates, complicating treatment and
prevention of staphylococcal infections. Since its first report in
the 1960’s, the incidence of nosocomial infections caused by
MRSA has been increasing steadily. MRSA can be responsible
for nearly 50 % of all reported S. aureus hospital-associated
infections, being highlighted in surgical site infections and
catheter-associated urinary tract infections. Resistance to
methicillin, and other beta lactams, in MRSA strains results
from the acquisition of the mecA gene cassette, which
modifies the penicillin binding proteins in the cell wall [10]. More
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recently, the emergence of vancomycin-intermediate (VISA)
and vancomycin-resistant S. aureus strains (VRSA) has further
increased the concerns regarding antimicrobial-resistant
S. aureus infections. The proportion of MRSA strains with
reduced susceptibility to vancomycin nearly doubled between
2004 and 2009 [11].

Enterococcus sp.

Enterococci have become important nosocomial pathogens in
the last decades, being the third most common opportunistic
pathogen in the hospital environment and causing more
than 12 % of all healthcare-associated infections [12]. In
addition, Enterococcus are normal inhabitants of the intestinal
microbiota of humans and animals. Enterococcus faecalis and
Enterococcus faecium account for the majority of enterococcal
strains recovered from colonization and infections in humans.
Enterococcal isolates are frequently associated with resistance
to multiple antimicrobials. The occurrence of vancomycin-
resistant enterococci (VRE) has peculiar importance due to the
high ability for dissemination and association with therapeutic
challenges [13]. Resistance to vancomycin is more common
among E. faecium strains, and is mediated through the
acquisition of a group of genes collectively known as the van
gene complex. These genes are harbored by a transposon
and encode an alteration in the cell wall that leads to reduced
affinity for vancomycin. VRE isolates can also be highlighted
as reservoirs of antimicrobial resistance genes, which can be
transferred to other bacterial species, such as S. aureus. VRSA
strains have acquired the van genotype from enterococcal
isolates [14]. Approximately 8 % of colonized patients develop
a VRE infection either during or shortly after hospital admission
[15], and the associated mortality for these infections can be
high (13-46 %) [16]. VRE strains are usually associated with
intra-abdominal, skin and soft tissue, urinary tract, bloodstream
infections and endocarditis. VRE transmission often occurs
via healthcare workers and once acquired may be life-long.
Approximately one-third of the reported enterococcal infections
were due to vancomycin-resistant strains. Therefore, we
cannot rely on the availability of effective antimicrobial agents
for treatment of VRE infections and highlight the importance of
preventing transmission of these microorganisms.

Streptococcus pneumoniae

S. pneumoniae, also known as pneumococcus, is a significant
human pathogen, being the leading cause of community-
acquired pneumonia and one of the major agents of bacterial
meningitis. This microorganism can be part of the nasopharynx
microbiota of healthy individuals, but asymptomatic
colonization can evolve to disease once pneumococcus
is capable to migrate from the nasopharynx to sterile sites
such as the brain, lungs and bloodstream, especially among
immunocompromised individuals such as the elderly and
young children. Penicillin nonsusceptible pneumococci (PNSP)
are currently listed among the most important antimicrobial
resistant threats worldwide [2, 17]. Increasing and alarming
numbers of PNSP isolates have been detected since the first
report in the 1960’s. These isolates are usually resistant to
different beta-lactam antibiotics, and appear as consequence
of the genetic modification of penicillin-binding protein (PBP)
genes, leading to the production of PBPs with reduced affinity
to beta-lactams. In addition to resistance to beta-lactams,
pneumococcal isolates resistant to macrolides have emerged
worldwide, representing up to 40 % of pneumococcal isolates
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recovered in Europe [18] and more than 70 % of the strains from
Asian countries. Resistance to macrolides among pneumococci
is mainly attributed to ribosomal target site alteration, but can
also be due to alteration in antibiotic transport and modification
of the antibiotic [19]. Antimicrobial resistance in S. pneumoniae
has been modulated by the widespread use of antibiotics and
also by the introduction of pneumococcal conjugate vaccines

(PCV).
Bacterial energetics is a target for new antimicrobials

The keystone of the bacterial bioenergetics is cellular membrane,
which acts as a barrier to allow the energy of electrochemical
gradients to transform into pure chemical energy, in accordance
with cellular demands. All bacteria require an electrochemical
gradient of a proton motive force (PMF) to be consumed by
for a variety of processes, such as the synthesis of ATP and
active transport of nutrients from the environment for their
growth and metabolic activity. Moreover, the generation of the
PMF is evolutionarily conserved and existed in the last universal
common ancestor (LUCA) [20, 21].

Some chemical compounds, such as gramicidin, can disrupt
membranes by forming physical pores, therefore decreasing
electrochemical gradients. Other chemical compounds, named
protonophores, can decrease electrochemical gradients
by specifically binding to protons, characterizing the
protonophoric cycling on membranes (Figure, left panel). Still,
there is an additional group of chemical compounds able to
decrease electrochemical gradients, named protonophore-like
compounds  (protonophorous uncouplers). Compared to
protonophores, protonophorous uncouplers carry another
proton-binder across membranes (Figure, right panel), such as
fatty acids [22].

Therefore, targeting bacterial bioenergetics by new
antimicrobial agents brings new effective possibilities to subvert
bacterial infections, especially those caused by antimicrobial
resistant variants, by initiating an idle running of bacterial
bioenergetics, which is presumably without the threat of the
acquisition of resistance.

Triphenyl phosphonium-based substances
Quaternary ammonium and phosphonium compounds

have been used as antiseptics and disinfectants for many
decades [23-28]. Recently developed mitochondria-targeted

Protonophore uncoupling
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antioxidants, a wide range of compounds having an antioxidant
group linked to a mitochondria-targeted moiety, are exemplified
by triphenyl phosphonium-conjugated chemical groups,
such as ubiquinone (MitoQ) [29], plastoquinone (SkQ1) [30].
Such compounds have been reported as effective in killing
reference strains of Bacillus subtilis [31, 32]. Moreover, SkQ1
demonstrated effectiveness also against certain Gram-negative
bacterial species, except Escherichia coli, and different Gram-
positive species, including S. aureus, and Mycobacterium sp.

The mechanism of the bactericidal action of triphenyl
phosphonium-based antibiotic SkQ1 could be also ascribed
to its ability to suppress bacterial bioenergetics by collapsing
membrane potential through activation of protonophorous
uncoupling. Using in silico screening it has been found that
antiinfective compounds for treating some parasitic infections
are uncouplers for bacteria bioenergetics [33]. Moreover, it
was found recently that widely used broad-spectrum biocide
triclosan induced collapse of membrane potential in bacterial
cells together with well-known inhibition of enoyl-acyl carrier
protein reductase, one of the key enzymes in bacterial fatty
acid synthesis [34].

SkQ1 contains not only a strong antimicrobial moiety but also
an antioxidant moiety targeting mitochondrial reactive oxygen
species; therefore, SkQ1 can be considered as a new type of
dual-acting “hybrid” antibiotic. The absence of cytotoxicity of
1-2 uM SkQ1 for human and animal cells means that SkQ1
might be safely used to treat many bacterial infections by killing
invading bacteria on the one hand, and curing damaged host
cells on the other hand.

Such compounds also present potential to be used in
bacterial infections where biofilms can be present. To this date,
there are no reports of resistance to SkQ1 and alkyl-triphenyl
phosphonium among Gram-positive bacteria.

CONCLUSIONS

Relying on the current level of knowledge of mechanisms of
bacterial antibiotic resistance and bioenergetic processes
in bacterial cells, it is possible to suggest that TPP-based
compounds could be potential alternative antimicrobial agents
for certain antibiotic-resistant pathogenic bacteria, representing
a novel path through which antimicrobial resistance could be
subverted and mortality rates associated with such infections
could decrease.

Protonophore-like uncoupling
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Protonophoric cycling performed by protonophore uncoupler CCCP and protonophore-like triphenyl phosphonium-based coupler SkQ1 with help of fatty acids (FA)
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One of the most promising approaches to combatting multiple drug resistance is based on the use of recombinant endolysins.
In this work we study physical, chemical and lytic properties of phage KPP10, a recombinant endolysin effective against
Pseudomonas aeruginosa at concentrations of 3 pug/ml. Fused with a fragment of positively charged SMAP-29 peptide into
one reading frame, artilysin KPP10 is effective against laboratory strains and clinical isolates of Pseudomonas aeruginosa in the
absence of permeabilizers. Our findings encourage preclinical trials of this artilysin in infectious models.
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130047kl Pseudomonas aeruginosa 6e3 ncnonb3oBaHnsa Nepmeabunmnsatopos. [ofyHeHHble pesynsTaTbl MO3BOAAKOT PacCHm-
TbiBaTb Ha YCMELLHOE NPOBEAEHNE OOKIIMHNYECKUX UCTbITaHUIA 3hekTnBHOCTY apTunmnanHa AL-KPP10 ¢ ncnonb3oBaHnem
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The alarming rate of antibiotic resistance is one of the major
concerns of contemporary healthcare. The number of bacterial
strains with multiple or extensive resistance keeps growing.
Some of them do not respond to treatment with otherwise
highly effective medications, including drugs of last resort;
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some become totally resistant “superbugs” causing persistent
infections to any used antibiotic. Current approaches to the
therapy of bacterial infections cannot handle the spreading
variety of rapidly emerging mechanisms of antibiotic resistance.
A temporary solution lies in the use of improved approaches to
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standard therapies based on known antibiotics. However, in
the long run we need novel antibacterial agents with a reduced
resistance potential.

A possible alternative to antibiotics and synthetic
antibacterial agents comes in the form of bacteriophages
that have been long used to combat infections [1, 2].
Bacteriophages offer a few advantages, including the ability to
auto-dose depending on a bacterial titer, very little impact on
the normal microbiota, low resistance potential, compatibility
with antibiotics, the ability to destroy biofilms, rapid discovery,
and low cost; a therapeutic effect of a bacteriophage can be
achieved with a single or low dose, and phages are relatively
environmentally friendly [3]. Still there are downsides to their
clinical application. A pure phage isolate is difficult to obtain.
[ts pharmacokinetic properties need to be carefully controlled
and normalized throughout the entire storage period. Besides,
to produce a target phage host strains/species closely related
to the pathogen of interest often have to be cultured in the
absence of effective standard protocols under strict safety
requirements. Also, bacteriophages can carry genes of
bacterial toxins and harbor certain resistance potential. Lastly,
phages are highly immunogenic, meaning that they will have a
weaker therapeutic effect if used repeatedly [3-5].

Phage lysins (endolysins) constitute a new class of
antibacterial agents free of the abovementioned limitations.
Phage lysins are enzymes encoded by bacteriophages that are
capable of degrading the peptidoglycan layer of the bacterial
cell wall. Over the course of their lifecycle, phages secret these
enzymes to facilitate phage DNA passage into the bacterial cell
and to aid release of new virions from the infected bacterium into
the surrounding environment. The lytic activity of their catalytic
domains allows phage lysins to cleave peptidoglycan bonds
in the bacterial cell wall, which eventually leads to hypotonic
lysis of the infected bacterium caused by the difference of the
osmotic pressures inside and outside the cell [6].

Phage lysins have a few indisputable advantages over other
antimicrobial agents. First, they are selective and attack only
certain bacterial species while sparing the normal microbiota.
Second, phage lysins ensure rapid lysis as they do not rely
on slow metabolic reactions. Therefore, phage lysin-based
therapies may not take as much time as standard antibacterial
treatments. Third, the risk of developing resistance to phage
lysins is low. Phage lysins target specific molecules crucial
for the normal life cycle of the host, rendering emergence of
a resistant isolate highly improbable as it would have to be
accompanied by the massive rearrangement of the bacterial
cell wall. Fourth, phage lysins can Kill antibiotic-resistant
bacterial strains providing a solution to one of the most
pressing problems of contemporary healthcare. Fifth, due to
their capacity to destabilize the peptidoglycan layer of the cell
wall, phage lysins can both kill metabolically active or latently
rested cells and access bacterial cells hidden by biofilms [7].

One of the most dangerous causative agents of nosocomial
infections is Pseudomonas aeruginosa. It causes a variety of
different infections which are hard to cure, because it rapidly
develops resistance to different antibiotics and is capable
of forming biofims [8]. Discovery of new drugs against
Pseudomonas aeruginosa is a matter of a nearly paramount
importance.

Bacteriophage KPP10 has a broad spectrum of activity
directed against Pseudomonas aeruginosa strains [9]. A study
of physical and chemical properties and the spectrum of lytic
activity of its lysin could yield interesting results and reveal
its potential as a basis for a novel antibacterial drug against
Pseudomonas aeruginosa. Below we describe a synthetic

recombinant artilysin of the KPP10 bacteriophage, its physical
and chemical properties and bactericidal activity.

METHODS
Synthesis of proteins AL-KPP10 and L-KPP10

Sequences coding for endolysin L-KPP10 and artilysin AL-
KPP10were clonedintothe commercial vector pAL2-T (Evrogen,
Russia) and checked for errors using Sanger sequencing. The
L-KPP10-encoding gene inserted in the pAL2-T vector was
cleaved by restriction nucleases at sites BamH — Sacl and
BamHI — Pstl. The same procedure was performed on the
pPQE-30 expression vector. The obtained restriction fragments
were separated by agarose gel electrophoresis, viewed under
UV light and extracted from the gel using the Silica Bead DNA
Extraction Kit (Thermo, USA). The restriction fragments of the
vector and the inserts were then ligated together in the standard
T4 ligase reaction buffer (Thermo, USA).

For recombinant protein production, two obtained
expression vectors pQE-30 carrying genes AL-KPP10 and
L-KPP10, respectively, were introduced into the competent
Escherichia coli cells (strain M15) using the heat shock
transformation protocol. Briefly, the competent cells were
added to the ligase mixtures, incubated on ice for 25 min
and then kept at 42 °C for 45 s, chilled on ice for 2 min and
combined with plain LB. The cells were then grown at 37 °C
for 1 hour, seeded on Petri dishes and left there overnight at
37 °C. Upon the overnight incubation the colonies were picked
and grown in LB containing appropriate antibiotics.

Once the cultures reached OD,, = 0.6, they were ready for
induction (3 hours in 1 mM IPTG) followed by purification in the
Ni-NTA agarose column. Briefly, the induced cells were lysed
in a buffer containing 6 M guanidine hydrochloride, 10 mM Tris
and 100 mM NaH,PO,«H,0 (pH 8.0) for 1 hour. The obtained
lysate containing the protein of interest was run through a
gravity flow column. The protein was eluted from the sorbent
by lowering the pH of the gradient buffer (8 M urea, 10 mM Tris,
01.M NaH,PO,+H,0, pH range from 8.0 to 5.5).

The obtained fractions of proteins AL-KPP10 and L-KPP10
were purified by affinity chromatography in the HisTrap HP
column (GE Healthcare, UK). Before the protein solution was
applied to the column, the column was equilibrated with a
buffer consisting of 8 M urea, 10 mM Tris, 0.1 M NaH,PO,«H,0,
and 10 mM imidazole. The elution buffer contained 8 M
urea, 10 mM Tris, 100 mM Na,HPO, and 500 mM imidazole
(pH 5.5). The obtained protein fractions were dialyzed from the
buffer containing 5 MM HEPES and 1 mM DTT (pH 5.5) at 4 °C.
Protein concentrations were measured spectrophotometrically
on HITACHI U-2900 (Hitachi, Japan) in cuvettes with a 1 cm
long optical path. The optical density of the solutions was
measured at 280 nm wavelength. Protein concentrations were
calculated given that the molar extinction coefficient E>'*,  nm
computed in ProtParam [10] was 1.455.

Physical and chemical measurements

1. Circular dichroism spectroscopy

Circular dichroism spectra of the recombinant proteins
obtained under denaturing conditions and dialyzed in 0.1 mM
phosphate buffer were measured on the modified Jobin-Yvon
Mark V dichrograph (Horiba, Japan) at room temperature in
cuvettes with a 1Tmm long optical path at protein concentrations
of about 200 pg/ml. The spectra were measured over the range
of 190 to 260 nm.
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2. Dynamic laser light scattering

The hydrodynamic size of the particles in the solution was
measured on ZetaSizer Nano-ZS (Malvern Instruments LTD,
USA) at 25 °C in polystyrene cuvettes with an optical path
of 1 cm. The laser wavelength was 633 nm. The dialyzed
protein samples studied at this stage of the experiment were
obtained under denaturing conditions using the technique
described above. Protein concentrations were measured
spectrophotometrically in advance. The data were processed in
Dispersion Technology Software, version 5.10 (Malvern, USA).
3. Fluorescence spectrometry

Tryptophan fluorescence emission from 40 ug/ml protein
samples obtained under denaturing conditions and purified
chromatographically was recorded by FluoroMax-3 (HORIBA
Jobin Yvon GmbH, Horiba, USA) at room temperature
in cuvettes with an optical path of 1 cm at the excitation
wavelength of 280 nm, at which tryptophan absorbs actively.
The spectra were measured over the range of 300 to 400 nm.

Investigating antibacterial properties of the lysins

1. Bactericidal activity of L-KPP10 and AL-KPP10

The samples of L-KPP10 and AL-KPP10 preparations
were purified in the chromatography column and dialyzed in
the buffer containing 5 mM HEPES and 1 mM DTT (pH 5.5).
Protein concentrations were adjusted using the same buffer.

Two ml of the bacterial culture left to sit in LB overnight
were diluted and grown until the cells reached the optical
density OD,,,, of 0.6. The resulting culture (2 ml) was pelleted
by centrifugation at 3000 g for 10 min; then the cells were
resuspended in 2ml of 5 mM HEPES (pH 5.5); turbidity of
the obtained suspension was 0.5 McFarland standards. The
culture was then diluted 100-fold using the same buffer (the
final cell density was 10° cells per ml). The following mixtures
were prepared in a 96-well plate:

1) 100 pl bacterial suspension, 50 pl protein preparation
at the required concentration and 50 pl EDTA (the final
concentration was 0.5 mM);

2) 100 pl bacterial suspension and 100 pl protein preparation
at the required concentration;

3) 100 pl bacterial suspension bacterial suspension and
100 pl buffer (the control mixture);

4) 100 pl bacterial suspension, 50 pl buffer and 50 pl EDTA
(the control mixture).

Those mixtures were incubated at room temperature for
30 min and diluted tenfold in the phosphate buffer (pH 7.2);
100 pl of each dilution were applied on Petri dishes containing
agarised LB. The colonies were picked after the overnight
incubation at 37 °C.

In our study we used the PA103 strain of Pseudomonas
aeruginosa and clinical bacterial isolates Ts 38-16, Ts 43-16,
Ts 44-16, Ts 47-16, Ts 48-16 and Ts 49-16 from the collection
of Gamaleya Federal Research Center for Epidemiology and
Microbiology.

2. Electron microscopy

AL-KPP10 at 50 pg/ml concentrations was added to
10¢ CFU of the sensitive Ts 43-16 isolate combined with the
HEPES buffer and incubated for 10, 20 or 30 min at room
temperature.

Ten pl of the mixture were applied on a grid mesh, dried at
room temperature, stained with 1% uranyl acetate solution by
submerging the mesh in a drop of the stain for 30 seconds. The
residual uranyl acetate was removed by washing the mesh in a
drop of water for 30 seconds, blotted with filter paper and dried
at room temperature. The obtained protein preparations were
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inspected under the electron microscope JEOL JEM-101 (FEI
Phenom World, Netherlands).

RESULTS

Synthesis of the recombinant endolysin and artilysin and
their physical and chemical properties

To obtain recombinant endolysin L-KPP10 and its modified
variant artilysin AL-KPP10 with a fragment of the myeloid
antimicrobial peptide SMAP-29 ([K2,7,13]-SMAP-29(1-17)) at
its C-terminus, we used custom-synthesized gene sequences.
The genes were inserted into the vector pQE-30 for further
expression. Both expression vectors carrying AL-KPP10- and
L-KPP10-encoding genes, respectively, were introduced into
the competent Esherichia coli cells (strain M15) using a heat
shock transformation protocol. Protein production was induced
in the cultured cells by isopropyl B-D-1-thiogalactopyranoside
(IPTG), the synthetic lactose analog. Upon induction, the
cells were lysed under denaturing conditions. The resulting
fractions of AL-KPP10 and L-KPP10 proteins His-tagged at
the N-terminus were purified and refolded by dialysis using
affinity chromatography.

In the next step we assessed physical and chemical
properties of the obtained proteins. Structures of L-KPP10 and
its modified variant AL-KPP10 were studied under denaturing
conditions and after renaturation. Among the methods used
were circular dichroism spectroscopy (to study the secondary
structure of the proteins), fluorescence spectrometry (to
measure tryptophan spectra in order to assess the presence
of a tertiary structure) and dynamic light scattering (to study the
ability of the proteins to aggregate or oligomerize).

Circular dichroism spectroscopy revealed that AL-KPP10
and L-KPP10 had a typical aB-protein spectrum, with a small
contribution of disorganized structures (Fig. 1A). The presence
of the peptide component [K2,7,13]-SMAP-29(1-17) did
not affect the secondary structure of AL-KPP10 (protein and
peptide spectra almost entirely overlapped).

Tryptophan fluorescence measurements were necessary to
assess whether the proteins could fold into a tertiary structure
(Fig.1B). Unlike denatured proteins, renatured proteins
demonstrated a shift of emission peaks to shorter wavelengths.
This indicates that tryptophan located inside the protein core
started to lose its contacts with the solvent as a result of tertiary
structure recovery, suggesting that renatured AL-KPP10 and
L-KPP10 could retain their enzymic activity.

Stability of protein solutions was assessed by dynamic
laser light scattering. This method is used to measure the
hydrodynamic size of a protein complex in a solution and assess
the ability of the molecule to aggregate. Small (3 to 7 nm) sizes
of the complex suggest that the protein is monomeric, implying
its stability in a solution. We discovered that the majority of
native proteins were aggregates of 60 nm in size, which is
normal for recombinant proteins obtained through renaturation
(Fig. 1C, 1D).

Antimicrobial activity of the recombinant endolysin and
artilysin against Pseudomonas aeruginosa

Antimicrobial activity of the obtained recombinant endolysin
and artilysin was tested on the laboratory strains and clinical
isolates from the collection of the Laboratory for Translational
Biomedicine (Gamaleya Federal Research Center for
Epidemiology and Microbiology). Prepared Pseudomonas
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Fig. 1. Physical and chemical properties of endolysin L-KPP10 and artilysin AL-KPP10. Circular dichroism spectra of AL-KPP10 and L-KPP10 (A). Spectra of tryptophan
fluorescence of proteins under denaturing and native conditions (B). Dynamic laser light scattering in the solutions of native AL-KPP10 (C) and L-KPP10 (D)

aeruginosa cells were treated with different concentrations of  DISCUSSION
the recombinant endolysin and artilysin, and then seeded onto
solid agarized LB. There is an ongoing search for phage lysins that could be used
The studied concentrations of endolysin L-KPP10 did not  to effectively combat gram-positive and gram-negative bacteria.
have a bactericidal effect on strain PA103 (Fig. 2A). This was  Gram-negative pathogens are harder to Kill because of their
not unexpected: the outer membrane protects the cell wall  outer membrane that protects the peptidoglycan layer from
of gram-negative bacteria from the attacks of the protein.  phage attacks. One of the possible solutions to this problem
Treatment of bacterial cells with a combination of L-KPP10 lies in the use of permeabilizers, such as polymyxins or their
and 0.5 mM EDTA increased membrane permeability and  derivatives, aminoglycosides, EDTA, citric acid, etc. [11]. For
stimulated lysis at concentrations as low as 3 pg/ml (Fig. 2B). example, endolysin KZ144 obtained from the antipseudomonal
In contrast, AL-KPP10 exhibited antimicrobial activity = phage phiKZ has been shown to exhibit bactericidal activity
against PA103 and 4 of 6 clinical Pseudomonas aeruginosa  against Pseudomonas strains in the presence of permeabilizers
isolates (Table 1 and Fig.3) due to the presence of a positively  [12]. Another example is endolysin OBPgpLYS. It has a broad
charged peptide component. Upon incubation of 10° bacterial ~ spectrum of activity against gram-negative bacteria and
cells with 25 pg/ml or 50 pg/ml AL-KPP10 for 30 min, the  can reduce their population by an order of magnitude. lts
population of Pseudomonas aeruginosa CFU decreased by  combinations with small quantities of EDTA have been shown

10° cells (Fig. 3A). to enhance the antimicrobial effect against multidrug-resistant
Lysis was visualized by electron microscopy. Briefly, the  Pseudomonas aeruginosa by 2 to 3 orders of magnitude [13].
clinical isolate Ts 43-16 of Pseudomonas aeruginosa sensitive However, it is possible to do without permeabilizing agents

to artilysin was treated with 50 pg/ml AL-KPP10 and incubated  and use a new class of phage lysins called artilysin instead [14,
at room temperature for 10, 20 or 30 minutes. The cells were 15, 16]. An artilysin consists of an endolysin and a positively
stained with uranyl acetate and inspected under the electron  charged peptide fused into one reading frame. The role of the
microscope (Fig. 3B). As shown in the picture, the phage lysin  peptide is to facilitate the passage of a protein through the
causes the cell wall of Pseudomonas aeruginosa to degrade (in outer membrane of gram-negative bacteria. One of the most
the pictures the cell wall appears as an electron-dense colored  promising peptides here is the sheep myeloid antimicrobial
flake-resembling mass). peptide SMAP-29. This amphiphilic molecule binds to a

To sum up, incubation of AL-KPP10-treated Pseudomonas  negatively charged membrane phospholipids incorporating its
aeruginosa strains sensitive to this protein results in the massive  hydrophobic moiety into the membrane and thus creates pores
death of cultured bacteria, as exemplified by the clinical isolate ~ [17]. One of the examples of SMAP-29-containing artilysin is
Ts 49-16 (Fig. 3C). called Art-175, a modified endolysin of phage KZ144. Unlike
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Fig. 2. Antimicrobial activity of the recombinant endolysin against strain PA103 of Pseudomonas aeruginosa. Treatment with different concentrations of the recombinant
L-KPP10 in the absence of permeabilizing agents (A). 0.5 mM EDTA added to the bacteria combined with L-KPP10 (B). * — Difference is significant at p = 0.05

(Mann-Whitney U)

the original KZ144, Art-175 can pass through the outer
membrane of Pseudomonas aeruginosa and kill multidrug
resistant bacteria reducing their population by more than 10*
[16]. The bactericidal effect of phage lysins is not limited to
intraspecies attacks [18]. Thus, Art-175 has been shown to be
effective against Acinetobacter baumannii, including persistent
strains and strains with multiple drug resistance, [19].

Unfortunately, the original SMAP-29 is cytotoxic for human
red cells. Its antibacterial and hemolytic activity has been shown
to depend on its length and the original sequence. The non-toxic
but still optimally bactericidal variant of SMAP-29 was obtained
by removing and substituting some its original amino acids and
had the following structure: [K2,7,13]-SMAP-29(1-17) [20, 21].

In the course of this work we obtained two recombinant
phage lysins: endolysin L-KPP10 and its modified variant
artilysin AL-KPP10. These proteins have a tertiary structure
that can recover after renaturation, suggesting that they can
retain their enzymic activity. Both proteins are highly stable in
a solution. Importantly, the presence of the positively charged
peptide SMAP-29(1-17) in KPP10 does not change the
structure and properties of the protein. Those findings allowed
us to continue our investigation and explore the antimicrobial
activity of the obtained recombinant molecules.

We have established that the studied concentrations of
endolysin L-KPP10 are effective against Pseudomonas only
in the presence of EDTA. Being a permeabilizing agent, EDTA
aided the passage of the endolysin into the cell through the
outer membrane of the cell wall. To exert a bactericidal effect
against a wide range of Pseudomonas aeruginosa strains,
artilysin AL-KPP10 did not need permeabilizers, such as EDTA,
since it contained a fragment of the myeloid peptide SMAP-
29 ([K2,7,13]-SMAP-29(1-17)). Five of seven studied clinical
isolates of Pseudomonas aeruginosa turned out to be sensitive
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to the recombinant artilysin. The best antimicrobial effect was
seen at concentrations of 25 pg/ml and 50 pg/ml, when the
bacterial populations shrunk by 10° cells within 30 min.

The closes functional analog of AL-KPP10 is artilysin
Art-175. It consists of endolysin KZ144 linked to the original
SMAP-29. Just like AL-KPP10, Art-175 can pass through
the outer membrane of Pseudomonas aeruginosa and Kill
the cell. These two artilysins are different in their structure:
AL-KPP10 retains the original KPP10 sequence and contains
a modified shortened peptide SMAP-29 with three amino acid
substitutions at positions K2,7,13, which makes the protein
less toxic to human cells [20, 21]. We also expect AL-KPP10
to have a better antibacterial effect than Art-175, because the
bactericidal activity of AL-KPP10 exhibited in our experiments
was higher than that of Art-175 [16].

CONCLUSIONS

Our findings confirm that lytic properties of phage lysins
targeting gram-negative bacteria from both inside and
outside the cell can be modified and enhanced by the use of

Table 1. Antimicrobial activity of artilysin AL-KPP10 against clinical isolates of
Pseudomonas aeruginosa

Strain/Clinical isolate of P. aeruginosa Effect

PA103 +
Ts 38-16 -
Ts 43-16 +
Ts 44-16 +
Ts 47-16 -
Ts 48-16 +
Ts 49-16 +
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Fig. 3. Antimicrobial activity of the recombinant artilysin AL-KPP10 against sensitive strains of Pseudomonas aeruginosa. Treatment of Pseudomonas aeruginosa

sensitive strains with different concentrations of recombinant AL-KPP10 in the abs

ence of permeabilizing agents (A), p < 0.01 (Mann-Whitney U). Electron microscopy

of Ts 43-16 (clinical isolate of Pseudomonas aeruginosa) following incubation with 50 pg/ml AL-KPP10 for 10 min, 20 min and 30 min (B). A Petri dish with artilysin and
clinical isolate Ts 49-16 of Pseudomonas aeruginosa upon incubation for 30 min (C)

permeabilizing agents and positively charged peptides. The
results of our work are consistent with previously published
data on endolysin KZ144 isolated from antipseudomonal
bacteriophage phiKZ and endolysin OBPgpLYS that exhibited
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THE USE OF ANTIMICROBIAL PHOTODYNAMIC THERAPY MEDIATED
BY MC540 IN THE INFECTED WOUND MODEL
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Photodynamic therapy (PDT) is an alternative to conventional therapies of infections. It can kill drug-resistant bacteria without
damaging host tissues. In the present work we use the multiresistant strain PA27 of Pseudomonas aeruginosa to model a
wound infection in mice and study the effect of PTD mediated by aqueous solutions of the anionic photosensitizer merocyanine
540 (solubilized in water and in 0.25 M sodium chloride) on bacterial decontamination and wound healing. To assess a
therapeutic effect of PDT, we monitored bacterial contamination of the wound, measured the wound size in two planes using
a caliper and carried out a histopathological examination of infected tissue sections. Our study reveals that PDT mediated by
MC540 in the sodium chloride solution can induce bacterial death, inhibit bacterial re-growth and accelerate wound healing.
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NMPUMEHEHUE AHTUMWKPOBHOW ®OTOANHAMWUYECKOWN TEPAMNUN
HA OCHOBE ML|540 K MOLENN PAHEBON NHOEKLIAN

T. A. Lmurons™3, K. A. CobsaHnH?, M. B. Mpycak-Mmotos!, C. M. LenbikannHa®, E. B. HesexuH®, C. A. Epmonaesa?,
B. B. Herpebeuxkuin'

T OTAEN MeANLMHCKONM XMMUI 1 TOKCUKONOMAKN, POCCUIACKINIA HaLmMOHabHbIA MCCNenoBaTenbCKi MeAULIMHCKMA YHMBepceuTeT nmern H. V1. Muporosa, Mocksa

2 JTabopatopusi B1ONOrN4ECKNX UCMbITaHWIA, VIHCTUTYT TRaHCASIUMOHHOM MeauLIMHbI, POCCUIACKIIA HaLWOHaNbHbI NCCNeaoBaTeNbCKNIA MEAUUMHCKIMIA YHNBEPCUTET
vmenn H. V1. Muporosa, Mockea

3 Kadhenpa MeauUMHCKON KNBEPHETNKM 1 MHEDOPMATNKM, MEAKO-O1ONOrMYeckiii hakynsTeT, POCCUMCKINIA HaLMOHaSbHbIA MCCNeaoBaTeNbCKIA MEANLMHCKAN
yHuBepcuTeT nmenn H. . Muporosa, Mocksa

4 Jlabopatopus aKonornm Bosdyautenen MHhekLni, HaumoHanbHbIn MCCneaoBaTensCKUii LEHTP SNAEMUONOrin 1 MUKpobronorim nmenn H. ®. famanen, Mockea

dotognHammdeckas Tepanus (PLT) aBnseTca anstepHaTVBHBIM METOOOM NEHEHVS NHAEKLMIA, MO3BONAIOLLMM yomBaTh fe-
KapCTBEHHO-YCTON4MBbIE HakTepun 6e3 NOBPEXOEHVA TKaHM X03arHa. B HacTosALeM nccnegoBaHn NCNonb30BaH NOMpe-
3UCTEHTHbBIV KIIMHUYECKNA LWiTamm Pseudomonas aeruginosa PA21 (P aeruginosa) B MOOENW PAHEBON NHEKLMM HA MbILLIAX
0119 n3ydenus sanaHua GOT (B BOOHbIX pacTBOpax aHNMOHHOroO dhotoceHcubumaatopa MepoupmarnmHa 540 (MLU540): B Boge
1 0,25 M NaCl) Ha 6akTepuranbHyO MHaKTUBALMIO U 3axK1BNeHVe paH. Mocne nposeneHns GOT rubens 6akTepuii oLeHnBanm
nyTeM onpeneneHrs BaKTeproNorM4eCKOn Harpyskn B paHax, NpoLEeCC 3aKMBIEHNUS PaH KOHTPOMMPOBAIM NPSMbIM 13Me-
PEHVEM LUTAHMEHLMPKYEM B ABYX MPOEKLMSX, a Takxke MPOBeAeHNEM NaTOMOP(ONOrMHECKNX UCCAEA0BAHMA MOCIONHbBIX
CPe30B NHPULIMPOBaHHBIX paH. [onyyeHHble pedynetaTtel nokasanu, yto GOT B npucyteteum ML540 B pactBope xnopvaa
HaTpust (HO He MLI540 B BoAe) cnocobHa Bbi3biBaTb MMbenb 6akTepum, MPensaTCTBOBATL VX BOCCTAHOBAEHWIO Y 3HAYUTENBHO
YCKOPATb MPOLECC 3DKNBEHNS PaH.

Knto4yeBble cnoBa: aHTUMUKPOOHas hoToanHaMm4eckast Tepanust, MOMPE3NCTEHTHBIA KITMHUYECKNIA LUTaMM Pseudomonas
aeruginosa, NHMEKLINS KOXN U MATKUX TKaHe, 3abKUBREHNE paH, MepoumanvH 540, paHeBas MHekums

®duHaHCUMpoBaHue: VccnefoBaHre BbINoMHEHO Npu rHaHcoBOW nopaepkke PODI B pamkax HayqHoro npoekta Ne 16-33-00970 mon_a.
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Cratbsi nonyyeHa: 20.01.2018 CrtaTtbsa npuHsTa K nevatu: 23.03.2018
DOI: 10.24075/vrgmu.2018.011

Skin is the body’s natural physical barrier and the first line of
defense against pathogens. Damaged skin can end up getting
infected. Inturn, infection can delay wound healing, compromise
a person’s general health and even increase the risk of death.
Antibiotics once revolutionized the therapy of infections, but
today the growing incidence of resistant bacteria compels the

search for new alternatives to the conventional management
of localized infections. One of the promising solutions here is
photodynamic therapy (PDT) that is normally used in cancer
treatment [1-3] but has been recently proposed to combat
bacterial infections [4-7]. Antimicrobial PDT relies on the use
of photosensitizers (PS), non-toxic dyes that can be activated
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by a specific wavelength of light. The PS is introduced into the
infected wound that is subsequently exposed to a source of
monochromatic light with a required wavelength [8-9]. Once
activated, PS starts producing free radicals and/or singlet
oxygen that are lethal for pathogens.

The aim of this study was to investigate the effect of MC540-
mediated PDT on bacterial growth in the wound and wound
healing in a murine model. BALB/c mice were infected with
the multidrug resistant clinical strain PA27 of Pseudomonas
aeruginosa. To assess a therapeutic effect of PDT, we
monitored bacterial contamination of the wound, measured
the wound size in two planes using a caliper and carried out a
histopathological examination of infected tissue sections.

METHODS
Photosensitizer

The stock solution of 1x10° M anionic dye merocyanine 540
(Sigma-Aldrich, Switzerland) was prepared in 96% ethanol
on the day of the experiment. MC540 concentrations were
determined spectrophotometrically based on the extinction
coefficient of MC540 in water ¢,,, = 63 000 M~'cm™. The
stock solution was diluted with water or 0.25 M sodium
chloride solution (ACROS, USA) to reach working MC540
concentrations of 25 pM.

Bacterial culture

The multiresistant strain PA21 of Pseudomonas aeruginosa
used in our study was obtained from a collection of Gamaleya
Federal Research Center for Epidemiology and Microbiology.

P, aeruginosa cells were incubated overnight at 37 °C in the
Brain Heart Infusion broth (BHI Difco, USA), diluted 100-fold
in the fresh medium, and grown until they reached the optical
density OD,,, of 1, which corresponds to the concentration of
10° CFU/ml. The culture was washed twice in PBS (pH = 7.4)
(Ecoservice, Russia) and applied onto the wound in 50 pl
aliquots.

Bacterial burden in the wounds

Swabs were taken from wound surfaces using cotton balls.
Then the balls were placed into the test tube containing 0.9 ml
normal saline, which was subsequently used to prepare a
series of dilutions: 1:10, 1:100, and 1:1000. Each dilution was
seeded onto two dishes treated with agarized media (BHI Difco,
USA). Twenty-four hours later, the colonies were harvested and
counted; the counts were converted to log CFU/ml.

Antimicrobial photodynamic therapy

All manipulations were performed using aseptic techniques
and gentle anesthesia. The experiments were carried out

Table 1. Study design
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in compliance with the principles of bioethics, international
guidelines of the European Convention for the Protection
of Vertebrate Animals (Strasbourg, March 1986) and the
Declaration of Helsinki.

The experiments were conducted in 6-8 weeks old
BALB/c mice weighing 17 to 21 g. Twenty-four hours before
PDT we shaved the fur from a 2-cm? area on animals’ backs
and outlined the wound contours with a permanent marker.
Before the surgery, the animals were anesthetized with inhaled
isoflurane. The surgical site was cleansed with an antiseptic
agent twice. The excised wound was 1.5 cm in diameter and
extended through the skin, subcutaneous tissue and fascia
down to the muscle. The wound was inoculated with a 50 pl
aliquot of 107 CFU/mI P aeruginosa suspension. Six hours after
wound modeling the mice received photodynamic therapy.

The animals were divided into 4 groups (Table 1). Mice from
group A (n = 18) were used as absolute control (no treatment);
mice from group B (n = 18) were used as light control (irradiation
with 530 nm monochromatic light for 5 min); mice from group C
(n = 18) received PDT mediated by 25 pM aqueous solution of
MC540 (irradiation with 530 nm monochromatic light for 5 min);
mice from group D (n = 18) received PDT mediated by 25 pM
aqueous solution of MC540 containing 0.25 M sodium chloride
(irradiation with 530 nm monochromatic light for 5 min). Three
animals were selected from each group to study the long-term
effects of treatment (36 days).

The wounds were treated with 50 pl of 25 M aqueous
solution of MC540 containing 0.25 M NaCl and then exposed
for 5 min to a source of monochromatic light with a 530 nm
wavelength and a power density of 2 m\W/cm?, which ensured
the total dose of 6 J/cm?.

Histological analysis

The samples were fixed in 10% buffered formalin and
embedded in paraffin. The paraffin-embedded 2-7 pm-thick
sections were stained with hematoxylin-eosin and subjected
to microstructural and morphometric analyses. Morphometric
evaluation was performed using the AxioimagerA-2 microscope
(Carl Zeiss, Germany).

Wound healing

While monitoring the condition of the wounds, we noted the
signs of inflammation, type and quantity of wound drainage,
etc. Wound sizes were measured with a ruler and a caliper in
two planes 1 hour before PDT on days 2, 4, 7, and 14. To
understand how wound healing progressed, the following
parameters were calculated:

1. A change in the wound surface area on different days of
the experiment (AS, %):

(S,—-S8,)x100
SO

where S is the initial wound area, S is the wound area on day n.

Group Number of animals Bacteria Treatment
Group A: absolute control 18 P, aeruginosa No treatment
Group B: light control 18 P, aeruginosa Light (6 J/cm?; A = 530 nm)
Group C: PDT + MC540 18 P, aeruginosa MC540 + light (6 J/cm?; A = 530 nm)
Group D: PDT + MC540+ 0.25 M NaCl 18 P, aeruginosa MC540_0.25 M NaCl + light (6 J/cm?; A = 530 nm)
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2. Relative rate of wound area reduction (v
(§,-S,)x100%

Syxn

%/day):

heal.”

where S is the initial wound area, S, is the wound area on day
n, nis the day of the experiment.
3. Epithelialization rate (v, , mm?/ day):

SO_ Sn
T

where S is the initial wound area, S_ is wound area on day n, T
is the number of days between the measurements.

All data were processed in Universlab DeskTer River
V3.3.3269

Statistical processing

We calculated the mean values of the parameters mentioned
above and the mean error SEM = VSF (s is a mean square
deviation).

RESULTS

A day after the animals received PDT, their condition was
satisfactory. The animals were active, mucous membranes
looked normal and coats were smooth. All wounds were
starting to suppurate; the most pronounced suppuration was
observed in the controls.

Bacterial contamination

One of the most important tools used to estimate a therapeutic
effect of treatment in patients with soft tissue infection is a

microbiological test. We measured the degree of bacterial
contamination prior to treatment, and 48, 96 and 168 hours
after PDT. The results are presented in Table 2.

Six hours after inoculation but prior to PDT, bacterial burden
was the same in all groups: 5.03 + 0.04x10° CFU/m.

Forty-eight hours after PDT the number of P aeruginosa
decreased by 10? and 10° CFU/ml in groups C (PDT mediated
by the aqueous solution of MC540) and D (PDT mediated by
the aqueous solution of MC540 containing NaCl), respectively.

Healing progress

QOver the course of monitoring, we established a few differences
in the healing dynamics with regard to AS between the animal
groups (Table 3).

The AS values in both control groups A and B were
significantly lower (p < 0.05) than in groups C and D at all
stages of the experiment (the only exception was groups B and
C on day 7 when no significant differences were noticed).

Healing rates (v, ) turned to be very different within the
groups (Table 3). The maximum rate was observed in group
D, while in other groups v, ,, remained quite stable for 14 days
(p > 0.05). Of note, the healing rates in all groups had slowed
by day 14 and almost leveled off.

Epithelization rates ("emh) turned out to be significantly
different between some groups and within the groups (Table 4).

The highest epithelization rate (vemh) between days 4 and
7 was observed in group D (p < 0.05 in all cases), by day 14
epithelization rates had decreased in all groups.

In the first 48 h after wound modeling a blood clot was
formed in the wound. The major component of the clot was
fibrin, which eventually hardened into a scab. The wound
produced exudate dominated by neutrophils. Blood cells
underwent lysis, manifesting suppurative inflammation (Fig. 1 A).

Table 2. Bacterial contamination of the wound measured on different days of the experiment, CFU/ml

Time after PDT
Group Oh 48 h 96 h 168 h
Group A 5.00 x 10° 1.5 x10° 1.7 x 10° 1.4 x10*
Group B 4.95 x 10° 1.2 x10° 1.6 x 10° 1.0 x 10*
Group C 5.01 x 10° 2.0 x10* 0.7 x 102 negative
Group D 5.15 x 10° 1.5 x10° negative negative
Table 3. Morphometry of wound matrix remodeling in BALB/c mice
Changes in the wound surface area throughout the course of the experiment, AS
Time after PDT
Group Day 2 Day 4 Day 7 Day 14
Group A 11.11 £ 0.37 25.00 +0.82 4111 £1.36 84.43 +3.78
Group B 13.55 + 0.45 32.22 £1.39 50.01 + 1.65 85.30 + 3.75
Group C 16.66 + 0.53 40.02 + 2.17 48.33 + 1.76 93.31 + 1.89
Group D 30.01 +2.33 55.55 + 3.61 67.77 + 4.75 94.77 + 417
Relative rate of wound reduction, v,
Time after PDT
Group Day 2 Day 4 Day 7 Day 14
Group A 5.55+0.18 6.25 + 0.21 5.87 +0.19 6.03 +0.12
Group B 7.50 + 0.25 10.51 £ 0.35 714 +£0.24 5.95+0.13
Group C 8.33 £ 0.29 10.00 + 0.87 6.90 + 0.77 5.92 +0.28
Group D 15.01 £ 0.16 13.88 + 1.91 9.68 + 1.01 7.33 +0.45
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Beneath the scab immature connective tissue started to
grow actively with plenty of thin-walled capillaries, sinuses and
lacunae filled with blood (Fig. 1B). On days 4 through 7 the
connective tissue underwent fibrosis, transforming in some
cases into hyalinized or even calcified scar tissue (Fig 1E).
Although such infiltrates are not always deeply seated, they
cause contractures and immobilize the skin.

Histological analysis revealed that in the first 24-48 h basal
epidermal cells proliferated slowly, and then rapid proliferation
took over and keratinization increased. Growing and
differentiating, the epidermis gradually closed the wound (Table
4, Fig. E). In general, the wound underwent different stages
of healing, which are usually affected by a number of factors,
including those set in our experiment (Table 3 and 4, Fig. 1).

Good blood supply, increased oxygenation and a variety of
enzymic processes occurring in the wound stimulated tissue
substitution and even triggered intracellular regeneration of
myosatellite cells (Tables 3 and 4, Fig. 1D).

To sum up, results of the microstructural analysis are
consistent with the data obtained in the experiment (Tables

Table 4. Rates of epithelial repair of infected wounds in BALB/c mice

OPUTMHAJIbHOE MCCJIEQOBAHNE | AJIbTEPHATVBA AHTUBVOTUKAM

2-4, Fig. 1). Wound healing was exuberant owing to the active
growth, differentiation and maturation of the microvasculature,
formation of granulation tissue and vigorous epithelization.

DISCUSSION

In our previous study in vitro we have demonstrated that
inactivation of P Aeruginosa occurs ten times more effectively
after PDT mediated by the MC540 solution containing 0.25 M
sodium chloride than after PDT mediated by the aqueous
solution of MC540 [10], which could be explained by the
different degree of MC540 aggregation in water and in the
presence of salt. In water MC540 exists both as a monomer
and a dimer [11], but only monomers can generate reactive
oxygen species, specifically singlet oxygen [12, 13]. In saline
solutions MC540 forms large crystal-like aggregates capable
of producing free radicals [14-17].

The results of the present study conducted in animals
convincingly confirm the data obtained in our previous in vitro

Epithelization rates, v, it
Time after PDT
Group Day 2 Day 4 Day 7 Day 14
Group A 1.07 £ 0.04 5.17 +0.23 15.69 +1.18 6.33 +1.05
Group B 2.24 £0.07 6.19 £ 0.27 16.07 + 0.82 6.41+1.16
Group C 2.63 +0.09 5.41+0.24 14.31 £ 0.45 6.09 +1.24
Group D 3.52 + 0.11 8.01 +0.35 16.94 + 0.86 8.11+1.53

Fig. 1. Microscopy of infected wounds of mice after PDT. Stain used: hematoxylin and eosin (A) Immature granulation tissue on day 4, x150. (B) Vascular hyperemia
and fluid accumulation around the capillary bed on day 4, x350. (C) Blood in the muscle tissue on day 4, x250. (D) Fragments of muscle tissue showing intracellular cell
regeneration of day 7, x450. (E) Epithelialization and scarring on day 14, x150. (F) Hyalinized and calcified scar tissue on day 36, x150
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work with regard to bacterial death, inhibition and rapid wound
healing.

Table 2 shows that after PDT mediated by the MC540
solution containing sodium chloride, full decontamination of the
wound infected with multiresistant P aeruginosa is observed
as early as on day 4, while after PDT mediated by the aqueous
solution of MC540 it happens on day 7 only.

Morphometry (Table 3) confirms the better effect of MC540
aggregates in comparison with its monomers or dimers with
regard to the rate of healing and wound area reduction. By
day 4 the wound area in group D shrunk by 45% whereas in
group C it shrunk by 60%, which is close to the results
demonstrated by group B (68%).

The relative rate of wound healing (Table 3) in group A was
linear (mean square deviation considered). For groups B and C
it was parabolic with a peak on day 4, for group G-exponential.
The healing process slowed on day 14 in all groups. These data
correlate with the rate of wound area reduction (Table 3).

Regeneration of the epithelium was faster in group D where
it became very pronounced on day 4 (Table 4), in comparison
with the controls and the group that received PDT mediated by
the aqueous solution of MC540.
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ASSESSMENT OF PERIOPERATIVE PROPHYLAXIS OF INFECTIOUS
COMPLICATIONS IN POST-OP PATIENTS

Morozova TE, Lukina MV =, Andrushishina TB, Chukina MA

Department of Clinical Pharmacology and Propedeutics of Internal Diseases, Faculty of General Medicine,
|.M. Sechenov First Moscow State Medical University, Moscow

Perioperative antimicrobial prophylaxis (PAP) involves administration of antimicrobial agents (AMA) to patients undergoing a
surgical intervention and aims to reduce the risk of postoperative infectious complications, especially at surgical sites. In the
present work we assess efficiency and safety of AMA used for prevention of postoperative infectious complications. In the
course of our study we pre-analyzed 576 medical histories of post-op patients aged 18 to 87 years (mean age M + SD was
57.4 + 14.5 years), of which 347 (60.2%) were male and 229 (39.8%) female. Only 481 histories were selected for final analysis.
We assessed the choice of antibacterial therapy, the frequency of adverse reactions (AR) and infectious complications and
the type of the latter. PAP regimens were consistent with the official guidelines in 207 (43.04%) cases. PAP recommendations
were ignored in 274 cases (56.96%), and the timing was wrong in 364 cases (75.7%). Incorrect dosages were administered
in 225 cases (46.8%). We also discovered an association between irrational PAP regimens and 1) the length of patient’s stay
in the intensive care unit (p = 0.003 and p < 0.005), 2) the frequency of reoperations associated with infection (p = 0.001), 3)
mortality rates (p = 0.002), and 4) isolation of strains with multidrug resistance (p = 0.016). We conclude that PAP regimens
for the inpatients of surgical wards are often compromised by failure to comply with the official guidelines, wrong timing and
incorrect dosage, which negatively affects hospital statistics.

Keywords: antibacterial agents, perioperative antimicrobial prophylaxis, infectious complications, surgery, efficiency, adverse
reactions
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OLIEHKA PALLMOHANTBHOCTU NPOBELEHUA MEPUOMNEPALIMOHHON
AHTUMNKPOBHOW NPO®UNAKTUKN NHOEKLMOHHbIX OCJTOXXHEHUN
Y NAUMEHTOB NOCJE XUPYPIMTMHECKWX BMELLATEJIbCTB

T. E. Mopososa, M. B. lyknuHa™, T. B. AHgpyumiuvna, M. A. YykuHa

Kadbenpa KnmHu4eckol hapmakonorin 1 NponeaesTUKA BHYTREHHVX 6051e3Hel, nevebHbIi (hakynsTerT,
MepBblii MOCKOBCKMIA FOCYAAPCTBEHHbIN MEAVLMHCKMIA yHMBEPCUTET MeHn V. M. CeveHoBa (CeveHoBCKMiA YHBepeKTET), MockBa

HagHa4eHre aHTnbakTepuanbHbix npenapaTos (ABIM) ans nposeaeHNst nepronepauyoHHON aHTUMUKPOBHOW MPOMUNaKTUKIA
(MAM) naumeHTam X1pypriieckoro npoduns HeobXxooMMO [ONSi CHUDKEHWSI 4aCTOTbl BOSHUKHOBEHMST WMHMEKLMOHHbIX
OCNOXHEHWI B MOCNEONepaLyioHHOM Nepuofe, B TOM 4nchie UHDeKUMA 0bnacT XMpyprideckix Bmellatenscts. Llenbto
paboTbl ObiNa oLeHKa paumoHanbHOCT 1 6esonacHocTY Bbibopa ABI ans nposeneHnst MAIM NHEKLIMOHHBIX OCOXKHEHNI
y MNauMeHToB Mocfe XUpyprudeckmx BmellaTenscTs. [poBedeH hapmMakoanMAaeMUonormyeckmin aHanma 576 mncTtopuin
6onesHen MauveHToB B Bo3pacTe oT 18 oo 87 neT mocne XMpyprudeckyx BMeLLaTenbcTB, cpeaHuin BodpacT (M + SD)
coctaBun 57,4 + 14,5 roga, My>kd4mH — 347 (60,2%), >xeHLmH — 229 (39,8%). B hmHanbHbIn aHanmM3 paumoHanbHOCTY CXEM
AT Bowwnm 481 nctopust 6onesHn. OLeHnBan paLmoHanbHOCTb Bblibopa aHTMbaKTepuanbHOM Tepanii, YacToTy pasBuUTs
HebnaronpUSATHbIX MOG04HbIX peakumin (HIP), 4acToTy 1 xapakTep NHEKLMOHHBLIX OCIOXXHEHWIA. [Moka3aHo, YTO BbIOOp CXeM
[TAIN cooTBeTcTBOBaN pekoMeHaaumsm B 207 (43,04%) cnyyasix. BeisiBneHa Bbicokas HacToTa HecObMtoAeHVst pEKOMeHaLMIN
no nposeaeruto MAT (274; 56,96%) n HapyLueHus cpokoB NpoBeaeHus MNATT (364; 75,7 %). ObLuee 4Mcno crnyyYaes HapyLLEHNs
PEXMMOB J031POBaHNst cocTaBumno 225 (46,8%). ObHapy»keHa B3aMOCBA3b HepaLyoHabHbIX cxeM AT ¢ AnUTENbHOCTLIO
npebbiBaHva B OPUT (p = 0,003 n p < 0,005), 4acToOTON MOBTOPHbIX ONepaTUBHbIX BMELLATENbCTB, aCCOLMNPOBaHHbIX C
nHpekupren (p = 0,001), ypoBHeM netanbHOCTU (P = 0,002) 1 BblAeNeHEM NOAMPEINCTEHTHBIX WTamMmoB (o = 0,016). Takum
06pa3oM, y MaLMeHTOB XMPYPrim4eckoro Npoduia B YCNOBUSX peasilbHON KIMHUHECKOW MPaKTUKM COXPaHSAeTCs BblCOKas
YacToTa HecobnodeHus pekomeHaaumin no nposegeHnto Al HapyleHns cpokoB npoBefeHus MAIM 1 pexnmos
nosuposaHust ABI, YTO HeraTMBHO CKadblBaeTCA Ha roCIMTasbHbIX MoKas3aTensix.

KnioueBble cnosa: aHTVI6aKTepl/Iaﬂbele npenaparbl, neprnonepaunoHHas aHTl/lMl/IKpO6Haﬂ npodunakTnka MHMEKLMOHHBIX
OCJIOXHEHWA XMPYPrM4eCKOro BMeLLaTebCTBa, PaLMOHaIbHOCTb MPVMEHEHNS, He6ﬂarOHpI/I$:|THble no6o4Hble peakumn

BnarogapHocTu: atopbl 6narogapst babeHko Onera Bacunbesuda n3 YKB Ne 1 Mepsoro MIMY nm. M. M. CeveHoBa 3a BO3MOXHOCTb 4OCTyMNa K apxvBy
ncTopuii 6onesHen.
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Perioperative antimicrobial prophylaxis (PAP) is an internationally
accepted standard of care for surgical patients. It involves the
use of antibacterial agents (AA) and aims at lowering the risk of
infectious complications in general and surgical site infections
(SSI) in particular. Any postoperative infectious complication
negatively affects the outcome of surgery, extends a patient’s
stay in hospital, incurs high costs, increases the risk of re-
surgeries, contributes to hospital death rates and requires
additional drug-based therapy [1].

According to the European Center for Disease Prevention
and Control (ECDC) and the World Health Organization (WHO),
infectious complications associated with multi-drug resistant
and pan-resistant strains have recently become alarmingly
incident [2, 3].

Among the factors promoting antibiotic resistance are
overuse and misuse of AA [4]. In this light, a wise approach
to the choice of antibacterial therapy becomes particularly
important [5]. Inappropriate dosing, including administration of
subtherapeutic doses of AA both for treatment and prevention,
and prolonged post-operative prophylaxis (>24 h) reduce PAP
efficacy and contribute to antimicrobial resistance [6, 7].

The Russian Federation actively supports measures for
curbing antibiotic resistance. Revised clinical recommendations
proposed in the National Strategy for Antimicrobial Treatment
Control highlight the necessity of control over the spread of
nosocomial infections [8]. Systemic monitoring of antibiotic
resistance and trade regulations are essential components of
this strategy [9].

Therefore, the rational use of AA in the clinical setting
becomes an important tool for reducing the risk of SSI and
adverse reactions (AR) and curbing antibiotic resistance.

The aim of this study was to assess the choice of AA with
regard to its adequacy and safety in patients undergoing PAP.

METHODS

We have analyzed the regimens of antimicrobial PAP given to
the inpatients of surgical units with regard to their adequacy and
compliance with national and international clinical guidelines (1,
10]. We set up a database containing details of patients’ clinical
and demographic profiles (sex, age, diagnosis, comorbidities,
creatinine levels, creatinine clearance rates before and after

Table 1. Clinical characteristics of patients included in the analysis
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surgery) and surgical interventions, including blood loss volume,
wound contamination, complications, adverse reactions, and
AA doses).

A total of 576 medical histories were selected for the
analysis. Of all patients included in the preliminary analysis,
347 (60.2%) were men and 229 (39.8%) — women. Their age
ranged from 18 to 87 years (mean age M + SDwas 7.4 + 14.5
years). All of the patients had undergone a surgical intervention
between June 2016 and December 2016. Details are presented
in Table 1.

All surgical interventions performed on the analyzed patients
were divided in three groups: general surgeries (356; 61.8%),
cardiac surgeries (177; 30.7%), and cancer surgeries (21;
3.6%). The majority of the surgical interventions were elective
(468; 81.3%). Most of the surgical wounds were clean (310;
53.8%). Infected wounds were observed in 113 (19.6%)
patients who had septic suppurative inflammation at various
locations. Clean-contaminated and contaminated wounds were
observed in 70 (12.2%) and 84 (14.6%) patients, respectively.

Only 481 medical histories were selected for the final
analysis. The rest 95 (16.5%) were excluded due to the lack of
reliable data about PAP.

PAP adequacy and safety were assessed based on:

— AA regimens;

— adequacy of regimens, timing and duration of PAP;

— frequency of adverse reactions.

The total frequency of post-operative infectious complications
and SSI were also estimated.

In addition, we have analyzed the impact of different factors,
such as PAP regimens, clinical and demographic characteristics
of patients (age, sex, BMI, underlying medical condition, renal
function, type of surgery, wound contamination, blood loss
volume) on the risk of infectious complications, the length of
hospital stay, the length of stay in intensive care and death.

Statistical analysis was performed in STATISTICA 10.0
(StatSoft Inc., USA). The data were presented as means (M) and
the standard deviation (SD). Normality of sample distribution
was evaluated by the Shapiro-Wilk W test; homogeneity of
variances across two samples was tested using Fisher’s T-test.
The differences were considered significant at p < 0.05. Apart
from the correlation analysis, we also used the Mann-Whitney
U and Kolmogorov-Smirnov tests to compare two independent

Patients Male Female
Parameter n=576 n =347 n =229 p

M + SD M SD M SD
Age. years 57.4 +14.5 57.8 13.6 56.9 15.6 0.468
BMI. kg/m? 28.20 + 5.67 27.70 4.80 29.01 6.80 0.005
Hospital stay. days 18.10 £ 22.05 17.20 10.70 19.60 32.40 0.197
Onset of infectious complications. days after surgery 1.5+3.6 1.1 3.6 1.3 3.7 0.596
Onset of non-infectious complications. days after surgery 0.89 + 4.39 0.88 2.70 0.90 6.20 0.942
Re-operation. days after initial surgery 1.18 + 3.96 1.40 4.30 0.85 3.30 0.114
Length of stay in intensive care. days 3.10 + 7.60 2.76 6.20 3.63 9.20 0.180
Duration of mechanical ventilation. days 0.61 +4.12 0.30 2.67 1.04 5.60 0.041
Blood loss. ml 214.1 + 4831 169.9 426.7 243.3 515.5 0.074
Creatinine®. mg/dl 0.95 + 0.49 1.05 0.56 0.83 0.32 < 0.0001
Creatinine™*. mg/d| 1.07 £ 0.94 1.13 0.76 0.98 1.16 0.058
Creatinine® clearance rate. ml/min 96.80 + 42.50 100.61 44.91 91.17 38.01 0.009
Creatinine™* clearance rate. ml/min 74.79 + 52.20 76.32 48.79 72.48 57.03 0.401

Note: * — creatinine levels and clearance rates (Cockcroft-Gault equation) before surgery; ** — creatinine levels and clearance rates (Cockcroft-Gault equation) 24-48

h after surgery
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continuous variables not complying with normal distribution.
Two qualitative independent variables were compared using
the two-tailed Fisher's test or x® with Yates’ correction.

RESULTS

The retrospective analysis of medical histories of 481 patients
has revealed that in 297 (43.04%) cases the choice of antibiotics
was rational and consistent with existing clinical guidelines. In
274 (56.96%) cases the choice of AA was not rational because
it did not account for wound contamination and the specifics
of surgery. On the whole, PAP regimens were characterized
by the frequent use of 39 generation cephalosporins (CPh)
and cycling of 1%, 2, 34 and 4" generations of CPh in pre-
and postoperative management; the regimens also included
carbapenems and inhibitor-protected aminopenicillins in
combination with aminoglycosides (amikacin), metronidazole,
and fluoroquinolones (ciprofloxacin), which were administered
to the patients with clean and clean-contaminated wounds. In
the studied patients’ sample wrong PAP timing was observed
in 364 (75.7%) cases. Inappropriate dosing was noticed in 225
(46.8%) cases.

Good choice of PAP regimens (207; 43.04%) was spoiled
by inappropriate AA doses in 64 (30.9%) cases (Table 2).

In 364 (75.7%) cases, the inadequate choice of AA (274;
56.96 %) was accompanied by prolonged PAP (regimens were
extended beyond 24-48 hours); subtherapeutic doses were
prescribed in 161 (58.8%) cases (Tables 2, 3).

Analysis of safety of antibacterial agents used for
perioperative prophylaxis

The retrospective analysis of medical records revealed that the
total number of adverse reactions was 23 (3.99%); all of them

were observed in the group of patients who received prolonged
PAP. No adverse reactions were observed in the group of
patients who received PAP before surgery and in the group
where PAP regimens were limited to 48 hours. Thus, the risk of
adverse reactions increases with PAP duration (Table 4).

Retrospectively, the following AR were observed:

— antibiotic-associated colitis — 9 cases (39.1%);

— psychomotor agitation — 6 cases (26.1%);

— pseudoallergies — 3 cases (13.0%);

— elevated transaminases — 3 cases (13.0%);

— antibiotic-induced nephropathy (vancomycin) — 2 cases
(8.6%);

— prolonged QT interval — 2 cases (8.6%).

Further analysis revealed positive correlations between the
risk of adverse reactions and: age (r = 0.109; p = 0.009), the
length of hospital stay (r = 0.291; p < 0.0001), the length of
stay in the intensive care unit (r = 0.374; p < 0.0001), death
(r=0.269; p <0.0001), incidence of non-infectious postoperative
complications (r = 0.340; p < 0.0001), postoperative creatinine
levels and creatinine clearance rates (r = 0.256; p < 0.0001).
No correlations were found between AR and: allergies
(r=0.039; p = 0.348), the choice of PAP regimens (r = 0.340;
p = 0.387), dosing (r = 0.028; p = 0.504), PAP duration
(r=0.017; p = 0.687) and infectious complications (r = 0.032;
p = 0.443).

The Mann-Whitney and Kolmogorov-Smirnov  tests
confirmed the presence of reliable associations between AR
and age, the length of hospital stay, the length of stay in the
intensive care unit, duration of mechanical ventilation and
postoperative complications. However, the Kolmogorov-
Smirnov test did not vyield significant values for death
(p =0.121, Table 5). Importantly, low creatinine clearance rates
in postoperative patients receiving antibiotics were a significant
predictor of AR development.

Table 2. Antibacterial agents used in perioperative prophylaxis and inappropriate dosing

PAP regimen Number of regimens, n Inappropriate dosing, n
1. Adequate PAP regimens 207 64
15t and 2" generation cephalosporins 93 29
15t generation cephalosporin + metronidazole 27 24
Inhibitor-protected aminopenicillins 87 11
2. Inadequate PAP regimens 274 161
3 and 4™ generation cephalosporins 141 68
3" and 4™ generation cephalosporins + metronidazole 72 56
Cycling of 1%, 2" and 3 generation cephalosporins 39 23
Cycling of cephalosporins and vancomycin 11 8
Carbapenems 7 2
Inhibitor-protected aminopenicillins in combination with aminoglycosides or fluoroquinolones 4 4

Table 3. Duration of perioperative prophylaxis

PAP timing

Number of patients

abs. %
Administration of a single AA dose before surgery 117 243
Inadequate duration of PAP: 364 75.6
PAP extended to 24 h 92 25.3
PAP extended to 48 h 71 19.5
3-4 days 100 27.5
5-7 days 63 17.3
8-10 days 26 71
11-14 days 12 3.3
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Frequency of infectious complications in the
postoperative period

Postoperative  infectious complications were observed
in 90 (15.6%) cases, dominated by SSI (45; 50%) and
infections of the lower respiratory tract (31; 34.4%), including
nosocomial pneumonia in 24 patients (77.4%) and nosocomial
tracheobronchitis in 7 patients (22.6%); sepsis (7; 7,8%);
intrabdominal infections (6; 6.7%); infections of the urinary tract
(1; 1.1%), and infective endocarditis (1; 1.1%). The frequency
of infectious complications in patients with different types of
wound contamination is shown in Table 6.

PAP was administered to the majority of patients with
clean (91.3%) and clean-contaminated (91.6%) wounds.
The frequency of infectious complications in such patients
was 14.1% and 19.5%, respectively (Table 6). All patients
with contaminated wounds underwent PAP; the frequency
of infectious complications in this group was 27.1% (n = 19).
There were no reliable records about the administration of AA
before surgery (usual timing is 30-60 min before the operation)
to the patients with infected wounds although those patients
did receive AA in the postoperative period (61; 54.5%). In these
patients the frequency of infectious complications was significantly
higher than in the patients who did not receive PAP (11; 18.03%)
than in the patients who received adequate PAP in compliance
with clinical guidelines (6; 11.8%). Re-operations were necessary
in 86 (14.9%) cases, of which 32 (37.2%) were associated with
infectious complications and the rest 54 (62.8%) were not.

Additionally, we have analyzed the associations between a
few different factors, such as the bad choice of PAP, patients’
clinical and demographic characteristics (age, sex, diagnosis,
renal function, type of surgery, wound contamination, blood
loss), the frequency of infectious complications, a need for a
re-operation, the length of hospital stay, the length of stay in
the intensive care unit, bacterial growth, and mortality (Table 7).

Table 4. Frequency of adverse reactions depending on PAP duration

Statistically significant were the associations between
the bad choice of PAP and mortality (p = 0.002), between
prolonged PAP /inappropriate dosing and the length of stay
in intensive care (p = 0.003 and p < 0.005, respectively).
Inappropriate doses were shown to increase the risk of re-
operations associated with post-op infection (p = 0.001).

Importantly, elevated creatinine levels measured 24 h
after the surgical intervention are a marker of renal function
and demonstrate strong associations with the frequency
of infectious complications (p = 0.006), the length of stay
in intensive care (p = 0.049), the length of stay in hospital
(p = 0.001), and mortality (p = 0.003).

DISCUSSION

The rational choice of PAP is one of the major tools for regulating
the spread of nosocomial infections in surgical patients. PAP
aims at reducing the risk of postoperative complications, the
length of stay in intensive care and hospital in general, and
mortality from septic or suppurative complications. Surgeons,
anesthesiologists, clinical pharmacologists, epidemiologists
and hospital administration should be encouraged to actively
participate in the studies of compliance with international
clinical standards for PAP.

Our study demonstrates that in 52.4% cases PAP regimens
are consistent with international and national clinical guidelines.
Failure to comply with clinical guidelines was observed in
47.6% cases when the choice of antibiotics was not rational,
the regimens were extended beyond necessity (85.4%) and the
administered doses were inappropriate (66.4%).

Our findings are consistent with those of Khan et al. [11],
Vessal et al. [12] and El Hassan et al. [13] who also discovered
the lack of compliance with the clinical guidelines for PAP in
surgical patients; in those research works compliance varied

AR
PAP duration

abe. %
Administration of a single AA dose before surgery 0 -
PAP extended to 24 h 0 -
PAP extended to 48 h 5 21.7
3-4 days 3 13.0
5-7 days 3 13.0
8-10 days 5 21.7
11-14 days 7 30.4
Total 23 100.0

Table 5. Associations between clinical and laboratory parameters and the risk of adverse reactions
Adverse reactions
Parameter p1 p2
(Mann-Whitney U test) (Kolmogorov-Smirnov test)

Age 0.025 0.315
Allergies p =0.308 p>1
Duration of mechanical ventilation < 0.0001 0.017
Length of stay in intensive care < 0.0001 < 0.0001
Length of hospital stay < 0.0001 < 0.0001
Death < 0.0001 0.121
Postoperative non-infectious complications < 0.0001 < 0.0001
Postoperative creatinine levels and clearance rate < 0.0001 < 0.0001
Infectious complications p =0.165 p>1
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from 1.7% to 82%. The majority of those studies were focused
on the timing of preoperative prophylaxis.

According to Gouvéa et al., who have analyzed a few
research works on the issue, PAP regimens are observed in
70.3% to 95% cases, the rational choice of PAP varies between
22% and 95 %, bad — between 2.3% and 100%, wrong timing
occurs in 73% to 100% cases, and total compliance with
clinical standards for PAP — in 5.8%-91.4% cases [14].

A retrospective study by Prospero et al. has demonstrated
that over the course of 6 years covered by the study PAP
standards were observed in 58% cases. The frequency of
postoperative infectious complications was mostly affected
by the length of surgery (OR 1.68; 95% CI: 1.56-1.82) and
emergency (OR 2.16; 95% Cl: 1.96-2.37). The authors note
that in spite of poor adherence to PAP guidelines in general,
the group where PAP protocols were observed had a low
frequency of infectious complications [15].

To encourage medical personnel to adhere to PAP
standards and improve clinical care, WHO experts recommend
the use of checklists in the perioperative period [16].

In their works, some researchers focus on the choice of
antibiotics used for PAP. According to our data, third generation
cephalosporins, including those against Pseudomonas, are
extensively used for perioperative prophylaxis. International
studies by Lautenbach et al. [17] and Rodriguez-Bafio et al.
[18] demonstrate a high correlation between the use of 3rd
generation cephalosporins and the spread of strains producing
broad-spectrum B-lactamases. Our microbiological monitoring
(n = 84) indirectly confirms a high incidence of such strains
isolated from patients’ samples (22; 26.2%). There is a concern
about the emergence of strains resistant to carbapenems
Carb+ (23; 27.4%) because the choice of AA for treating
infectious complications caused by such strains is very limited.

In our study, adverse reactions were registered in 23 patients
(8.99%). There was a relatively high incidence of antibiotic-
associated colitis in patients receiving cephalosporins (9; 1.6%)
and episodes of psychomotor agitation in elderly patients
receiving cephalosporins in combination with metronidazole

(6; 1.04%). According to one of the epidemiological studies,
antibiotic-associated diarrhea develops in 8% of inpatients,
1-83% of them have a fulminating course. The researchers
conclude that apart from antibiotics, among the risk factors
contributing to this condition are anticholinergics and
medications inhibiting intestinal motility [19].

Grill et al. report a high incidence of neurological disorders
following administration of fluoroquinolones to surgical patients.
Among the conditions observed are episodes of psychomotor
agitation, seizures, myoclonus, delirium, dysarthria, and ataxia.
Severe neurologic responses are particularly frequent in elderly
patients and patients with a history of neurological disorders.
The researchers note that such adverse reactions are equally
frequent for all types of fluoroquinolones [20].

The increased risk of adverse reactions following prolonged
PAP supports the importance of adherence to clinical protocols.
Our correlation analysis shows that adverse reactions correlate
with the length of hospital stay (r = 0.291, p < 0.0001), the
length of stay in the intensive care unit (r = 0.374; p < 0.0001),
mortality (r=0,269; p < 0,0001), and the duration of mechanical
ventilation (r = 0.249; p < 0.0001).

Importantly, in patients receiving antibiotics the frequency
of adverse reactions correlates with creatinine levels and
creatinine clearance rates (p < 0.0001), which are used as
markers of renal damage. The study [21, 22] has demonstrated
that deteriorating renal function affects pharmacokinetics of
antibiotics and increases the risk of adverse reactions to the
point of life threatening. These data need to be prospectively
studied in more detail.

CONCLUSIONS

Compliance with the guidelines for perioperative prophylaxis in
the clinical setting remains poor.

Qur study has revealed associations between the inadequate
choice of antibiotics and mortality, prolonged PAP and the
length of patient’s stay in intensive care, inadequate dosing
and the frequency of re-operations associated with post-op

Table 6. Frequency and type of infectious complications in patients with different types of wound contamination undergoing perioperative prophylaxis

Wound contamination, n (%)
Infectious complications
n =90 (15,6%) clean clean-contaminated contaminated infected
n=2310 n=284 n=70 n=112
SSI 15 (5.3) 6 (7.8) 12 (7.1) 4(7.8)
Nosocomial pneumonia 15(5.3) 33.9 4(5.7) 0
Sepsis 5(1.8) 1(1.3) 0 0
Other* 5(1.8) 5(6.5) 3 (4.3 2 (3.9
Total 40 (14.1) 15 (19.5) 18 (27.1) 6(11.8)
PAP administered 283 (91.3) 77 (91.6) 70 (100) 51 (45.7)

Note: * — infective endocarditis, urinary tract infection, Hnosocomial tracheobronchitis, intraabdominal infection

Table 7. Impact of inadequate PAP regimens on hospital statistics

p (Mann-Whitney U)
Inadequate PAP Re-operations Presence of
nacdequate Infectious Length of stay in Length of --operat multidrug resistant
o ) . . associated with post- L ) s Death
complications intensive care hospital stay ) ) bacteria in patients
op infection samples
Prolonged PAP >1 0.003 0.530 0.934 0.290 0.465
Inappropriate dosing 0.603 <0.005 0.500 0.001 0.016 0.980
Elevated creatinine levels 24 h 0.006 0.049 0.001 0.567 0.899 0.003
after surgery
All regimens 0.900 0.116 0.206 0.103 0.610 0.002
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infections, as well as the length of stay in the intensive care
unit.

Adverse reactions are a risk factor for extended mechanical
ventilation and extended stay in the intensive care unit or
hospital in general.
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Considering the reliable association between creatinine
levels and the risk of infectious complications and death, we
believe that renal function tests has a high prognostic value,
which can be elucidated by further prospective studies of
patients receiving PAP.
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ANALYSIS OF THE ASSOCIATION BETWEEN THE RS767455 T>C TNFRSF1A
AND RS1061622 T>G TNFRSF1B POLYMORPHISMS AND NONALCOHOLIC
STEATOHEPATITIS

Topchieva LV'®, Kurbatova V', Dudanova OP?, Shipovskaya AA?

" Institute of Biology, Karelian Research Center of RAS, Petrozavodsk, Republic of Karelia
?Institute of Medicine, Petrozavodsk State University, Petrozavodsk, Republic of Karelia

Poor diet, sedentary behavior and genetic background are major factors contributing to the etiology and pathogenesis of
non-alcoholic fatty liver disease (NAFLD). It is hypothesized that polymorphisms of the TNFRI and TNFRII genes coding for the
receptors that bind the proinflammatory cytokine tumor necrosis factor alpha (TNFa) can be implicated in the susceptibility
to NAFLD, but not much data is available in the literature. In the present work we aimed to investigate a possible association
between the rs767455 T>C TNFRSF1A and rs1061622 T>G TNFRSF1B polymorphisms and one of NAFLD forms, nonalcoholic
steatohepatitis (NASH), and to assess their effect on blood biochemistry. Samples of DNA isolated from the venous blood of
151 healthy donors and 242 patients with NASH were genotyped using PCR-RFLP. TNFa concentrations were measured
by ELISA. We have not found any association between the rs767455 T>C TNFRSF1A polymorphism and the development
of NASH in the residents of Karelia. However, we have discovered an association between NASH and the T>G TNFRSF1B
rs1061622 polymorphism. Carriers of the G allele have a higher risk of developing NASH (OR = 4.83; 95% CI: 2.72-8.57). The
rs1061622 T>G genotype of the TNFRSF1B gene appears to have no effect on TNFa concentrations and the activity of alanine
aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP). Our findings suggest a possible
association between the rs1061622 T>G TNFRSF1B polymorphism and a risk of developing NASH in the residents of Karelia.
Keywords: non-alcoholic steatohepatitis, tumor necrosis factor alpha, tumor necrosis factor alpha receptors, mbTNFRI,
sTNFR, TNFRSF1A gene, TNFRSF1B gene, gene polymorphism, alanine aminotransferase, aspartate aminotransferase
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AHANN3 ACCOLUMUALIN NOJNTUMOP®HbIX BAPUAHTOB T>C RS767455
NEHA TNFRSF1A W T>G RS1061622 NTEHA TNFRSF1B C PASBUTUEM
HEAJIKOIOJIbHOIO CTEATOIEMATUTA

J1. B. Tonunesa'™, . B. Kypbatosa', O. . Oyna+Hosa?, A. A. LLiInnosckas?

"MHcTutyT 6Gronorum, ®enepanbHbli UICCNenoBaTENbCKUN LIEHTP "KapenbCkuil Hay4Hbil LIeHTP Poccuiickoin akagemmnn Hayk", MeTpo3aBoack

2 MeamUMHCKUIN UHCTUTYT, [NeTpO3aBOLACKUI rOCYAaPCTBEHHDI YHUBEPCUTET, [1eTP03aBOACK

B aTmonorum n natoreHeae HeankoronbHoM »umpoBoin 6oneaHn nedeHn (HAXKBI) BaxkHbl 0COBEHHOCTI NMUTaHNUSI, MaoMof-
BV>KHbIA 06pa3 MMU3HW 1 HACNEACTBEHHOCTb. [1peanonaratoT, YTo NOAMMOPMHbIE BapUaHTbl FEHOB, KOAMPYIOLLMX PELEenTopbI
K MPOBOCMNaIMTENBbHOMY LINTOKMHY (hakTopy Hekposa onyxonv ansda (TNFa) (TNFRI v TNFRII), BnuaoT Ha npegpacnono-
YKEHHOCTb Nntoaen K passutiio HAXKBI. OaHako cBefeHMst O CBSA3M AaHHOro 3ab0eBaHms C HOCUTENBCTBOM MOMMOPdHBbIX
BapuaHToB reHoB TNFRI n TNFRII nouTy OTCyTCTBYIOT B vTepatype. Llensto nccneqoBaHns 66110 U3yHnTb CBA3b NOAMMOPMd-
Hbix BapraHToB reHoB TNFRSF1A (T>C rs767455) n TNFRSF1B (T>G rs1061622) ¢ passutrem ogHo n3 hopm HAXKBIT —
HeankoronbHoro cteatorenatuTa (HACK) 1 1x BAMSIHUE Ha BUOXMMMHECKE NokasaTtenu kposu. Metopom MUP-MOP® reHoTu-
nupoBanv JHK, BblaeneHHyro 13 BeHO3HOW KpoBK 151 3m0poBoro aoHopa u 242 naumeHToB ¢ anarHo3om HACT. CopeprkaHne
TNFa oLeHvBanv ¢ MOMOLLBIO MMyHOepMeHTHOrO aHanmaa (MIPA). Mo pesynstatam, cBsasb NonmMopdHoro mapkepa T>C
rs767455 reHa TNFRSF1A ¢ passutem HACT y »xutenen Kapenumn otcytctByeT. ObHapy»keHa accouvaumsa ¢ HACE nonu-
MopdHoro BapuaHTa T>G rs1061622 reHa TNFRSF1B. Y HocuTtenein annenst G moBbILIEH PUCK pa3BUTUS AaHHOro 3abone-
BaHusa OLL = 4,83 (95% OW: 2,72-8,57). BnnsHue reHotrna no T>G rs1061622 mapkepy reHa TNFRSF1B Ha copep»xaHine
TNFa 1 akTmBHOCTb anaHuHammHoTpaHcdepasbl (ANAT), acnaptatammHoTpaHcdepasbl (ACAT) 1 wenovHon ocdatassl (LLID)
He BblsiBNeHo. CaenaHo 3akstoyeHne, YTo NonMMopdHbin BapuaHT T>G rs1061622 reHa TNFRSF1B MOXXeT OblTb BOBNeYeH
B NMpeapacnonoXXeHHOCTb HaceneHvs Kapenun k HACT.

KntoueBble cnoBa: HeasIKorosbHbI CTeaTorenaTuT, HAaCNeACTBEHHOCTb, (DAKTOP HEeKpo3a Onyxonn anbda, peuentopbl K
dakTopy Hekpoza onyxonu anba, MbTNFRI, sSTNFR, reH TNFRSF1A, reH TNFRSF1B, nonnmopduamM reHoB, anaHuHamu-
HoTpacdepasa, acnapraraMmHoTpaHcdepasa
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Progression of nonalcoholic fatty liver disease (NAFLD)
and more specifically one of its serious forms, nonalcoholic
steatohepatitis (NASH), is accompanied by elevated
concentrations of proinflammatory cytokines, such as tumor
necrosis factor alpha (TNFa), in the blood plasma and liver
[1, 2]. Abnormally high TNFa promotes hepatic inflammation,
lipid deposition and peroxidation, stimulates activation of
Kupffer cells and hepatocyte apoptosis, and leads to insulin
resistance [3]. As plasma TNFa levels go back to normal, the
liver function recovers [4, 5].

Proteins belonging to the TNF family exert their biological
effects by interacting with TNFR superfamily receptors [6].
TNFa-binding receptors (mbTNFR) are represented by two
types of transmembrane proteins: mbTNFRIand mbTNFRII. The
intracellular region of MbTNFRI carries a death domain absent
in MbTNFRII. Once activated, the death domain triggers either
apoptosis or necroptosis [7]. Another type of TNFa receptors are
soluble sTNFRs, a product of mbTNFR ectodomain shedding
mediated by ADAM metalloproteinases [8]. sTNFRs bind to
TNFa and act as mbTNFR antagonists preventing activation of
TNFa-signaling pathways. Low concentrations of soluble TNFa
receptors can be found in the blood serum and urine of healthy
individuals. Patients with chronic viral hepatitis [9], cirrhosis [10],
or NAFLD [11, 12] have elevated levels of circulating TNFR,
which indicates inflammation and activation of T-cell immunity,
in particular CD8* T-cells that express metalloproteinase ADAM-
17 [8]. It is hypothesized that both levels and ratio of soluble to
membrane-bound TNFa receptors play a significant role not
only in inducing hepatocyte death and damage to the liver, but
also in the regeneration and homeostasis of this organ [13, 14,
15, 16]. It appears that the ratio of soluble to membrane-bound
TNFRI and TNFRII largely determines the intensity of immune
response and inflammatory reactions. It has been shown that
mutations in the TNFRSF1A and TNFRSF1B genes affect
sTNFRI and sTNFRII concentrations in the blood plasma and
the number of MbTNFRI and mbTNFRII proteins on the surface
of innate immunity cells [17]. Therefore, we can hypothesize
that polymorphisms of genes coding for TNFa receptors may
substantially contribute to the etiology and pathogenesis of liver
diseases, including NAFLD. At present, attempts are made to
establish an association between polymorphic variants of
TNFR-encoding genes and NAFLD. The data is still scarce,
describing mostly a link between TNFRSF1A or TNFRSF1B
polymorphisms and biliary cirrhosis, alcohalic liver disease and
hepatocellular carcinoma [18, 19, 20]. Associations between
polymorphisms of TNFa receptor genes and NAFLD are hardly
reported in the literature. That said, we decided to investigate
how TNFRSF1A and TNFRSF1B polymorphisms contribute to
the development of NAFDL in Karelian residents.

METHODS

Venous blood sample collection was aided by the Department
of Propedeutics of Internal Diseases and Hygiene (Institute of
Medicine, Petrozavodsk State University) and the Laboratory
for Clinical Diagnostics of the Clinical Hospital at Petrozavodsk
Station (Russian Railways JSC ). The study recruited 110 male
and 132 female patients with NASH (242 patients in total) and
151 healthy individuals (64 males and 87 females). The healthy
donors also underwent a medical checkup by the doctors
of the Clinical Hospital at Petrozavodsk Station (Russian
Railways JSC). All participants were divided into 2 groups:
healthy controls with no clinical symptoms of NAFLD (mean
age of 48.04 + 2.26 years) and patients with NASH (mean
age of 50.14 + 2.46 years). The age did not differ significantly

between the groups (U = 132.5; p = 0.637). The study included
individuals of both sexes who gave informed consent to
participate. Among other general criteria for inclusion were:
Karelian residency, negative HBsAg and hepatitis C antibody
tests (no chronic viral hepatitis), the absence of alcoholic, drug-
induced or autoimmune liver diseases confirmed by medical
history and clinical or laboratory tests. The main group included
patients with a first-time diagnosis of mild to moderate NASH
(prior to treatment). Exclusion criteria for both groups were:
infectious or inflammatory diseases within a month before the
study, pregnancy or lactation, smoking, diabetes mellitus, body
mass index > 30 kg/m?, drug therapy, intake of hepatotropic
drugs. The diagnosis was established based on standard
clinical, laboratory, instrumental and histological tests. The
following blood parameters were evaluated: ALT, AST, and ALP
(measured on the RandomAccessF-15 analyzer by BioSystems,
Spain). Ultrasound scans revealed enlarged liver and increased
parenchymal echogenicity in all patients with NASH. In some
cases, the diagnosis was confirmed by liver biopsy.

Prior to drug therapy, 10 ml of venous blood were collected
into EDTA-containing vacuum test tubes, of which 250 pL
were used for DNA extraction. Some venous blood was
used to obtain 200 pL plasma samples for measuring TNFa
concentrations. The remaining blood volume was used for
biochemistry tests.

The study was approved by the Committee on Medical
Ethics of Petrozavodsk State University and Ministry of Health
and Social Development of the Republic of Karelia (Protocol 39
dated November 15, 2017).

TNFa concentrations were measured in randomly selected
blood plasma samples by ELISA using the Human TNFa
Platinum ELISA kit (eBioscience, Austria). It total, 30 plasma
samples of healthy donors (mean age of 49.11 + 1.81 years)
and 60 samples of patients with NASH (mean age of
49.95 + 2.74 years) were tested; male and female samples
were equally represented. The age did not differ significantly
between the groups (U = 181.5; p = 0.535). Optical density of
the solution was measured on the microplate reader Sunrise
(Tecan, Austria) at 450 nm wavelength and 620 nm reference
wavelength.

DNA was extracted from the peripheral blood on
microcolumns using the K-Sorb kit (Syntol, Russia). Quality and
quantity of the obtained DNA were evaluated on the SmartSpec
spectrophotometer (Bio-Rad, USA).

To amplify the region of the TNFRSF1A gene harboring
position 339 (rs767455), the following primers were used:
forward 5’agtggctgaggttaggac3’ and reverse 5’ctatgcccgagt
ctcaac3’ described in [21]. To amplify the region of the
TNFRSF1B gene harboring position 587 (rs1061622), the
following primers were used: forward 5’gcacacatcgtcactctc3’
and reverse 5’aaggagtgaatgaatgagac3’described in [21].
Polymerase chain reaction (PCR) was carried out in the iCycler
iQ5 (Bio-Rad, USA) using a reaction mix by Evrogen, Russia.
PCR products containing rs767455 were incubated with 1 unit
Bse1 | restriction endonuclease (SibEnzyme, Russia) for 3 hours
at 65 °C. PCR products containing rs1061622 were incubated
with 1 unit Fat | restriction endonuclease (SibEnzyme, Russia)
for 1 hour at 55 °C. Then DNA fragments were separated in
1.5% agarose gel using the tris-acetate buffer.

The obtained data were processed in Statgraphics 2.1.
Differences in allele and genotype frequencies between the
two groups were assessed using the x° test; differences
in  biochemical parameters were assessed using the
nonparametric Mann-Whitney-Wilcoxon U test. The latter was
employed because distribution in the groups was not normal.
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To assess how different genotypes affected blood biochemistry,
the Kruskal-Wallis test was used. To estimate the risk of
developing NASH, we calculated the odds ratio (OR) and the
95% confidence interval (Cl) [22]. Differences were considered
significant at p < 0.05.

RESULTS

Figures 1 and 2 show electrophoresis of rs767455-and
rs1061622- containing PCR products after restriction digest.

TNFRSF1AT>C (rs767455) allele and genotype frequencies
have been analyzed in patients with NASH and healthy controls.

The datasets were tested for deviations from the Hardy-
Weinberg equilibrium. Both healthy controls and patients
with NASH demonstrated deviations for allele and genotype
frequencies (x> = 8.25 (df = 2, p < 0.05), x> = 21.64 (df = 2,
p < 0.05), respectively).

Table 1 shows that frequencies of T>C (rs767455) alleles
and genotypes did not differ between patients with NASH and
healthy donors.

We have also analyzed the frequencies of TNFRSF1B
587T>G alleles and genotypes in patients with NASH and
healthy controls.

The two studied groups did deviate from the Hardy-
Weinberg equilibrium (x> = 0.30 (df = 2, p > 0.05), x> = 4.16
(df = 2, p > 0.05) for healthy donors and patients with NASH,
respectively).

Table 2 shows that TNFRSF1B 587T>G allele and genotype
frequencies differed between the healthy donors and patients
with NASH. The G allele was far more frequent in patients
with NASH than in healthy individuals. Carriers of the G allele
are at a higher risk of developing NASH (OR = 4.83; 95% Cl:
2.72-8.57).

We have also assessed the effect of the TNFRSF1B
polymorphism (rs1061622) on liver function tests and plasma
TNFalevels (Table 3). No significant differences were observed
regarding the studied parameters between carriers of two
different genotypes in the compared groups. The genotype did
not have any effect on blood biochemistry both in patients with
NASH and healthy controls (p > 0.05).

DISCUSSION

We have attempted to establish an association between two
polymorphisms rs767455 and rs1061622 of genes TNFRSF1A
and TNFRSF1B, respectively, and susceptibility to NASH.
According to the literature, these polymorphisms are associated
with a few inflammatory diseases and abnormal levels of TNFa
in the blood plasma [23]. The rs767455 polymorphism of gene
TNFRSF1A is a synonymous mutation at position 36 of exon 1.
Synonymous mutations are known to disrupt mRNA splicing,
alter mBNA structure and affect protein folding [24]. It has been
shown that adenine to guanine substitution at position 36 of
TNFRSF1A leads to a CCA to CCG codon change, disrupting
translation [25]. In combination with other TNFRSF1A mutations
(haplotype T-A-T at rs4149570-rs767455-rs1800692), it leads
to the reduced abundance of exon 2-skipping products [26].
We have not established an association between the rs76
7455polymorphismandsusceptibilityto  NASH in the study
participants. However, we have discovered an association
between the G allele carriership (rs1061622, TNFRSF1B) and
the risk of this disease.

Thers1061622 polymorphism of the TNFRSF1B gene is
a thymine to guanine substitution at position 587 of exon 6
that leads to a methionine to arginine amino acid substitution
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at position 196 of the protein’s transmembrane domain, near
the site of proteolytic cleavage by ADAM metalloproteases.
This mutation affects ectodomain shedding (cleavage of the
intracellular fragment of the transmembrane protein and its
release into the extracellular matrix). Some researchers have
shown that TT (Met196) genotype carriers have lower levels of
sTNFRII than those with the Arg196 receptor variant [27]. Other
authors report that carriers of TT+TG genotypes at this locus
have higher levels of sTNFRII in the blood plasma than donors
with the GG genotype [28].

Thus, the rs1061622 polymorphism can alter the ratio
of membrane-bound to soluble TNFRIl both in health and
inflammation. Patients with liver diseases have elevated levels of
sTNFRI and sTNFRII in the blood plasma and liver that positively
correlate with disease severity [10, 12, 29, 30]. However, the
role of increased ectodomain shedding of TNFa receptors in
inflaonmation is not absolutely clear. Elevated concentrations
of sTNFRII accompanied by reduced number of mbTNFRII on
cell surface can trigger mbTNFRI-mediated signaling pathways
leading to apoptosis [7]. Besides, soluble TNFR can act as
physiological attenuators of TNFa activity, competing for the
ligand with membrane-bound receptors. However, it appears
that soluble receptors are capable of stabilizing and preserving
circulating TNFa and thus act as its agonists [31].

The Met196 andArg196 variants of TNFRII differ in their
ability to mediate TNF signaling and trigger apoptosis or
necroptosis. Epithelial HelLaS3 cells transfected with the
pPcDNA3.1 plasmid containing the Arg196 allele of TNFRII
demonstrated reduced activity of the nuclear factor kB and
poor recruitment of TRAF2 upon stimulation with recombinant
TNFa [32]. Subsequent activation of TNFRI signaling pathway
in these cells induced apoptosis while in the cells transfected
with the plasmid containing the wild type Met196, survival
rates were better. Importantly, NASH is accompanied by the

M 1 2 3

Fig. 1. Electrophoresis of rs767455-containing PCR products after restriction
digest: M — Thermo Scientific GeneRuler Low range DNA Ladder, 1 — genotype
CC (330 bp), 2 — genotype TC (330, 184 and 146 bp), 3 — genotype TT (184
and 146 bp)

M 1 2 3

Fig. 2. Electrophoresis of rs1061622-containing PCR products after restriction
digest: M — Thermo Scientific GeneRuler Low range DNA Ladder, 1 — genotype
TT (235 and 144 bp),2 — genotype TG (379, 235 and 144 bp), 3 — genotype
GG (379 bp)
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Table 1. Distribution of TNFRSF1AT>C (rs767455) alleles and genotypes in patients with NASH and healthy control

Alleles and genotypes Controls (n = 131) Patients with NASH (n = 242) X2
T 119 (0.45) 229 (0.47) 0.04
c 143 (0.55) 255 (0.53) (df=1,p>0.05)
T 35 (0.26) 72 (0.30)
TC 48 (0.37) 85 (0.35) (of = 2(‘)';1 0.05)
cc 48 (0.37) 85 (0.35)

Table 2. Distribution of TNFRSF1BT>G (rs1061622) alleles and genotypes in patients with NASH and healthy controls

Alleles and genotypes Controls (n = 151) Patients with NASH (n = 133) ba
T 206 (0.68) 116 (0.44) 16.60
G 96 (0.32) 150 (0.56) (df=1,p <0.09)
T 69 (0.46) 20 (0.15)
37.07
TG 68 (0.45) 77 (0.58) (df =2, p<001)
GG 14 (0.09) 36 (0.27)

Table 3. Liver function parameters in healthy and diseased TNFRSF1B587T>G (rs1061622) carriers

Parameter Controls Patients with NASH
Genotype TT (n=14) TG+ GG (n=16) TT (n = 20) TG + GG (n = 40)
ALT. un/l 17.29 + 2.05 18.31 £ 2.34 59 36 + 8.53 65.56 + 8.68
' (17.05) (18.27) (45.90) (48.30)
24.36 + 2.64 22.08 +2.72 51.22 + 9.65 51.51 +6.27
AST, un/I
(19.50) (19.09) (41.05) (35.60)
ALP. un/l 118.42 + 10.82 123.51 +17.14 218.00 = 18.70 214.26 + 11.28
’ (117.46) (125.48) (210.00) (197.00)
TNFa. pa/ml 553 +1.38 4.82 + 0.39 6.09 + 0.43 6.36 + 0.27
»PY (4.69) (5.08) (5.83) ®.27)

Note: data are represented as mean and error mean (M + m). The median is shown in brackets.

death of hepatocytes [33]. We hypothesize that the rs1061622
polymorphism of the TNFRSF1B gene contributes to the
development and progression of NASH through activation of
signaling pathways that induce hepatic cell death.

The rs1061622 polymorphism affects the levels of
proinflammatory cytokines, which provides another explanation
of its involvement into the etiology and pathogenesis of
NASH[34]. We have studied plasma concentrations of TNFa in
healthy and diseased carriers of different alleles and genotypes
to reveal no significant differences between the groups.
However, we cannot claim the absence of any effect of the
TNFRSF1B polymorphism rs1061622 on TNFa levels because
of a small sample size (especially true for the controls) and
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PREVALENCE OF ICHTHYOSIS VULGARIS AND FREQUENCY OF FLG R501X
AND 2282DEL4 MUTATIONS IN THE POPULATION OF THE ROSTOV REGION
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Ichthyosis vulgaris (IV), a serious skin condition that runs in families, is actively studied worldwide. In this work we aimed
to evaluate the prevalence of IV and frequency of two FLG mutations R501X and 2282del4 in the population of the Rostov
region. Our genetic epidemiology study of hereditary monogenic disorders covered a total of 497,460 residents of 12 districts
to identify 230 separate nosological entities. In the course of the analysis, we calculated the prevalence of IV per district and
in the entire region and compared our findings with the results of earlier studies. The average prevalence of IV in the Rostov
region was 1:5,025, which is consistent with the average prevalence of the disease across Russia (1:5,151). Tselinsky and
Millerovsky districts demonstrated the highest prevalence rates (1:1,942 and 1:2,032, respectively). To evaluate the frequency
of two FLG mutations R501X and 2282del4, we assayed the samples of 58 patients with IV and 127 healthy unelated controls
by PCR followed by the restriction fragment length polymorphism analysis. In patients with IV, the frequency of the 2282del4
mutation was 48.28%, which is in line with European figures and also 30 times higher than in the controls (1.58%), suggesting
the pathogenicity of the mutation. The R501X mutation was not identified both in patients with IV and healthy controls.
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PACIMPOCTPAHEHHOCTb BYJIbFAPHOIO UXTUO3A N HYACTOTA
MYTALIMI R501X N 2282DEL4 B 'rEHE FLG B POCTOBCKOW OBJIACTU

C. C. AmennHa’, E. B. ertepesa’, H. B. MNMeTtposa?, A. B. MapaxoHos??, B. E. Temnukos', H. E. MeTpuHa®, M. A. AmenuHa?,
H. B. Betpoga?®, T. . MoHomapesa', P. A. 3nH4eHKo?° =

"POCTOBCKMIA rOCYapCTBEHHbI MEAULIMHCKIMIA YHUBEPCUTET, PocTOB-Ha-[loHy

2 MeOunKO-reHeTUHECKIMIA HayYHbIN LIeHTP, Mockea

3 MOCKOBCKMIN (OU3MKO-TEXHUHECKINIA MHCTUTYT (FOCYAaPCTBEHHbIA YHUBEPCUTET), [onronpyaHbii

4 Akagemus 6ronorum 1 brotexHonorun um. . V. isaHoBckoro, KOxHbIn PepepansbHbiio YHBepcuTeT, PocToB-Ha-LloHy

5LIeHTp reHeTnkn 1 penpoayKTVBHON MeauLVHbI «FeHeTKo», Mockea

5 POCCUINCKIMIA HaLMOHaNbHDBIN MCCNeaoBaTeNbCKUN MeaUUMHCKNIA yHBepcuTeT nvenn H. . Miuporosa, Mockea

BynbrapHbin nxto3s (BN) — cepbe3Hoe NoparkeHne KOXHOro MOKpOoBa, NepeaaroLLeecs No HACNEACTBY U aKTUBHO U3ydatko-
Leecs crneuyanncTamn scero mmpa. Llenbto paboTbl cTana oueHka pacnpocTpaHeHHocTv BV 1 yacToT myTaumin R501X n
2282del4 B reHe FLG y HaceneHunst PoctoBckol obnactu. [NpoBeagHo reHeTUKO-3anMaeMNONornyeckoe ccneqoBaHne Ln-
POKOro Kpyra MOHOMEHHOW HacneACTBEHHOW maTonornm y HaceneHnsa B 12 parnoHax. VI3ydeHa dactota myTtaumin R501X un
2282del4 B reHe FLG y 60nbHbIX B 1 B KOHTPOMBHOWM rpynne (3oopoBort nonynsumy). CyMmmMapHasi YCneHHOCTb obcneno-
BaHHbIX cocTtaBuna 497 460 4en. BoisisneHo 230 Ho30morn4eckmnx popm. PaccuntaHa pacnpocTpaHeHHOCTb B B Kaxkaom
parioHe 1 No 061acTy B LIEIOM, MPOBEAEH CPABHUTENbHBIM aHaIM3 C paHee obcneqoBaHHbIMK nonynsaumami. CpenHasa pac-
npocTpaHeHHocTb B B obnacTtn coctaBmna 1:5025 1 COOTBETCTBYET cpedHeMy 3HadeHuio no Poccum, paBHoMy 1:5151.
OnpepneneHo HakomneHue BI B LienuHckom (1:1942) n Munneposckom panoHax (1:2032). MeTogomM nonmmepasHoi LienHom
peakumu (MLUP) ¢ nocnenytoLmm aHanm3omM noamMopdunamMa 4viH PECTPUKLIMOHHBIX (DParMEHTOB M3y4eHa YacToTa MyTauuii
R501X 1 2282del4 B reHe FLG y 60nbHbIX B (58 naumeHToB) 1 B KOHTPOSLHOW rpynne (127 300p0oBbIX HEPOACTBEHHbIX UH-
avBmaoB). HYactota myTaummn 2282del4 B reHe FLG cpean naumeHToB ¢ BW coctaBuna 48,28% (COOTBETCTBYET AaHHbIM MO
EBpone), B koHTponsHoW rpynne 1,58%. CpaBHUTENBHBIM aHamM3 YacToThl MyTauun 2282del4 B reHe FLG B OByx rpynnax
nokasaJl, 4To cpeau nauneHToB ¢ BW vyacTota myTaumm (48,28%) 2282del4 B reHe FLG B 30 pa3 NpeBbILLIAeT YacToTy B KOHT-
ponbHon rpynne (1,58%), 4TO KOCBEHHO MOATBEPXKAAET MATOrEHHOE AENCTBME MyTauum B rpynne 6onbHeix BI. MyTaums
R501X He BbisiBneHa y 60/bHbIX Bl 1 B KOHTPONBHOM rpynne.
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Ichthyosis vulgaris (IV, OMIM #146700, also known as
ichthyosis simplex) is the most common and relatively mild
type of hereditary nonsyndromic ichthyosis. Usually, its clinical
symptoms start to show as early as one month after birth
and include dry and flaky skin, plate-like or branny greyish
scaling especially prominent on the abdomen, chest and
extensor surfaces, follicular keratosis and hyperlinear palms
and soles [1, 2].

The disease is caused by mutations in the filaggrin gene
(FLG, OMIM *135940). This gene is part of the epidermal
differentiation complex, a gene cluster on the short arm of
chromosome 1g21. It consists of three exons and two introns;
exon 3 is responsible for protein synthesis [2].

According to the classic research study conducted in Great
Britain, the different forms of ichthyosis affect 1 in every 3,665
individuals: ichthyosis vulgaris strikes 1 in 5,300 individuals,
X-linked ichthyosis occurs in 1 per 6,190 male population and
autosomal recessive forms — in 1 per 300,000 population.
However, the actual frequency of the disease was estimated
to be even higher: of 6,051 schoolchildren surveyed by the
researchers 24 had the autosomal recessive form, which brings
the frequency to 1:250 [3].

European DNA studies conducted in patients with IV have
revealed that the most common FLG mutations associated
with the disease are R510X and 2282del4. According to different
estimates, their frequencies vary from 30% to 67.3% [4]. In a
study conducted in 2006, slight differences were observed in
the frequencies of these mutations between the Irish (4.1%
and 0.5%, respectively), Scottish (2.1% and 1.2%, respectively)
and American (2.4% and 1.1%, respectively) populations [5].
Another study reported a higher frequency of R501X and
2282del4 genetic variants (2.9% and 1.9%, respectively)
in Scottish schoolchildren [6]. In Western Austria, though,
these two mutations were found to be identically frequent
(1.4%) [7]. Perhaps, such discrepancy is to be blamed on
the different approaches to patient screening used by the
researchers.

Based on molecular genetic screening of patients with IV
carried out in South-East Asia a few other FLG mutations were
described, including 321delA, S2554X, 441delA, 1249insG,
7945delA, Q2147X, E2422X, and R4307X. The frequency of
the 3321delA mutation is estimated to be as high as 52.31% in
Asian patents with IV and only 4% in healthy controls. Mutations
found in the European populations are rare in Asia [8]. So
far, allelic heterogeneity associated with various hereditary
disorders has been described for many different populations.

In the Russian city of Novosibirsk, the frequency of the
FLG 2282del4 mutation is 3.8% [9]. In the Republic of
Bashkortostan heterozygous carriers of this mutation account
for 3.86% of the control group [10]. The frequencies of the
R510X and 2282del4 mutations in the Ukrainian population are
2.1% and 1.0%, respectively [11].

To date, ichthyosis vulgaris is believed to be a semi-dominant
disease [1, 5]. Smith et al. have shown that in patients with IV
heterozygous for either R501X or 2282del4 genetic variants
disease manifestations are mild, while patients homozygous for
the R501X mutation and compound-heterozygous carriers of
R501X/2282del4 develop severe clinical symptoms [5]. Also, a
few authors have reported a dosage-dependent effect of FLG
mutations [6].

The present study aimed to evaluate the prevalence of IV
and frequency of the FLG R501X and 2282del4 mutations in
the population of the Rostov region.

METHODS

QOur genetic epidemiology study was carried out in 12
districts of the Rostov region, including Volgodonskoy,
Dubovsky,  Yegorlyksky, Zimovnikovsky, Krasnosulinsky,
Matveevo-Kurganinsky, Millerovsky, Miasnikovsky, Rodionovo-
Nesvetaysky, Tarasovsky, Tselinsky, and Tsimliansky. In total,
497,460 individuals were surveyed [12]. In our work, we relied on
the guidelines for genetic epidemiology studies conducted over
the period between 2000 and 2017 [13, 14]. Those guidelines
were developed at the Research Center for Medical Genetics;
they have been used as a basis for Russian epidemiologic
research studies for over 30 years. The protocol includes a
complete health assessment by different specialists, including
a geneticist, pediatrician, dermatologist, ophthalmologist,
neurologist, psychiatrist, etc. Using this protocol, up to 4,000
or 5,000 separate monogenic nosological entities can be
identified in the course of field research.

Prevalence of ichthyosis vulgaris was calculated based
on the ratio of the surveyed individuals to the individuals with
IV. The obtained results were compared to the data from the
genetic epidemiology studies conducted by the Research
Center for Medical Genetics [13, 14] because the approaches
to data acquisition described in the available literature vary
considerably.

A tendency towards increasing incidence of IV in a
few districts of the Rostov region was inferred using the
F-distribution test (a < 0.001) [15].

Table 1. Prevalence of ichthyosis vulgaris in the population of 12 districts of the Rostov region

District Total size of population Number of affected individuals Prevalence

Volgodonskoy 23,542 5 1:4,708
Dubovsky 23,185 4 1:5,796
Yegorlyksky 36,098 13 1:2,777
Zimovnikovsky 38,071 2 1:19,036
Krasnosulinsky 77,847 0 0

Matveevo-Kurgansky 37,600 11 1:3,418
Millerovsky 75,201 37 1:2,032
Miasnikovsky 37,432 5 1:7,486
Rodionovo-Nesvetaisky 30,760 0 0

Tarasovsky 45,575 0 0

Tselinsky 38,830 20 1:1,942
Tsimliansky 33,319 2 1:16,660
Total 497,460 99 1:5,025
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Molecular genetic screening of samples for the R501X
and 2282del4 mutations in the FLG gene was performed in
the Laboratory for Genetic Epidemiology, Research Center for
Medical Genetics.

To determine the frequencies of 2282del4 and R501X
mutations, we collected blood samples from two groups of
participants. The first group included 58 affected individuals
with IV identified in the course of our epidemiology study
conducted in 12 districts of the Rostov region. The second
group included 127 unrelated healthy controls who had
been living in Millerovsky or Volgodonskoy districts for at
least three generations (71 and 56 individuals, respectively).
The participants gave written informed consent covering
such aspects of the study as voluntary participation, medical
examination, blood collection and publication of the results. In
the case of underaged children, informed consent was obtained
from their parents. A few families insisted that some of their
diseased members should not be examined. The study was
approved by the Ethics Committee of the Research Center for
Medical Genetics (Protocol No. 5 dated December 20, 2010).

Genomic DNA was isolated from peripheral blood
leukocytes using the DIAtom DNAPrep100 kit according to
the manufacturer’s protocol. Screening for ¢.2282del4 and
R501X mutations was done by PCR followed by the analysis
of restriction fragment length polymorphisms. Mutation
frequencies were compared between healthy and diseased
individuals using Fisher’s exact test [15].

RESULTS

In the course of our genetic epidemiology study conducted in
12 districts of the Rostov region, we identified 230 separate
hereditary monogenic nosological entities. In the present work,
we focus on the prevalence and molecular basis of ichthyosis
vulgaris, one of ichthyosis form. In total, we have identified 99
patients with IV coming from 49 nuclear families.

IV prevalence was calculated for each district and the
Rostov region in general (Table 1). The analysis demonstrates
that most patients with IV reside in Millerovsky (37) and Tselinsky
(20) districts, while Tarasovsky, Rodionovo-Nesvetaysky, and
Krasnosulinsjy districts are free of IV.

IV is the most prevalent in Tselinsky (1:1,942) and
Millerovsky (1:2,032) districts. Figures showing IV prevalence in
the European part of Russia are provided in Table 2.

ORIGINAL RESEARCH | GENETICS

Our study shows that prevalence of the disease in the
Rostov region corresponds to the average prevalence of IV
(1:5,151) in the European part of Russia. The lowest prevalence
(1:88,210) was registered in the Bryansk region, while the
highest prevalence (1:2,130) was observed in the Republic of
Mari El [13, 14]. In our study, a tendency towards increasing
incidence was observed in Millerovsky and Tselinsky districts
(o < 0.001) as compared with average figures on the Rostov
region and Russia in general.

Of all surveyed individuals with IV, 58 patients from 38
families agreed to take a DNA test, which confirmed that 28
individuals were heterozygous for the 2282del4 mutation,
making 48.28% of all examined unrelated participants with IV.
All tests came negative for the R501X mutation. In the group
of healthy controls, two (1.58%) were heterozygous for the
2282del4 mutation. Healthy residents of Millerovsky district
also tested positive for this mutation, but negative for R501X.

DISCUSSION

In the course of our epidemiology study, we discovered that
clinical manifestations of the disease vary markedly from mild
to severe both between and within families. All patients started
showing symptoms shortly after birth. The symptoms included
mucosal dryness, dry scalp and hair, striate patterns on palms
and soles, mildly to severely flaky skin, with small or large
greyish plate-like scales localized on the abdomen and lower
legs. Some patients had scaly skin on the chest and extensor
surfaces; follicular keratosis was also observed. Scaling was
present on the scalp and along the vermilion zone.

About half of all patients with IV reside in Millerovsky
district or were born there (37 patients from 16 families). They
come from the Russian families who have been living in the
area for at least three generations. We have identified 50
affected individuals in those families (4 died, 7 moved to other
areas), which suggests the founder effect. Using the pedigree
analysis, we were able to establish kinship between some of
the surveyed families. For example, 5 of 16 families (16 patients
with IV) living in the khutor of Gray-Voronets share the same
ancestor who was born in the late 19" century, in 1896. Their
pedigree is presented in Fig. 1.

The analysis demonstrated that the frequency of the FLG
2282del4 mutation is lower than in the European population
but consistent with the results obtained in Novosibirsk [7, 9].

Table 2. Prevalence of ichthyosis vulgaris in the surveyed regions of the European part of Russia

Regions of the Russian Federation Total size of population Prevalence

Rostov region 497,460 1:5,025
Arkhangelsk region 40,000 1:6,667

Bryansk region 88,210 1:88,210
Kirov region 286,616 1:3,675
Kostroma region 444,476 1:8,386
Tver region 76,000 1:12,667
Krasnodar region 426,700 1:8,534
Republic of Adygea 101,800 1:5,358
Republic of Bashkortostan 250,000 1:6,944
Republic of Mari El 276,900 1:2,130
Republic of Tatarstan 268,894 1:7,469
Udmurt Republic 267,655 1:6,225
Chuvash Republic 264,490 1:3,149
Russia (average) 2791,741 1:5,151

BULLETIN OF RSMU |1, 2018 | VESTNIKRGMU.RU




OPUTMHAJIbHOE UCCJIEQOBAHWME | TEHETUKA

family Sh.

family I.
Fig. 1. Pedigree of the family with ichthyosis vulgaris

Our study has revealed significant differences (Fisher’s
p < 0.00001) in the frequencies of FLG 2282del4 between
individuals with IV (0.483, 28/58) and healthy controls (0.016,
2/127).

CONCLUSIONS

On average, ichthyosis vulgaris occurs in 1 of 5,025 surveyed
residents of the Rostov region. Its prevalence varies from O
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CLINICAL MANIFESTATIONS AND IMMUNOLOGY OF NUMMULAR ECZEMA

Udzhukhu VYu, Sharova NM 22, Korotky NG, Davtyan EV, Kukalo SV

Department of Dermatology and Venereology, Faculty of Pediatrics,
Pirogov Russian National Research Medical University, Moscow, Russia

Being a relatively common chronic skin condition with understudied pathogenesis, nummular eczema captures attention of
medical researchers. The aim of this wok was to describe clinical manifestations of the disease, revise criteria for its accurate
diagnosis and understand the role of malfunctioning components of the adaptive and innate immunities in triggering the
inflammatory response. Using high-sensitivity ELISA assays, we assessed the cytokine profiles, determined the levels of
adhesion molecules and the affinity of serum antibodies in 51 patients with nummular eczema. The immune profiles of the
patients were dominated by proinflammatory interleukins, being deficient in regulatory cytokines. The relative abundance of
mononuclear CD50* and CD54+ cells was increased. Natural antibacterial immunity was weakened by the production of low-
affinity serum antibodies. Based on our findings, we have established criteria for the differential diagnosis of nummular eczema
and described a contribution of both regulatory and effector immunity components to the abnormal immune homeostasis. We
conclude that the discovered defects of the humoral regulation and non-specific resistance in patients with nummular eczema
are pathogenic and determine the course of the disease.

Keywords: nummular eczema, clinical manifestations, interleukins, IL-10, IL-12, IL-17, proinflammatory cytokines, adhesion
molecules, antibody affinity, diagnostic criteria, indirect immunofluorescence
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KIIMHNKO-UMMYHOJIOIMMHYECKUE XAPAKTEPUCTUKH
HYMMYNAPHOWN 3K3EMbI

B. HO. Yokyxy, H. M. LLlaposa &, H. I KopoTkuit, E. B. JasTaH, C. B. Kykano

Kadbenpa nepmatoBeHeponornmv, negnaTpnyeckmin hakynsTer,

Poccuiickuin HaumoHanbHbI MCCReaoBaTenbCKA MeAULIMHCKIIA YHUBepcUTeT umenn H. V1. Muporosa, Mockea
LLInpokasa pacnpoCTpaHeHHOCTb, AMUTENBHOE XPOHUYECKOEe TedeHme 3aboneBaHnst 1 HEAOCTATOMHO N3Y4YEHHbI MaToreHe3
OMNPEenENsItoT NHTEPEC K MPOoBnemMe HYMMYNSPHOM 3K3eMbl. Lienblo HacTosALLENO NCCNeaoBaHVS ObII0 3yHeHe OCOBEHHOCTEN
KITMHNYECKOMO TEHEHNS 9K3EMbI, KITMHNYECKIX KPUTEPVEB AJ151 MOCTAHOBKM AMarHo3a 1 onpeneneHme ponm HapyLLIEHI OCHOB-
HbIX CMCTEM BPOXXAEHHOIO 1 adanTUBHOMO MMYHUTETA B Pa3BUTUM BOCHANIUTENBHOMO NpoLiecca. C Mcnonb30BaHNEM BbICOKO-
4yBCTBUTENBHOMO VDA ans onpeneneHrs LUTOKMHOBOMO CTaTyca, MOSIEKYS aare3nn 1 apUHHOCTU CbIBOPOTOUHbIX aHTUTES
obcnenoBaH 51 60bHON HYMMYSPHOW SK3EMOW. YCTAHOBMIEHO, YTO Y BOMbHBIX HYMMYSIPHOW 3K3eMO HabnMoganchb N3me-
HEHME COOTHOLLIEHNS BbIPAOOTKN MHTEPNENKMHOB C MpeobnafgaHnemM NpoBOCHaNUTENbHBIX BAPUAHTOB, a Takke ancbanaHc B
CUCTEME MMYHOPEMYAATOPHbBIX LUTOKNHOB. OBHAPY»XXEH 3HAYUTESNBbHBIN POCT OTHOCUTENBHOMO KOIMYECTBA MOHOHYKIEaPHbIX
knetok CD50* n CD54+. BbisiBneHbl HapyLLEHUS1 ECTECTBEHHOIO aHTMOAKTEPUANTBHOIO UMMYHUTETA, KOTOPble OOYCAOBMEHBI
NPOAYKUMEN HN3KOAHUHHBIX ChIBOPOTOYHBIX aHTUTEN. [1poBeAeHHas paboTa No3BoMIa yCTaHOBUTL KpuTepun anddepeH-
LnanbHOM OMarHOCTUKN HYMMYNSIPHOW ak3eMbl. OnpeaeneHbl 0COBEHHOCTY HapyLLIEHM CO CTOPOHbI MIMMYHHOIO rOMeocTasa,
KacaroLMECS Kak MMYHOPETYNSTOPHbIX, Tak U UMMYHO3M(EKTOPHbIX 3BeHbEB. OBHAPY»KEHHbIE HAPYLLEHWS B CUCTEME MYMO-
panbHOM perynsaumm UMMYHHOIO OTBETA U COCTOSIHUM HECMIELMMDUHYECKON PESUCTEHTHOCTI Y BOMTBHBIX HYMMYISPHOW SK3EMOM
NMEIOT MaTOreHETUHECKOE 3HAYEHNE 1 OMPEAENAOT 0COBEHHOCTU KIIMHUHYECKOIO TeHeHs JaHHOro 3ab0neBaHuist.

KntoyeBble cnoBa: HyMMyNsapHas 3K3emMa, KIVHUYeCKme NposBneHns, nHtepnerkmHbl IL-10, IL-12 v IL-17, Monekynsl aare-
31K, aDOUHHOCTb aHTUTEN, ANArHOCTUHECKNE KPUTEPUM, HENMPSIMas NMMYHOIKOOPECLIEHLMS
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Eczema, a common skin condition, remains a therapeutic
challenge due to its chronicity, frequent and continuous
relapses, understudied pathogenesis and complicated
treatment [1-3]. One of eczema types, nummular dermatitis,
has been recently reported to become increasingly incident
and resistant to standard therapies. To date, eczema is
believed to be a polyetiologic disease caused by a variety of
overlapping exogenous and endogenous factors [4-6]. Among
the major contributors that trigger eczema development and
maintain chronic inflammation are endocrine, metabolic and
neurohumoral factors and genetic predisposition [7-9]. Some

authors point to the suppressed immunoregulatory function,
deficit of regulatory T cells and increased activity of humoral
immunity that accompany nummular eczema, suggesting that
abnormalities in both cellular and humoral components of the
immune system may have a role in the development of this
disease and its relapses [10-13].

[t has been established that non-specific resistance and
functional activity of neutrophils are often compromised in
patients with nummular eczema; their complement system
is dysfunctional, lipid peroxidation is aggravated and the
compensatory antioxidant system is hyperactive [14, 15]. On
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the whole, though, cytokine profiles of such patients have
hardly been investigated. The literature is scarce [10] and
does not give a full picture of how cytokines are involved in
this pathology. With that in mind, we decided to study how
proinflammatory IL-17 and regulatory IL-10 and IL-12 behave
in patients with nummular eczema.

Our aim was to describe clinical manifestations specific
for nummular eczema and understand the roles of defective
interleukin-based modulation of the immune response and
non-specific resistance in the development of this condition.

METHODS

The study was carried out at the facilities of Cheryomushinsky
Moscow Research and Clinical Center for Dermatology,
Venereology and Cosmetology of Moscow Department of
Healthcare. The study was approved by the local Ethics
Committee of Pirogov Russian National Research Medical
University, Protocol Ne 164 dated April 17, 2017. All patients
gave informed consent to participate. The study was conducted
in patients over 18 years of age who had developed clinical
symptoms of nummular eczema more than 6 months before
the study and had not been receiving immunosuppressive
drugs in the last 6 months before the study. The exclusion
criteria were severe chronic conditions, TB, syphilis, cancer,
and refusal to participate.

The participants included 23 males and 28 females aged
18 to 64 years. The onset of the disease varied considerably,
occurring on average 4.8 + 0.4 years before the study.

In most cases, the first clinical symptoms appeared
between 18 to 28 years of age. The most common triggers
were household irritants (10 patients, or 19.6%), stress (9
patients, or 17.6%), and diet (6 patients, or 11.8%). Microbial
contamination was observed in all participants and was
chronic and recurrent in 44 patients (86.3%). The number of
relapses varied from 2 to 8 per year, lasting from 2-3 weeks
to 3 months. The symptoms were very pronounced, indicating
acute inflammation. Twenty-one patients (41.2%) had lesions
on upper and lower extremities (the back of the hands, soles,
forearms and lower legs). Other patients (58.8%) had extensive
cutaneous lesions on the back, shoulders, lateral body surfaces
and abdomen. The disease started with itchy round-shaped
erythematous spots with clear boundaries, miliary or vesicular
papules, pustules, crusting and scaling. In rare cases patients
developed microvesicles, followed by the formation of serous
wells and 00zing.

Using ELISA assays, we measured the levels of IL-10,
IL-12 and IL-17 in the patients’ blood serum. The tests were
performed using the Proplan microplate washer (Picon,
Russia), the SkylLine shaker (ELMI, Latvia) and the Uniplan
spectrophotometer (Picon, Russia). Reagent kits were by
Vector-Best, Russia.

Peripheral blood mononuclear cells were immunotyped by
indirect immunofluorescence using ICO monoclonal antibodies.
The relative antibody affinity was determined by solid phase
immunoassays with different molar concentrations of sodium
thiocyanate, which breaks the bonds in the antigen-antibody
complex. The levels of soluble antigens sCD50 and sCD54
were measured by ELISA using monoclonal antibodies ICO-
60 and ICO-184. The obtained concentrations were presented
in arbitrary units per ml (U/ml) and compared to the average
results of laboratory tests conducted in healthy individuals.
The data were processed by variance analysis in Microsoft
Excel. Mean arithmetic M and mean error m were computed.
Significance of differences was assessed using Student’s

BULLETIN OF RSMU | 1, 2018 | VESTNIKRGMU.RU

OPUTMHAJIbBHOE NCCJIEOOBAHNE | JEPMATOBEHEPOJOI A

t-test. The differences were significant at p < 0.05 (95%
probability).

RESULTS

The tests revealed elevated concentrations of IL-12 in the
peripheral blood of patients with nummular eczema, which were
as high as 159.8 + 5.9 pg/ml in comparison with the reference
values (32.1 + 2.6 pg/ml). The IL-17 levels were elevated in
all patients, reaching 6.1 + 1.0 pg/ml, which was well above
the reference range (0.22 + 0.1 pg/ml). The IL-10 levels were
as low as 4.1 + 0.18 pg/ml, which is substantially below the
reference values (14.1 = 0.2 pg/ml; see the Table). The levels
of sCD50 and sCD54 (196.5 + 4.6 U/ml and 31.5 + 2.8 U/ml,
respectively) fell outside the reference range, but the difference
was minor. Still, the relative quantities of mononuclear cells
CD50*and CD54*(79.8 £ 9.9% and 81.8 + 10.8%, respectively)
in the blood serum of the participants were significantly above
the norm (59.3 + 7.8% and 60.2 + 7.9%, respectively). The
analysis of the immunoassay data showed reduced affinity of
serum antibodies to the common antigenic determinant in 26
(51.1%) patients with nummular eczema. Normal affinity was
observed in 25 (49.9%) patients. Reduction to 500-1000 units
was observed in 16 (31.4%), reduction below 500 units —in 10
(19.7%) patients.

DISCUSSION

The symptoms of nummular eczema have changed significantly
over the years complicating differential diagnosis and affecting
diagnostic accuracy. The typical location of lesions is now
different, their pattern tending to be infiltrative, with rare
exudating vesicles or microerosions.

The conducted immunoassays have demonstrated that the
onset and development of nummular eczema are accompanied
by immunological events typical for acute inflammation. The
literature [2] mostly reports abnormal production of IL-1, IL-2
and IL-6. Our study, however, provides a more objective
picture of cytokine behavior in patients with nummular eczema.
Specifically, we have established a multifold increase in IL-12
and IL-17, indicating a tendency of lymphocytes to differentiate
more into Th1 than into ThO cells, which probably results in
intense production of proinflammatory cytokines and triggers
acute inflammatory response in the dermis and epidermis.
In turn, the lack of IL-10 leads to the immunoregulatory
dysfunction and promotes pathological changes that determine
the clinical symptoms of the disease. A huge increase in low-
affinity antibodies downregulates the activity of the complement
system and facilitates microbial opsonization, eliminating the
bacterial threat. At the same time, low-affinity antibodies bind
to the membrane receptors of regulatory T cells making them
more sensitive to microbial antigens. The number of soluble
adhesion molecules falls, while their membrane-bound forms

Table1. Cytokine concentrations in the blood serum of patients with nummular
eczema

IL-10 (pg/ml) IL-12 (pg/ml) IL-17 (pg/ml)
Patients with nummular |, 4 g 1g+ | 150.8+5.9* | 6.1+1.0*
eczema (n = 38)
Reference values 141 +0.2 32.1+2.6 0.22 + 01

Note: *significant at p < 0.01, as compared to the reference values.
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become abundant, contributing to the increased migration of
cells to the inflammation sites and promoting chronicity.

CONCLUSIONS

Our study reveals that these days the symptoms of nummular
eczema start to show at a young age, the typical location of
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EXPRESSION OF STEROID HORMONE RECEPTORS IN THE TISSUE OF
ENDOMETRIOMAS IN FIRST-TIME AND RELAPSING PATIENTS

Bulatova LS'®! Solomatina AA', Kareva EN?, Kotsyubinskaya NA?
"Department of Obstetrics and Gynecology, Faculty of Pediatrics,
Pirogov Russian National Research Medical University, Moscow

2 Departnert of Molecular Pharmacology and Radiobiology, Biomedical Faculty,

Pirogov Russian National Research Medical University, Moscow
A molecular marker for the risk of endometriosis recurrence can help to customize a post-operative treatment plan for an
individual patient. The aim of this study was to compare the expression of genes coding for estradiol (MER, ER , ERﬁ) and
progesterone (PGRmMGC,, mPR, PR-A, PR-B) receptors in first-time and relapsing patients with ovarian endometriosis. Our study
included 94 women of reproductive age with ovarian endometriosis: 82 first-time and 12 relapsing patients. The expression of
genes coding for steroid receptors was measured using reverse transcription polymerase chain reaction. Recurrent conditions
were characterized by a change in the expression of estrogen receptors and unchanged expression of progesterone receptors.
Expression of mER in the tissue of patients with first-time endometriosis was 15.09 + 1.18. Patients undergoing recurrence
demonstrated a 3-fold increase in mER expression (from 15.09 + 1.18 to 44.45 + 9.1). Also, in such patients ER, expression
was 5 times higher increasing from 11.71 + 0.22, which is an average value for first-time patients, to 10.02 + 3.81, while ER_
expression surged 7-fold from 10.47 + 1.05t0 1.68 + 0.55 (p < 0.05). Transcription of the studied receptors in the pathological
tissue depended on the stage of the disease: in relapsing patients expression of estradiol receptors underwent some changes,
while expression profile of progesterone receptors remained unchanged. Sensitivity of endometrial tissue to gestogens is
clinically important and serves as a basis for a successful hormone-based relapse prevention.

Keywords: ovarian endometriosis, PCR, estradiol receptors, progesterone receptors
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OCOBEHHOCTW 3KCINPECCUN T’EHOB PELEENMTOPOB CTEPONOHbIX
FTOPMOHOB B TKAHSAX NMEPBUYHbIX N PELLWONBUPYOLLIAX
9HAOMETPUOOHbIX OBEPASOBAHNN ANYHUKOB

1. C. bynatoBa'®=2 A. A. ConomatuHa', E. H. Kapesa?, H. A. KoLito6uHckas?
" Kacbegpa akyLlepcTsa v MMHEKONormW, NeamaTpnyeckuin dhakynsTer,
Poccuinckmin HaumoHanbHbIN MCCAEA0BATENBCKUA MEQULMHCKIA YHUBEPCUTET MMenn H. V. Tuporoea,

2 Kadenpa mMonekynspHo (hapmakonorin 1 paanobronorim, Meauko-o1Monorniecknii pakynsTeT,

Poccuiickuin HaumoHanbHbIN MCCRenoBaTenbCKUn MEQVLIMHCKNI YHUBEPCUTET UMeHn H. . Muporosa
[na pa3paboTku HAVBMAYabHOrO NaHa NOCNeonepaLyiOHHOrO BEAEHMS MALMEHTOK HEOOXOAMM MOUCK MONEKYNAPHO-dap-
MaKOJOrM4eCKOro Mapkepa npuHaaNeXHOCT NALUMEHTOK K FPymne pUcKa PeLanBMpOBaHNSa SHOOMETPNO3a SNHHUKOB. Lle-
b0 UCCNEA0BaHNA GblNIo MPOBECTV CPABHUTESbHbI 8HaNM3 SKCMPECCUN MeHOB PELIENTOPOB acTpaavona (MER, ER , ERB) %
nporectepoHa (PGRMC,, mPR, PR-A, PR-B) B TKaH1 NMepBr4HOro 9HI0METPYONAHOMO 00pa3oBaHmns ANYHVKOB 1 Mpw peLmau-
Be 3abonesaHus. B nccnegosanve BOLLNM 94 NaLmMeHTK PENPOAYKTUBHOIO BO3pacTa ¢ 3HAOMETPUONAHbIMM 06pas30BaHNSMA
ANYHNKOB: 82 MaLMNEHTKIN C NEPBUYHBIM 3HOOMETPUO30M 1 12 ¢ peunanBoM 3abonesanus. [nsa onpeaenenHns aKCnpeccum
MEHOB CTEPOWAHbIX PELENTOPOB MCMOMb30BaIV METOA, MOMMMEPA3HON LIEMHOV peakUmm ¢ obpaTHom TpaHckpunumen (OT-
MUP). Mpu peunanee 3aboneBaHns B SHAOMETPUOWOHON TKaHN ANYHUKA BbIIBEH COBWUI CreKkTpa SCTPOreHOBbIX peLier-
TOPOB, a YPOBEHb PELENTOPOB MPOreCTEPOHa OCTaBaNCsA HEN3MEHEHHBIM. YPOBEHb aKcnpeccu MER B TkaHn NepBrUYHOrO
3HOoomeTproda coctasmn 15,09 + 1,18. ObHapy»xeHo yBennyeHne akcnpeccu mER B 3 paza (¢ 15,09 + 1,18 B nepBrYHON
3HOOMETPUONOHOM TKaHn 00 44,45 + 9,1 B TKaHu C peumamBoM aHOoMeTpro3a), ER, B 5 pa3 (c 11,71 + 0,22 oo 10,02 + 3,81),
a TaKKe CHIbKeHVie skenpeccumn peuentopa ER B 7 pas (¢ 10,47 + 1,05 go 1,68 + 0,55) N0 CpaBHEHMIO C 3HAOMETPUONAHON
TKaHbIO SNYHKA NPV NepBUYHOM 3abonesaHun (p < 0,05). TpaHCKpUNUMS PELENTOPOB 3HAOMETPUONOHOM TKaHW AUHHMKA
3aBUCUT OT CcTagum 3abofieBaHUS: NPU PELMAMBUPOBaHNM HABMIOOAETCA UBMEHEHME CMEKTPA PELENTOPOB SCTpaamona Ha
(hOHE NHTAKTHOIO PELIENTOPHOro anmnapaTta A/1s NPorecTepoHa. KnMHMYeckoe 3Ha4YeHne MMEET COXPAaHHOCTb YyBCTBUTESb-
HOCTW TKaHW K rectareHam Kak OCHOBa YCMELIHOM NPOTMBOPELIVANBHON MOPMOHaNBHOW Tepanmu.
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Endometriosis is a chronic benign estrogen-dependent
condition [1, 2]. A tendency to recur and a negative impact
on a woman'’s general health, quality of life and ability to work
make endometriosis a clinically and socially significant disease.
In patients receiving surgical treatment for endometriosis,
cumulative recurrence rates are 6.4%, 10%, 19.9%, and 30.9%
at 2, 3, 5, and 6 years after the surgery, respectively [3]. There
is no consensus in the medical community on what triggers the
recurrence of the disease, which complicates the search for
biochemical markers that could be used to monitor the effect of
treatment in first-time and relapsing patients [4].

Among the possible causes of the recurrence proposed
in the literature is incomplete excision of endometriotic lesions
during the surgery; it is still debatable, though, whether it
is a true recurrence or a new primary disease. Hormone
prevention therapy can alter the status of steroid receptors
in the endometrium and affect the sensitivity of lesions to
further treatment. Therefore, transcription profiles of steroid
receptors can differ in first-time and relapsing patients. The aim
of this work was to compare the expression levels of genes
coding for membrane and nuclear estrogen (mER, ER , ERB,)
and progesterone (PGRMC1, mPR, PR-A, PR-B) receptors
in the endometriotic tissue of first-time patients with ovarian
endometriomas and patients with recurrences. This will help us
understand whether progestins are a rational treatment choice
for recurrent endometriosis.

METHODS

The study included 94 women of reproductive age diagnosed
with endometriosis: 82 were first-time patients and 12 had a
relapse. All patients gave informed consent to participate.

The patients diagnosed with endometriosis for the first time
were included in the study if they were of reproductive age,
their ultrasound scans suggested ovarian endometriomas, and
the diagnosis was confirmed laparoscopically and histologically.

For relapsing patients, inclusion criteria were as follows:
reproductive age, prior surgery for endometriosis, ultrasound
scans suggestive of endometriomas that were later confirmed
laparoscopically and histologically.

Patients with extragenital and genital comorbidities (uterine
myoma, adenomyosis, ovarian tumors) and those who had
undergone a hormone therapy before were excluded from the
study.

All tests were carried out in the proliferative phase of the
menstrual cycle.

Based on the histologically verified diagnosis, the women
were divided into 2 groups: group | included 82 patients with
ovarian endometriomas, group Il consisted of 12 relapsing
patients. The age of the participants varied from 18 to 44 years,
averaging 31.4 + 5.2 years. The age of the patients included
in group | varied from 22 to 41 years, the mean age was
34.2 + 5.3 years. In group Il the mean age was 33.4 + 6.9
years, implying that the groups were comparable in terms of
age. Disease duration ranged from 1.5 to 5 years in group |
and from 2 months to 1.5 years in group Il. The most common
complaint in both groups was pelvic pain (35 cases or 53% in
group | and 6 cases or 67.4% in group |I).

The frequency of menstrual disorders was significantly
lower in group | than in group II: 25.6% vs. 14.7%, respectively.
In group 1, 35 (62.4%) women had a history of pregnancy; in
group Il such women made 45.5% (4 individuals). Infertility was
diagnosed in 8 (65.7%) relapsing and 32 (25.9%) first-time
patients. The percentage of women with somatic pathology in
both groups was almost equal: 35.5% and 34.9% respectively.

Apart from general and pelvic examinations, the patients
underwent a 2D Doppler ultrasound scan on VOLUSON-730
Expert (GEKretz, Zipf, Austria). The procedure was performed
using the standard technique and an endovaginal probe
(8.3-10.0 MHz). All patients underwent a laparoscopic surgery
(equipment by Karl Storz, Germany). The excised tissue was
subjected to the histological analysis. Expression of steroid
receptors was also analyzed.

The endometriotic tissue samples were tested for the
expression of genes coding for membrane (MER) and nuclear
(ER, n ERB) estrogen receptors and membrane (MPR n
PGRMC-1) and nuclear (PR-A n PR-B) progesterone receptors.
Briefly, mRNA was extracted from the tissue samples using
the RIBO-prep kit (AmpliSens, Russia) according to the
manufacturer’s protocol. cDNA was synthesized from an
mRNA template through reverse transcription using the set of
reagents REVERTA-L (AmpliSens, Russia). Real-time PCR was
performed in iCycler iQ5 (BioRad, Germany) using the reagent
kit 2.5x for RT-PCR with SYBR Green | detection. Genes coding
for GAPDH (glyceraldehyde-3- phosphate-dehydrogenase)
were used as control (see the Table).

Gene expression was measured using the values of 0.54¢
(to assess the differences between the groups) and 244¢ (to
calculate relative quantities), where ACt = Ct (target gene) —
Ct (GAPDH) and AACt = ACt (first-time patients) — ACt (relapsing
patients).

All data were processed in GraphPadPrism 5.0. Normality
of distribution was tested using the Kolmogorov-Smirnov test.
Independent variables were compared using the nonparametric
Mann-Whitney U test. Differences were considered significant
at p < 0.05.

RESULTS

Estrogen and progesterone are major regulators of proliferation
of the endometrium or tissues related to it in the reproductive
female tract. Each steroid hormone regulates expression of
hundreds of genes at different stages of the menstrual cycle
[5]. Relative mRNA qguantities for estrogen (MER, ER, ERB)
and progesterone (PGRmC1, mPR, PR-A, PR-B) receptors
expressed in the endometriotic ovarian tissue obtained from
first-time and relapsing patients are shown in Fig. 1.

The comparative analysis demonstrates that in relapsing
patients estrogen expression levels in the endometriotic tissue
are different from those in first-time patients: a 3-fold increase
is observed for mER (p = 0.0016), a 5-fold increase — for EF%B
(p = 0.0024), and a 7-fold drop — for ER  (p = 0.0001).

Table. The sequence of synthetic oligonucleotides used to study expression of
steroid receptors and GAPDH by RT-PCR [http://www.ncbi.nim.nih.gov/protein/].

Up Low
GAPDH gaa-ggt-gaa-ggt-cgg-agt gaa-gat-ggt-gat-ggg-att-tcc
mER agg-gac-aag-ctg-agg-ctg-ta | gtc-tac-acg-gca-ctg-ctg-aa
ER, tgc-caa-gga-gac-tcg-cta-ct | ctg-gcg-ctt-gtg-ttt-caa-c
ER, tca-gct-tgt-gac-cte-tgt-gg tgt-atg-acc-tge-tgc-tgg-ac
PR-A aaa-tca-ttg-cca-ggt-ttt-cg tac-agc-atc-tgc-cca-ctg-ac
PR-B gac-tga-gct-gaa-ggc-aaa-gg | cga-aac-tcc-agg-caa-ggt-gt
mPR tgc-cct-get-gtg-tga-tet-ta gat-agc-tga-ggc-tce-tgg-at
PGRmC1 | tgc-cct-get-gtg-tga-tet-ta gat-agc-tga-ggc-tce-tgg-at

Note: GAPDH — glyceraldehyde-3-phosphate-dehydrogenase, mER — membrane
estrogen receptor, ER , ERB — nuclear estrogen receptors, PR-A, PR-B — nuclear
progesterone receptors, mPR, PGRmMC1 — membrane progesterone receptors.
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Fig 1. Expression of sex steroid receptors in the endometriotic tissue of patients with first-time diagnosed and recurrent endometriomas

Note: p — significance of differences (Mann-Whitney U); [NRNA] — expression of the target gene relative to GAPDH (0.5 ACte100)

DISCUSSION

Estrogen and progesterone effects are largely mediated by the
nuclear receptors of these hormones (ER and PR). Estrogen
and progesterone interact with their receptors and activate
them. Unlike ER and PR, membrane receptors of steroid
hormones are understudied but still known to have an auxiliary
role in modulating the expression of nuclear receptors [6].

Estradiol is a key regulator of endometrial tissue growth and
survival; it also has a crucial role in inflammation and endometrial
pain. Estradiol exerts its steroid growth-promoting effect on
the endometrium when produced locally or transported to
the endometrial tissue with blood. ER subtypes (ER, 1 ERB)
are proteins with high affinity to estradiol and are coded for
by separate genes. Although ER_and ER[3 are both present
in the endometrium, ERa seems to be the major mediator of
estrogen effect [7]. Elevated levels of ER_ are associated with
the activation of target tissue proliferation, whereas ERB limits
transcriptional activity of ER , exerting an antiproliferative effect
[8, 9l.

Endometriotic tissue differs from the eutopic endometrium
in terms of expression of steroid receptors. The literature
reports (though scarcely) higher levels of ERB, lower levels
of ER_, and very low levels of both PR isoforms, in particular
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PR-B, in the endometriotic tissue in comparison with the
eutopic endometrium [10, 11]. In this study we employed RT-PC
to quantify mRNA of nuclear receptors in primary endometrial
and endometriotic stromal cells. For ER_ , mRNA levels were 7
times lower in the endometriotic stroma than in the endometrial
stromal cells. For ERB, mMRNA levels were dramatically higher
(~34 times) in the endometriotic stromal cells in comparison
with the normal endometrial stroma where ER[3 demonstrated
a very low expression or the absence of it. For PR and PR-B,
total MRBNA levels were significantly lower in the endometriotic
stroma than in the endometrial stromal cells [12]. Recently,
there have been reports of elevated PR-A in patients with
endometriosis regardless of the menstrual cycle phase [13]. Itis
known that ERB activation leads to the transcription of a number
of genes in the stromal cells of endometriotic lesions, such as
the SGK1 kinase gene which maintains viability of stromal cells
by inhibiting proapoptotic factors and through phosphorylation
and inactivation of FOXO3a [14].

It our previous study we have demonstrated that
endometriotic lesions are characterized by the increased
expression of nuclear ERB, in comparison with healthy ovarian
tissue. Those findings are consistent with the literature [14].
Elevated ER; levels inhibit ER expression in the endometriotic

B
lesions, and the increased ER; to ER ratio observed in
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endometriotic stromal cells is proportionate to the degree of
inhibition of progesterone receptor expression and the increase
in cyclooxygenase-2 mRNA levels.

Inthe present study, we do not discriminate between different
histological subtypes of the endometriotic tissue in relapsing
patients. These conditions can lead to local inflammation and
resistance to progestins [15]. We have not found any changes
in the expression of genes coding for membrane and nuclear
progesterone receptors that could accompany changes in the
expression profiles of estrogen receptors.

QOur study demonstrates that EF%B mRNA levels (perhaps
owing to the abnormal hypomethylation of its promoter) are
significantly higher in the endometriotic tissue in relapsing than in
first-time patients. At the same time, ER_ mRNA concentrations
are lower in relapsing patients. No reliable reduction in the
expression of progesterone receptor genes has been observed
in our study accompanying the changing estrogen receptor
profiles, therefore, sensitivity of the endometriotic tissue to
exogenous progestins is retained in relapsing patients.

Considering the above, changes in the expression profiles of
estrogen receptors in patients with recurrent endometriosis can
be reflective of the aggravating estrogen-dependent processes
in the endometrium. It is known that the endometriotic stromal
cell contains a full pack of genes involved in a steroidogenic
cascade sufficient for converting cholesterol to estradiol [16].
Besides, the endometriotic tissueis characterized by the aberrant
expression of aromatase, which stimulates local synthesis of
estrogens, some cytokines and metalloproteinases. Moreover,
deficiency of type 2 17B-hydroxysteroid dehydrogenases
converting 17-estradiol to a not so active estrone contributes
to the accumulation of active estrogens in the tissue [17].
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A STUDY OF THE REPERTOIRE OF ACTIVATED T-CELL CLONES OBTAINED
FROM A PATIENT WITH ANKYLOSING SPONDYLITIS

Komech EA, Lebedev YB, Koshenkova AV, Syrko DS, Musatkina EA, Lukyanov SA, Chudakov DM, Zvyagin IV =

Pirogov Russian National Research Medical University, Moscow, Russia

Recent studies of T-cell clonal repertoires of patients with ankylosing spondylitis (AS) have led to the discovery of AS-associated
T-cell clones with a highly homologous T-cell receptor structure. The role of T-lymphocytes in the disease progression cannot
be elucidated without analyzing the diversity and abundance of functionally different T-cell clones found in patient with AS.
Using a state-of-the-art technique for T-cell repertoire profiling based on massively parallel sequencing, we, for the first time,
studied the T-cell repertoire of activated T-cells from the peripheral blood of a patient with AS. We have demonstrated that
a subpopulation of CD38*HLA-DR* T-lymphocytes is highly diverse both in terms of clonal diversity and abundance of the
identified clonotypes, suggesting diverse antigen specificity of the activated peripheral blood T-cells. Most of the activated
T-cell clonotypes had low abundance in total population of peripheral blood T-cells. In the repertoire of activated T-cells we
have found the clonotype TRBV9_CASSVGVYSTDTQYF_TRBJ2-3, previously discovered in AS and reactive arthritis, and a few
other clonotypes of cytotoxic and helper T-cells that may have a role in promoting inflammation in AS patients. Presence of the
AS-associated clonotypes in activated T-cell subset suggests that the T-cells might play an active role in ongoing inflammation
during the disease progression. This provides rationale for further research of their antigen specificity and role in triggering or
maintaining AS.

Keywords: T-cell repertoire, ankylosing spondylitis, activated T lymphocytes, Bekhterev's disease, T-cell subpopulation, clonal
repertoire
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NCCNEOOBAHUNE KJITOHAJIbHOIO PEMEPTYAPA ®PAKLIU
AKTUBNPOBAHHbIX T-TIMM®OLINTOB Y NALUUEHTA
C AHKWJI103UPYHOLLIAM CINMOHAUTUTOM
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Ankylosing spondylitis (AS, also known as Bekhterev's
disease) is a chronic rheumatic, presumably autoimmune
disorder. Genome-wide association studies link the risk of AS
development to certain allelic variants of genes of antigen-
presenting system (HLA and ERAP1/2) and cytokine receptors
involved in proinflammatory response [1]. Strong association
between risk of the disease and certain alleles of HLA-B and
protective effect of some other HLA-B variants (HLA-B is
involved in antigen presentation) have inspired a hypothesis
suggesting that T-cell recognition of self-antigens in complex
with HLA-B*27 triggers AS [2]. Recent studies of T-cell clonal
repertoires in patients with AS have allowed to discover a group
of cytotoxic T-lymphocyte clones with a highly homologous
antigen-recognizing part of T-cell receptor (TCR); these clones
are specific to AS and found in patients’ peripheral blood and
synovial fluid obtained from the inflamed joints [3, 4]. Previously,
clones of T-lymphocytes with a similar or identical TCRs were
found in the synovial fluid of patients with reactive arthritis,
another member of the spondylarthropathies family [5-7].

Of particular interest are functional characteristics of
the T-cell clones hypothesized to trigger and/or maintain
inflammation. This work was aimed to study the clonal repertoire
of subpopulation of activated T-lymphocytes isolated from the
peripheral blood of a patient with active ankylosing spondylitis.
For T-cell repertoire profiling, we applied a state-of-the-art
technology based on the next-generation sequencing (NGS)
of TCRB cDNA libraries that were prepared using molecular
barcoding technique [8, 9]; molecular barcoding is essential
for correction of sequencing errors and estimation of the
abundance of T-cell clones in the sample. After reconstruction
of the repertoire and investigation of it’s structure, we searched
for the published AS-associated clones among the clonotypes
of the studied T-cell subset. To estimate the abundance of the
clonotypes identified in activated T-cell subset and attribute
them to one of the two major functional T-cell subpopulations,
we profiled the repertoire of the entire T-cell population and
CD4+ and CD8* T-cell subsets obtained from peripheral blood
of the patient.

METHODS
Patient

A 28-year old man with axial ankylosing spondylitis
(Bekhterev's disease) was diagnosed 7 years before our
study. The patient was HLA-B*27 positive. The treatment
he was receiving included nonsteroidal anti-inflamsmatory
drugs (arcoxia), methotrexate, and TNF-a inhibitors (Humira).
Three years before blood collection, the patient underwent
high-dose immunosuppression therapy with 200 pg/kg
cyclophosphamide+anti-thymocyte  globulin ~ followed by
autologous hematopoietic cell transplantation without CD34+*
enrichment. Six months later the patient had relapse of the
disease following a respiratory infection. At the time of blood
collection the patient had active AS manifested as severe pain
and limited mobility of joints.

Isolation of PBMC and T-cell subsets

Eight milliliters of patient’s peripheral blood were collected into
KB-EDTA vacutainers (BD Biosciences, USA). Mononuclear
cells were isolated by standard Ficoll density gradient
centrifugation (1.077 g/cm?, PanEco, Russia). Two peripheral
blood samples of identical volume (F1 and F2) were obtained
simultaneously and later used as two independent replicates

BULLETIN OF RSMU | 1, 2018 | VESTNIKRGMU.RU

OPUTMHAJIbHOE UCCJIEQOBAHNE | UMMYHOIJIOI MA

for whole T-lymphocyte repertoire profiling. Subsets of CD4*
and CD8+ cells were isolated from separate blood samples
using Dynabeads cell isolation kit (Invitrogen, USA).

Subpopulation of the activated T-lymphocytes expressing
CD38 and HLA-DR markers was isolated from peripheral
blood mononuclear cells by flow cytometry (FACSVantage, BD
Biosciences). At the time point 1 we isolated a subpopulation
of CD3*CD38*HLA-DR* lymphocytes. Two months later
(time point 2) subpopulations of CD3*CD8*CD38*HLA-DR*
and CD3*CD8CD38*HLA-DR* cells were isolated from the
patient’s peripheral blood sample. The panel of antibodies
for flow cytometry included CD3-APC (Invitrogen), CD8-
FITC (Invitrogen), HLA-DR-PerCP (Invitrogen) and CD38-
PE (IQProducts, Netherlands). Staining with antibodies was
performed according to the protocols of manufacturers. The
cells were lysed in 350 pl RLT buffer (Qiagen, Netherlands), and
total RNA was then isolated for subsequent TCR repertoire
profiling.

Preparation of cDNA libraries

RNA from PBMC, and CD4* and CD8* cell subsets,
was isolated using TRIzol (Invitrogen) according to the
manufacturer’s protocol. RNA of T-lymphocytes obtained by
flow cytometry was isolated using the RNAeasy Mini reagent kit
(Qiagen) according to the manufacturer’s protocol. TCRB cDNA
libraries were prepared as described in [10]. The libraries were
sequenced on HiSeq 2000/2500 (lllumina, USA) in the paired-
end mode with a 100 bp read length.

Sequencing data processing

To correct sequencing errors and count unique TCR cDNA
molecules in the library, we used MiIGEC (a software pipeline
utilizing the principle of molecular barcoding) [8, 11]. V-, D-
and J-segments and CDR3 sequence were determined using
MiXCR [12], which was also employed to quantify clonotypes
and form a list of the identified clonotypes for each sample. For
clonal sequence assembly only TCR cDNA sequences covered
by at least two reads were used (based on analysis of unique
molecular identifiers (UMI)), the restriction allowed to eliminate
the majority of sequencing errors and to reduce the artificial
clonal diversity of the repertoire [13]. Further bioinformatic
analysis was performed using R programming language [14].
The identified clonotypes were associated with a particular
T-cell phenotype based on detection of each particular
clonotype (combination of CDR3 nucleotide sequences with
TCR V-segment) in repertoires of the T-cell subpopulations.

The use of published TCRB cDNA sequencing data

In this work, we also used data on TCRB cDNA repertoire
profiling peripheral blood and synovial fluid samples from
HLA-B*27 positive patients with AS. These data have been
already published and are currently available in NCBI SRA
database (SRP111372) [4]. The published sequencing data and
data obtained for the present study were processed identically.

RESULTS

Characteristics of the studied cell samples and technology
used for clonal repertoire profiling

For clonal T-cell repertoire analysis 50,000 cells expressing
CDg3, CD38 and HLA-DR were isolated using flow cytometry
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from peripheral blood sample of the patient with AS. At the time
of blood sampling the patient had joint pain and limited mobility
of joints and was not receiving any anti-cytokine therapy. Flow
cytometry revealed that the subpopulations of CD3+HLA-DR+
and CD3+CD38+HLA-DR+ cells accounted for 2.6 % and
1,5 % of patient’s T-lymphocytes, respectively. These results
are consistent with the literature reporting similar proportions
for peripheral blood lymphocytes of healthy donors of the
same age [15]. In our case, increased frequency of CD3*CD38+
T-cells was observed: 39.2 % for the AS patient vs. 5.85 % to
24.6 % in healthy donors of the same age.

At that time point, samples of cytotoxic (CD4*) and helper
(CD8%) T-lymphocytes and two samples of unfractionated
mononuclear cells (F1 and F2) were obtained from peripheral
blood of the donor.

For TCRB clonal repertoire profiling, we applied an original
technology, which includes the following features:

1) template-switch-based cDNA synthesis, that allowed
us to use universal primers for TCR cDNA amplification to
minimize amplification bias associated with differences in the
structure of a variable V-segment (part of a mature TCR gene);

2) molecular barcoding [8], that allows to estimate the depth
of T-cell repertoire analysis and abundance of the identified
clonotypes [9]; during preprocessing of sequencing data,
molecular barcodes are used for correction of sequencing
errors that helps to reduce the artificial diversity of the clonal
repertoire originating from such errors [11];

3) introduction of sample-specific barcodes on both ends
of cDNA library molecules. One of the barcode is introduced
during cDNA synthesis step [10] allowing to exclude cross-
contamination of samples both at the stage of sample
preparation and during sequencing. Low probability of cross-
contamination, in turn, allows to associate of the identified
clonotypes with a particular T-cell phenotype. Such association
is based on the identification of a unique nucleotide sequence
of a variable TCR region in repertoires of different T-cell subsets
(CD4+, CD8*, F1 and F2, CD3*CD38*HLA-DR?).

Sequencing of TCRB cDNA libraries vyielded a total of
20.25 million reads: 6.23 and 7.53 million reads for F1 and F2
samples, respectively; 2.78 million reads for the CD4+ subset;
2.96 million reads for the CD8* subset and 0.75 million reads
for the CD3*CD38*HLA-DR* cell subpopulation. For further
analysis and reconstruction of a variable TCR region (recovery
of a CDR3 nucleotide sequence and a V-segment, i.e.
identification of a T-cell clonotype) we used cDNA sequences
covered by at least two reads. This allowed us to further reduce
the artificial diversity of the repertoire originating from erroneous
clonotypes [13, 16].

The total T-cell repertoire profiling depth reached about 1.6
million unique clonotypes. For samples F1, F2, CD4 and CDS8,
3.3 million TCRB cDNA molecules were analyzed (969,000,
1,260,000, 601,000 and 652,000, respectively). According
to the previously published efficiency of the TCR repertoire
profiling technology used, the total depth of analysis was about
3.3 million T-cells [13, 16]. Sequencing vielded 17,296 TCRf

cDNA sequences for CD3*CD38*HLA-DR~ cells, covered by at
least two reads, while the total number of cells in this sample
was 50,000. Thus, on average every TCRB cDNA sequence
corresponded to a TCR mRNA of a distinct T-cell, and the total
depth of TCR repertoire analysis of the subpopulation was
about 17,000 unigue T-cells.

Abundance of activated T-cell clonotypes in the total
repertoire of T-cells

On the first step of TCR repertoire analysis of the activated
T-cell subpopulation, we studied the distribution of the
identified clonotypes in the total repertoire of peripheral blood
T-cells. Over 85 % (10,212 of 11,927) of the identified activated
T-cell clonotypes were not found in repertoires of any other
samples: unfractionated T-cells (F1 and F2) or cytotoxic/
helper T-cell subsets (Table 1). The probability to observe a
specific clonotype in the sample is roughly proportional to the
number of T-lymphocytes bearing the same TCR in the total
T-cell population (i. e. to the abundance of a clonotype in the
repertoire). High repertoire diversity and different abundance
of T-cell clones combined with a relatively small volume of
the sample can explain the substantial part of unique T-cell
clonotypes between two independent blood samples obtained
at the same time point.

Current estimate of the potential diversity of TCRPB
repertoire is about 10® variants [17]; in our study the
abundance of clonotypes in the total T-cell population varied
between 1.5 % t0 8.6 x 10° % T cells. To determine whether
the observed high number of unique clonotypes was specific
to the CD3*CD38*HLA-DR* subset, we estimated the
repertoire overlap between total T-cell sample F1 and T-cell
subsets expressing CD4 and CD8 surface markers with the
sample F2. To obtain comparable repertoire analysis depth
with fraction of activated T-lymphocytes, the repertoires of
F1, CD4 and CD8 samples were reconstructed based on the
corresponding number (17,296) of randomly selected in silico
TCR cDNA molecules (repertoires *F1, “CD4 and *CD8). After
100 independent rounds of analysis, about 30% of clonotypes
in each repertoire were shown to overlap with the clonotypes
in sample F2, representing 30% to 50 % of the total number
of analyzed T-cells from *F1, *CD4 and *CD8 repertoires. For
the CD3*CD38*HLA-DR* subset these proportions were twice
as low (Fig. 1). This fact indicates a considerable enrichment of
the CD3*CD38*HLA-DR* subset with T-cell clones which have
too low abundance in the total repertoire to be detected in the
independent sample of the same volume.

Over 1,500 clonotypes in the repertoire of activated
T-lymphocytes accounted for 13.1 % of the clonal diversity
and for 20 % of the total number of analyzed T-cells, and
were present in at least one of the two independent samples
of unfractionated peripheral blood lymphocytes (F1 and F2).
The depth of analysis was 2 million T-cells for the total T-cell
repertoire. The proportion of peripheral blood T-cells represented
by such clonotypes was 8.5 %. Of those clonotypes, only a few

Table 1. Comparison of CD3+CD38*HLA-DR* clonal composition with the total repertoire of peripheral blood T-cells

Associated phenotype* Found in both samples (F1 and F2)**

ke

Found either in F1 or F2** Absent in both samples’

(
CD4 505 (4.2 %) 148 (1,2 %) 119 (1 %)
cD8 282 (2.4 %) 29 (0,2 %) 32 (0.3 %)
Unknown 175 (1.5 %) 425 (3,6 %) 10212 (85.6 %)

Note. * — association with the subset of cytotoxic of helper T-cells based on the analysis of CD8* and CD4* samples’ repertoires; ** — percent of the total clonal
diversity of the studied subset; *** — the number of clonotypes detected only in the CD3*CD38*DR* subset.
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were relatively abundant in the total repertoire of the patient’s
T-cells (Fig. 2). Thus, of 100 most abundant clonotypes in total
repertoire only 45 were discovered in the CD3*CD38*HLA-DR*
subset (39 and 6 clonotypes from cytotoxic and helper T-cell
subsets, respectively).

The analysis of clonal overlap revealed that the majority of
CD3+*CD38*HLA-DR* T-lymphocytes in terms of clonal diversity
and clonal abundance were represented by the clones with low
abundance in the total T-cell pool. Low abundance of 90 % of
clonotypes results in the inability to detect them in the samples
of unfractionated peripheral T-cells at a standard depth of
analysis (a few millions of separate peripheral blood T-cells).

The structure of clonal repertoire of CD3*CD38*HLA-DR*
T-lymphocytes

Variable domain of TCRB largely or fully determines the
specificity of a T-lymphocyte clone to an antigen complexed
with an MHC molecule (main histocompatibility complex,
MHC) [18-20]. In our study, for analysis of clonal repertoire of
activated T-cells each clonotype was defined as a combination
of an amino acid sequence of a hypervariable CDR3 region and
a V-segment identifier, which is a component of a mature TCR
gene and determines the structure of the rest part of the beta-
chain variable domain.

The clonal repertoire of activated T-cells from peripheral
blood of the AS patient was relatively diverse; this diversity was
comparable to that of the total T-cell repertoire. Analysis of the
sequencing data demonstrated that majority of T-cells in the
subpopulation has a unique variant of a TCRp variable domain:
we reconstructed as many as 12,000 different clonotypes from
17,000 TCR cDNA molecules. Note that for the samples F1
and F2 representing the total T-cell population, we identified
about 550,000 unique clonotypes from 1 million sequences of
TCR cDNA molecules.

The distribution of clonal abundance of CD3*CD38*HLA-
DR* fraction was the same as in the total T-cell repertoire
(sample F1). The most abundant clonotype in the fraction
accounted for 0.27 % of the total T-cell population. Note that
the most abundant clonotype in the total T-cell repertoire
(sample F1) accounted for 1.6 % of all T-cells in the population.
Top 100 most abundant clonotypes of activated T-cells or total
repertoire accounted for 5.6 % of the CD3*CD38*HLA-DR*
subset or 9 % of the total repertoire, respectively. No significant
differences were observed between the sample F1 and the
CD3*CD38*HLA-DR* subset in terms of the abundance of
clonotypes having a specific V-segment in their TCRB gene
(those are clonotypes that presumably recognize peptides in
complex with same MHC molecule). Compared to the total
T-cell repertoire, there was a lack of enrichment of the activated
T-cell population in clonotypes with a specific structure of a
variable TCRP region.

26.3%
32%

*F1
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A search for AS-associated clonotypes

T-cells expressing activation markers are directly involved in the
immune response. This encourages us to hypothesize that the
repertoire of activated T-cell subpopulations might be enriched
with clonotypes associated with inflammation in patients with
active spondylitis. To profile the CD3*CD38*HLA-DR* subset,
we performed a search for the AS-associated clonotypes
that had been previously discovered in the peripheral blood
and synovial fluid of HLA-B*27 positive AS patients [3, 4]. The
search list included clonotypes observed in the synovial fluid
of at least two of three HLA-B*27 positive patients whose
repertoires had been characterized in our previous work [4].
This was necessary to minimize accidental and irrelevant
clonotype matches between the repertoires of two donors
and to focus on similar clonotypes found in inflamed joints of
different individuals. The search list included 1,913 clonotypes:
11 CDRS3 sequences constituting a motif associated with AS
(as reported by the two studies mentioned above) and 1,902
clonotypes found in the synovial fluid of patients with AS.

We found 32 identical amino acid sequence of a TCRpB
variable domain between 11,927 clonotypes coming from the
subset of activated T-lymphocytes and the clonotypes from our
list. The majority of shared clonotypes had low abundance in
the CD3+*CD38*HLA-DR* T-cell subset (Fig. 3).

Eight of these 32 clonotypes were not found in the T-cell
repertoires of peripheral blood samples from HLA-B*27 positive
healthy donors (data from [4]) (Table 2), suggesting the lack of
expansion of these clonotypes in healthy individuals [4, 21, 22].
One of those 8 clonotypes, TRBV9_CASSVGVYSTDTQYF_
TRBJ2-3, belongs to the group of 11 variations of the variable
TCR sequence that constitute the CDR3 motif associated with
AS. The motif was also previously found in the synovial fluid
of HLA-B*27 positive patients with reactive arthritis [5, 23]. In
our study this clonotype was associated with the CD8* T-cell
subset just like in three previously published works reporting its
presence in the samples of patients with spondyloarthropathies
(AS and reactive arthritis).

For two months after the first sampling the disease status of
the patient remained unchanged, and we profiled the repertoire
of his activated T-cell clones once again (time point 2). Using
flow cytometry, we obtained 16,000 CD3*CD8*CD38*HLA-
DR+ and 10,500 CD3+*CD8-CD38*HLA-DR* lymphocytes and
reconstructed 3,900 and 8,300 TCRP clonotypes, respectively.
The depth of analysis was comparable to that performed two
months before in terms of quantity of the identified clonotypes.
The subpopulations of the activated T-cell clones isolated at
time points 1 and 2 shared 3 % of clonotypes coming from
the cytotoxic and helper subsets in equal proportions: of 323
clonotypes of activated T-cells covered by the analysis at both
time points, 154 were associated with the CD8* phenotype,
136 — with the CD4* phenotype; the remaining 33 clonotypes

CD3+
CD38+
HLA-DR+

Fig. 1. Comparison of clonal composition of different T-cell subpopulations. Percent of the clonal diversity (shown in red) and percent of the T-cell repertoire (shown in
black) represented by clonotypes shared by two compared samples. *F1, *CD4, *CD8 are repertoires of F1, CD4, and CD8 samples, respectively, reconstructed on the
basis of 17, 523 randomly in silico selected TCR cDNA molecules (that equals to the number of TCR cDNA molecules covered by the analysis of the CD3*CD38*HLA-

DR* subset)
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were not attributed to any phenotype during the analysis at
time point 1.

In repertoire of CD8* activated T-lymphocytes in time point
2, we also found the clonotype TRBV9_CASSVGVYSTDTQYF_
TRBJ2-3 along with the three other clonotypes that had been
previously discovered in the synovial fluid of patients with AS but
not in the peripheral blood of healthy HLA-B*27 positive donors
(Table 2). The amino acid sequence of the variable TCRp region
of another clonotype discovered at time point 2 was highly
homologous to the published clonotypes associated with AS
due to the identical V-segment in the TCR gene sequence
and a similar sequence of a hypervariable CDR3 region. This
clonotype was observed in the repertoire of peripheral blood
lymphocytes in 40 % of patients with AS (n = 25) [4] and in
two of the three studied T- cell repertoires of the synovial fluid;
it was, however, absent in all blood samples of HLA-B*27
positive donors (n = 7) (Table 2).

DISCUSSION

Surface molecules CD38 and HLA-DR are markers that
discriminate activated T-cells, a subpopulation of T-lymphocytes
exerting their effector function during the immune response,
such as the response to viral invasion [24-27]. Increased
frequency of T-cells with the CD38*HLA-DR* phenotype was
shown in the peripheral blood of patients with autoimmune
inflamnmatory bowel diseases that often accompany
spondyloarthropathies and ankylosing spondylitis, in particular
[28]. According to the recent study of anti-cytokine treatment
effectiveness, unlike healthy donors, patients with AS have
higher frequency of cytotoxic HLA-DR* T-cells in their peripheral
blood; the study also demonstrates that the frequency of HLA-
DR* helper T-cells differ significantly between patients who
respond to treatment and those who do not [29]. Discovery
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Fig. 2. Distribution of the clonotypes identified in the CD3*CD38"HLA-DR* subset
depending on their abundance in the total repertoire (F1). The Y axis represents
the proportion of clonotypes in the studied subset relative to the total number of
clonotypes in the subset; the X axis represents the abundance of clonotypes in
the total repertoire of T-cells

of AS-associated T-cell clones with a highly homologous TCR
structure [3, 4] encourages research of clonal composition of
functionally different T-cell subsets in patients with AS that could
elucidate the role of T-cells in the disease. In our study we used
a state-of-the-art technique for cDNA library preparation and
sequencing data analysis, and pioneered the exploration of the
structure and clonal composition of the repertoire of activated
peripheral blood T-cells from patients with AS. Low probability
of clonal composition bias and quantitative assessment of
the abundance of each clonotype in a sample were important
features of the TCR repertoire profiling technology used for the
present study.

The analysis of clonotype abundance in the activated T-cell
subset and the total T-cell repertoire has revealed a unique
composition of the activated T-cell subpopulation: it is enriched
in clonotypes that cannot be detected in unfractionated
blood samples or in the subpopulations of CD8*- and CD4*
T-lymphocytes owing to their low abundance. A low degree of
overlap between the repertoires of activated T-cells obtained at
two different time points is probably the result of low abundance
of these clonotypes in peripheral blood.

The fact that the majority of clonotypes found in activated
T-cell subset had low abundance could be explained by
the enrichment of the fraction with clones participating in
inflanmation and normally localized at inflammation sites.
Komech et al. [4] report higher abundance in synovial fluid
compared to peripheral blood of patients with acute synovitis
for AS-associated clonotypes. However, at the given depth
of analysis achieved in our study, clonal diversity of the
activated T-cell subpopulation almost mirrors that of the total
T-cell repertoire in peripheral blood. We have not observed
prominent clonal expansions or enrichment in clonotypes with
a specific structure of a variable TCRB domain in the activated
T-cell subset. Using a recently created database of clonotypes
with well-characterized specificity to different MHC/peptide
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Table 2. Analysis of frequency in the peripheral blood and synovial fluid samples of patients with AS for the clonotypes identified in CD3*CD38*HLA-DR* subset

Amino acid sequence V-segment ngt:?r?:é, ;:otr:epsa%r;r?tfs Number of synovial fluid Associatefi** Sample
with AS™ (n = 25), % samples (n = 3) phenotype

CASSLGPGSYEQYF TRBV5-1 32.0 (8) 3 CD4 Time point 1
CASSVGVYSTDTQYF TRBV9 24.0 (6) 1 CD8 Time points 1 and 2 (CD8")
CASSSRGPYEQYF TRBV7-2 16.0 (4) 2 - Time point 1
CASSDYNEQFF TRBV2 16.0 (4) 2 CD4 Time point 1
CASSQEGQESDTQYF TRBV4-2 12.0 (3) 2 - Time point 1
CASSLGGRNNEQFF TRBV5-1 4.0 (1) 2 - Time point 1
CAWSLGVNQPQHF TRBV30 4.0 (1) 2 - Time point 1
CASSYSGGSGYTF TRBV6-5 0(0) 2 CD4 Time point 1
CASSVGGDYGYTF TRBV9 40.0 (10 2 CcD8 Time point 2 (CD8%)
CASSLGLSGANVLTF TRBV5-6 8.0 (2) 2 - Time point 2 (CD8%)
CASSQAGAYQETQYF TRBV4-2 0(0) 2 - Time point 2 (CD8")

Note. * — The list includes clonotypes of the CD3*CD38*HLA-DR* cell subset isolated from the peripheral blood of the patient that were not found in the repertoires
of healthy HLA-B*27 positive donors; ** — the number of peripheral blood samples of AS patients, where the clonotype was identified, is specified in brackets;

ek

complexes [30], we have found a few matches of a TCRf
amino acid sequence between clonotypes in the repertoire of
activated T-cell subset and clonotypes in the database, which
are specific to some immunogenic of influenza virus, CMV and
EBV. This suggests that T-lymphocytes found in the patient’s
peripheral blood expressing HLA-DR and CD38 activation
markers represent a subset of T-cells that actively participate in
the immune response against a broad range of antigens.

To search for the clonotypes associated with AS we used
T-cell repertoire data for the peripheral blood and synovial
fluid samples of healthy HLA-B*27-positive donors obtained
earlier using with the same technology for T-cell repertoire
reconstruction. After analysis of two repertoires of activated
T-cells obtained at different time points using different flow
cytometry gating strategies, we found 11 clonotypes that were
absent in the repertoires of healthy donors but observed in the
synovial fluid of at least two patients with AS. None of those 11
clonotypes was found in the repertoires of patients’ peripheral
blood. The presence of these clonotypes in the repertoires
of HLA-B*27 positive patients with AS and their absence in
healthy HLA-B*27 positive patients demonstrates their ability to
undergo selection in the thymus in the presence of HLA-B*27,
followed by the clonal expansion in patients but not in healthy
HLA-B*27 positive individuals [21].

Among the aforementioned 11 sequences of the variable
TCRB domain there was the TRBV9_CASSVGVYSTDTQYF_
TRBJ2-3 clonotype previously associated with AS based on
the recent studies of the T-cell clonal repertoire of the peripheral
blood [3] and synovial fluid [4] of patients with AS. An identical
clonotype was previously discovered in the synovial fluid of
HLA-B*27 positive patients with reactive arthritis [5, 23]. This
clonotype was associated with the subpopulation of cytotoxic
T-lymphocytes in the mentioned research works and in our
present study as well. Upon analyzing the clonal repertoire of
two independent samples of activated T-cells isolated from
the peripheral blood using different gating strategies at two
different time points, we managed to prove the long-term
presence of this clonotype in the activated T-cell subpopulation
of peripheral blood of the patient.
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— association with the subset of cytotoxic of helper T-cells based on the analysis of the repertoire of CD8* and CD4* samples.

The activated cytotoxic T-cell subset contained the
clonotype TRBV9_CASSVGGDYGYTF_TRBJ1-2 found in the
peripheral blood samples of 40 % of AS patients (n = 25) and
in two of three samples of synovial fluid from patients. A high
frequency of this clonotype in the synovial fluid and peripheral
blood of patients with AS, a certain degree of homology
of its variable TCRB domain to other clonotypes previously
discovered in patients with reactive arthritis and AS and its
absence in the peripheral blood of healthy HLA-B*27 positive
donors allow to suggest a possible role of this clonotype
in inflammation in ankylosing spondylitis. Besides, some
clonotypes from the helper subpopulation might also be linked
to AS, given the presence of a few CD4* clonotypes in the
repertoire of the activated T-cells that share the same structure
of the variable TCRB domain with the clonotypes of the CD4*
T-cell subset isolated from the synovial fluid of patients with
AS and considering the absence of these CD4* clonotypes the
peripheral blood of healthy HLA-B*27 positive donors.

CONCLUSIONS

We have performed for the first time a study of clonal repertoire
of a T-cell subset expressing activation markers HLA-DR
and CD38 from the peripheral blood of a patient with active
ankylosing spondylitis. Clonal repertoire of the subpopulation
was not highly oligoclonal and was enriched in clonotypes poorly
represented in the total T-cell repertoire. We have discovered a
number of clonotypes of cytotoxic and helper T-cells possibly
implicated in inflammation process in AS. Most importantly,
in the subpopulation of cytotoxic activated T-cells we have
identified a clonotype, which was previously associated with
AS in other recent studies. Expression of activation markers by
T-cells of the AS-associated clones suggests their active role in
inflaonmation. Further research is necessary to investigate the
clonal repertoire of functionally different T-cell populations and
to determine antigen specificity of the identified clonotypes,
which will facilitate our understanding of mechanisms
underlying AS initiation and development and help to design
specific treatment strategies for the disease.




ORIGINAL RESEARCH | IMMUNOLOGY

References

1.

10.

11.

12.

13.

14.

15.

16.

Brown MA, Kenna T, Wordsworth BP. Genetics of ankylosing
spondylitis — insights into pathogenesis. Nat Rev Rheumatol.
2016 Feb; 12 (2): 81-91. DOI: 10.1038/nrrheum.2015.133.
Benjamin R, Parham P. Guilt by association: HLA-B27 and
ankylosing spondylitis. Immunol Today. 1990 Apr; 11 (4): 137-42.
Faham M, Carlton V, Moorhead M, Zheng J, Klinger M, Pepin F
et al. Discovery of T-Cell Receptor Beta Motifs Specific to
HLA-B27(+) Ankylosing Spondylitis by Deep Repertoire Sequence
Analysis. Arthritis Rheumatol. 2017 Apr; 69 (4): 774-84. DOI:
10.1002/art.40028.

Komech EA, Pogorelyy MV, Egorov ES, Britanova OV,
Rebrikov DV, Bochkova AG et al. CD8+ T cells with characteristic
TCR beta motif are detected in blood and expanded in synovial
fluid of ankylosing spondylitis patients. Rheumatology (Oxford).
Forthcoming 2018.

Duchmann R, May E, Ackermann B, Goergen B, Meyer zum
Buschenfelde KH, Marker-Hermann E. HLA-B27-restricted
cytotoxic T lymphocyte responses to arthritogenic enterobacteria
or self-antigens are dominated by closely related TCRBV gene
segments. A study in patients with reactive arthritis. Scand J
Immunol. 1996 Jan; 43 (1): 101-8.

Dulphy N, Peyrat MA, Tieng V, Douay C, Rabian C, Tamouza R
et al. Common intra-articular T cell expansions in patients with
reactive arthritis: identical beta-chain junctional sequences and
cytotoxicity toward HLA-B27. J Immunol. 1999 Apr 1; 162 (7):
3830-9.

May E, Dulphy N, Frauendorf E, Duchmann R, Bowness P,
Lopez de Castro JA et al. Conserved TCR beta chain usage in
reactive arthritis; evidence for selection by a putative HLA-B27-
associated autoantigen. Tissue Antigens. 2002 Oct; 60 (4): 299—
308.

Kivioja T, Vaharautio A, Karlsson K, Bonke M, Enge M,
Linnarsson S et al. Counting absolute numbers of molecules
using unique molecular identifiers. Nat Methods. 2011 Nov 20; 9
(1): 72-4. DOI: 10.1038/nmeth.1778.

Mamedov [Z, Britanova OV, Zvyagin IV, Turchaninova MA,
Bolotin DA, Putintseva EV et al. Preparing unbiased T-cell
receptor and antibody cDNA libraries for the deep next generation
sequencing profiling. Front Immunol. 2013; 4: 456. Published
online 2013 Dec 23. DOI: 10.3389/fimmu.2013.00456.

Zvyagin IV, Mamedov [IZ, Tatarinova OV, Komech EA,
Kurnikova EE, Boyakova EV et al. Tracking T-cell immune
reconstitution after TCRaB/CD19-depleted hematopoietic cells
transplantation in children. Leukemia. 2017; (31): 1145-53. DOI:
10.1038/1eu.2016.321.

Shugay M, Britanova OV, Merzlyak EM, Turchaninova MA,
Mamedov IZ, Tuganbaev TR et al. Towards error-free profiling of
immune repertoires. Nat Methods. 2014 Jun; 11 (6): 653-5. DOI:
10.1038/nmeth.2960. Epub 2014 May 4.

Bolotin DA, Poslavsky S, Mitrophanov |, Shugay M, Mamedov IZ,
Putintseva EV et al. MiXCR: software for comprehensive adaptive
immunity profiling. Nat Methods. 2015 May; 12 (5): 380-1. DOI:
10.1038/nmeth.3364.

Britanova OV, Putintseva EV, Shugay M, Merzlyak EM,
Turchaninova MA, Staroverov DB et al. Age-related decrease
in TCR repertoire diversity measured with deep and normalized
sequence profiling. J Immunol. 2014 Mar 15; 192 (6): 2689-98.
DOI: 10.4049/jimmunol.1302064.

R Core Team. R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Vienna,
Austria. 2014. Available from: http://www.r-project.org/.

Bisset LR, Lung TL, Kaelin M, Ludwig E, Dubs RW. Reference
values for peripheral blood lymphocyte phenotypes applicable to
the healthy adult population in Switzerland. Eur J Haematol. 2004
Mar; 72 (3): 203-12. DOI: 10.1046/j.0902-4441.2003.00199.x.
Egorov ES, Merzlyak EM, Shelenkov AA, Britanova OV,
Sharonov GV, Staroverov DB et al. Quantitative Profiing of

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Immune Repertoires for Minor Lymphocyte Counts Using Unique
Molecular Identifiers. J Immunol. 2015 Jun 15; 194 (12): 6155-63.
DOI: 10.1049/jimmunol.1500215.

Qi Q, Liu'Y, Cheng Y, Glanville J, Zhang D, Lee JY et al. Diversity
and clonal selection in the human T-cell repertoire. Proc Natl
Acad Sci U S A. 2014 Sep 9; 111 (36): 13139-44. DOI: 10.1073/
pnas.1409155111.

Koning D, Costa Al, Hoof I, Miles JJ, Nanlohy NM, Ladell K et al.
CD8+ TCR repertoire formation is guided primarily by the peptide
component of the antigenic complex. J Immunol. 2013 Feb 1;
190 (8): 931-9. DOI: 10.4049/jimmunol.1202466.

Birbaum ME, Mendoza JL, Sethi DK, Dong S, Glanville J,
Dobbins J et al. Deconstructing the Peptide-MHC Specificity of
T Cell Recognition. Cell. 2014 May 22; 157 (5): 1073-87. DOI:
10.1016/j.cell.2014.03.047.

Zvyagin IV, Pogorelyy MV, Ivanova ME, Komech EA, Shugay M,
Bolotin DA et al. Distinctive properties of identical twins’ TCR
repertoires revealed by high-throughput sequencing. Proc Natl
Acad Sci U S A. 2014 Apr 22; 111 (16): 5980-5. DOI: 10.1073/
pnas.1319389111.

Elhanati Y, Murugan A, Callan CG, Mora T, Walczak AM.
Quantifying selection in immune receptor repertoires. Proc Natl
Acad Sci U S A. 2014 Jul 8; 111 (27): 9875-80. DOI: 10.1073/
pnas.1409572111.

Pogorelyy MV, Minervina AA, Chudakov DM, Mamedov IZ,
Lebedev YB, Mora T et al. Method for identification of condition-
associated public antigen receptor sequences. BioRxiv 195057.
DOI: 10.1101/195057.

Dulphy N, Peyrat MA, Tieng V, Douay C, Rabian C, Tamouza R
et al. Common intra-articular T cell expansions in patients with
reactive arthritis: identical beta-chain junctional sequences and
cytotoxicity toward HLA-B27. J Immunol. 1999 Apr 1; 162 (7):
3830-39.

Akondy RS, Monson ND, Miller JD, Edupuganti S, Teuwen D,
Wu H et al. The yellow fever virus vaccine induces a broad
and polyfunctional human memory CD8+ T cell response. J
Immunol. 2009 Dec 15; 183 (12): 7919-30. DOI: 10.4049/
jimmunol.08039003.

Meditz AL, Haas MK, Folkvord JM, Melander K, Young R,
McCarter M et al. HLA-DR+ CD38+ CD4+ T Lymphocytes Have
Elevated CCR5 Expression and Produce the Majority of R5-Tropic
HIV-1 RNA In Vivo. J Virol. 2011 Oct; 85 (19): 10189-200. DOI:
10.1128/JVI1.02529-10. Epub 2011 Aug 3.

Blom K, Braun M, Ivarsson MA, Gonzalez VD, Falconer K, Moll M
et al. Temporal dynamics of the primary human T cell response
to yellow fever virus 17D as it matures from an effector- to a
memory-type response. J Immunol. 2013 Mar 1; 190 (5): 2150-8.
DOI: 10.4049/jimmunol.1202234.

Blom K, Braun M, Pakalniene J, Dailidyte L, Béziat V, Lampen MH
et al. Specificity and dynamics of effector and memory CD8 T cell
responses in human tick-borne encephalitis virus infection. PLoS
Pathog. 2015 Jan 22; 11 (1): e1004622. DOI: 10.1371/journal.
ppat.1004622.

Funderburg NT, Stubblefield Park SR, Sung HC, Hardy G,
Clagett B, Ignatz-Hoover J et al. Circulating CD4(+) and CD8(+)
T cells are activated in inflammatory bowel disease and are
associated with plasma markers of inflammation. Immunology.
2013 Sep; 140 (1): 87-97. DOI: 10.1111/imm.12114.

Dulic S, Vasarhelyi Z, Bajnok A, Szalay B, Toldi G, Kovacs L et
al. The Impact of Anti-TNF Therapy on CD4+ and CD8+ Cell
Subsets in Ankylosing Spondylitis. Pathobiology. 2017 Dec 6.
DOI: 10.1159/000484250. [Epub ahead of print.]

Shugay M, Bagaev DV, Zvyagin IV, Vroomans RM, Crawford JC,
Dolton G et al. VDJdb: a curated database of T-cell receptor
sequences with known antigen specificity. Nucleic Acids Res.
2018 Jan 4; 46 (D1): D419-D427. DOI: 10.1093/nar/gkx760.

BULLETIN OF RSMU | 1, 2018 | VESTNIKRGMU.RU



OPUTMHAJIbHOE UCCJIEQOBAHNE | UMMYHOIJIOI MA

Jlutepatypa

1.

10.

11.

12.

13.

14.

15.

16.

Brown MA, Kenna T, Wordsworth BP. Genetics of ankylosing
spondylitis — insights into pathogenesis. Nat Rev Rheumatol.
2016 Feb; 12 (2): 81-91. DOI: 10.1038/nrrheum.2015.133.
Benjamin R, Parham P. Guilt by association: HLA-B27 and
ankylosing spondylitis. Immunol Today. 1990 Apr; 11 (4): 137-42.
Faham M, Carlton V, Moorhead M, Zheng J, Klinger M, Pepin F
et al. Discovery of T-Cell Receptor Beta Motifs Specific to
HLA-B27(+) Ankylosing Spondylitis by Deep Repertoire Sequence
Analysis. Arthritis Rheumatol. 2017 Apr; 69 (4): 774-84. DOI:
10.1002/art.40028.

Komech EA, Pogorelyy MV, Egorov ES, Britanova OV,
Rebrikov DV, Bochkova AG et al. CD8+ T cells with characteristic
TCR beta motif are detected in blood and expanded in synovial
fluid of ankylosing spondylitis patients. Rheumatology (Oxford).
Forthcoming 2018.

Duchmann R, May E, Ackermann B, Goergen B, Meyer zum
Buschenfelde KH, Marker-Hermann E. HLA-B27-restricted
cytotoxic T lymphocyte responses to arthritogenic enterobacteria
or self-antigens are dominated by closely related TCRBV gene
segments. A study in patients with reactive arthritis. Scand J
Immunol. 1996 Jan; 43 (1): 101-8.

Dulphy N, Peyrat MA, Tieng V, Douay C, Rabian C, Tamouza R
et al. Common intra-articular T cell expansions in patients with
reactive arthritis: identical beta-chain junctional sequences and
cytotoxicity toward HLA-B27. J Immunol. 1999 Apr 1; 162 (7):
3830-9.

May E, Dulphy N, Frauendorf E, Duchmann R, Bowness P,
Lopez de Castro JA et al. Conserved TCR beta chain usage in
reactive arthritis; evidence for selection by a putative HLA-B27-
associated autoantigen. Tissue Antigens. 2002 Oct; 60 (4): 299—
308.

Kivioja T, Vaharautio A, Karlsson K, Bonke M, Enge M,
Linnarsson S et al. Counting absolute numbers of molecules
using unique molecular identifiers. Nat Methods. 2011 Nov 20; 9
(1): 72-4. DOI: 10.1038/nmeth.1778.

Mamedov [Z, Britanova OV, Zvyagin IV, Turchaninova MA,
Bolotin DA, Putintseva EV et al. Preparing unbiased T-cell
receptor and antibody cDNA libraries for the deep next generation
sequencing profiling. Front Immunol. 2013; 4: 456. Published
online 2013 Dec 23. DOI: 10.3389/fimmu.2013.00456.

Zvyagin IV, Mamedov [Z, Tatarinova OV, Komech EA,
Kurnikova EE, Boyakova EV et al. Tracking T-cell immune
reconstitution after TCRaf/CD19-depleted hematopoietic cells
transplantation in children. Leukemia. 2017; (31): 1145-53. DOI:
10.1038/1eu.2016.321.

Shugay M, Britanova OV, Merzlyak EM, Turchaninova MA,
Mamedov IZ, Tuganbaev TR et al. Towards error-free profiling of
immune repertoires. Nat Methods. 2014 Jun; 11 (6): 653-5. DOI:
10.1038/nmeth.2960. Epub 2014 May 4.

Bolotin DA, Poslavsky S, Mitrophanov |, Shugay M, Mamedov IZ,
Putintseva EV et al. MiXCR: software for comprehensive adaptive
immunity profiling. Nat Methods. 2015 May; 12 (5): 380-1. DOI:
10.1038/nmeth.3364.

Britanova OV, Putintseva EV, Shugay M, Merzlyak EM,
Turchaninova MA, Staroverov DB et al. Age-related decrease
in TCR repertoire diversity measured with deep and normalized
sequence profiling. J Immunol. 2014 Mar 15; 192 (6): 2689-98.
DOI: 10.4049/jimmunol.1302064.

R Core Team. R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Vienna,
Austria. 2014. Available from: http://www.r-project.org/.

Bisset LR, Lung TL, Kaelin M, Ludwig E, Dubs RW. Reference
values for peripheral blood lymphocyte phenotypes applicable to
the healthy adult population in Switzerland. Eur J Haematol. 2004
Mar; 72 (3): 203-12. DOI: 10.1046/].0902-4441.2003.00199.x.
Egorov ES, Merzlyak EM, Shelenkov AA, Britanova OV,
Sharonov GV, Staroverov DB et al. Quantitative Profiing of

BULLETIN OF RSMU | 1, 2018 | VESTNIKRGMU.RU

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Immune Repertoires for Minor Lymphocyte Counts Using Unique
Molecular Identifiers. J Immunol. 2015 Jun 15; 194 (12): 6155-63.
DOI: 10.1049/jimmunol.1500215.

Qi Q, Liu'Y, Cheng Y, Glanville J, Zhang D, Lee JY et al. Diversity
and clonal selection in the human T-cell repertoire. Proc Natl
Acad Sci U S A. 2014 Sep 9; 111 (36): 13139-44. DOI: 10.1073/
pnas.1409155111.

Koning D, Costa Al, Hoof |, Miles JJ, Nanlohy NM, Ladell K et al.
CD8+ TCR repertoire formation is guided primarily by the peptide
component of the antigenic complex. J Immunol. 2013 Feb 1;
190 (3): 931-9. DOI: 10.4049/jimmunol.1202466.

Birnbaum ME, Mendoza JL, Sethi DK, Dong S, Glanvile J,
Dobbins J et al. Deconstructing the Peptide-MHC Specificity of
T Cell Recognition. Cell. 2014 May 22; 157 (5): 1073-87. DOI:
10.1016/j.cell.2014.03.047.

Zvyagin IV, Pogorelyy MV, Ivanova ME, Komech EA, Shugay M,
Bolotin DA et al. Distinctive properties of identical twins’ TCR
repertoires revealed by high-throughput sequencing. Proc Natl
Acad Sci U S A. 2014 Apr 22; 111 (16): 5980-5. DOI: 10.1073/
pnas.1319389111.

Elhanati Y, Murugan A, Callan CG, Mora T, Walczak AM.
Quantifying selection in immune receptor repertoires. Proc Natl
Acad Sci U S A. 2014 Jul 8; 111 (27): 9875-80. DOI: 10.1073/
pnas.1409572111.

Pogorelyy MV, Minervina AA, Chudakov DM, Mamedov [Z,
Lebedev YB, Mora T et al. Method for identification of condition-
associated public antigen receptor sequences. BioRxiv 195057.
DOI: 10.1101/195057.

Dulphy N, Peyrat MA, Tieng V, Douay C, Rabian C, Tamouza R
et al. Common intra-articular T cell expansions in patients with
reactive arthritis: identical beta-chain junctional sequences and
cytotoxicity toward HLA-B27. J Immunol. 1999 Apr 1; 162 (7):
3830-39.

Akondy RS, Monson ND, Miller JD, Edupuganti S, Teuwen D,
Wu H et al. The yellow fever virus vaccine induces a broad
and polyfunctional human memory CD8+ T cell response. J
Immunol. 2009 Dec 15; 183 (12): 7919-30. DOI: 10.4049/
jimmunol.08039003.

Meditz AL, Haas MK, Folkvord JM, Melander K, Young R,
McCarter M et al. HLA-DR+ CD38+ CD4+ T Lymphocytes Have
Elevated CCR5 Expression and Produce the Majority of R5-Tropic
HIV-1 RNA In Vivo. J Virol. 2011 Oct; 85 (19): 10189-200. DOI:
10.1128/JVI1.02529-10. Epub 2011 Aug 3.

Blom K, Braun M, Ivarsson MA, Gonzalez VD, Falconer K, Moll M
et al. Temporal dynamics of the primary human T cell response
to yellow fever virus 17D as it matures from an effector- to a
memory-type response. J Immunol. 2013 Mar 1; 190 (5): 2150-8.
DOI: 10.4049/jimmunol.1202234.

Blom K, Braun M, Pakalniene J, Dailidyte L, Béziat V, Lampen MH
et al. Specificity and dynamics of effector and memory CD8 T cell
responses in human tick-borne encephalitis virus infection. PLoS
Pathog. 2015 Jan 22; 11 (1): e1004622. DOI: 10.1371/journal.
ppat.1004622.

Funderburg NT, Stubblefield Park SR, Sung HC, Hardy G,
Clagett B, Ignatz-Hoover J et al. Circulating CD4(+) and CD8(+)
T cells are activated in inflammatory bowel disease and are
associated with plasma markers of inflammation. Immunology.
2013 Sep; 140 (1): 87-97. DOI: 10.1111/imm.12114.

Dulic S, Vasarhelyi Z, Bajnok A, Szalay B, Toldi G, Kovacs L et
al. The Impact of Anti-TNF Therapy on CD4+ and CD8+ Cell
Subsets in Ankylosing Spondylitis. Pathobiology. 2017 Dec 6.
DOI: 10.1159/000484250. [Epub ahead of print.]

Shugay M, Bagaev DV, Zvyagin IV, Vroomans RM, Crawford JC,
Dolton G et al. VDJdb: a curated database of T-cell receptor
sequences with known antigen specificity. Nucleic Acids Res.
2018 Jan 4; 46 (D1): D419-D427. DOI: 10.1093/nar/gkx760.




ORIGINAL RESEARCH | BIOMEDICINE

OBSERVING THE DYNAMICS OF THE NAD* TO NADH RATIO IN DANIO
RERIO EMBRYO TISSUES USING A GENETICALLY ENCODED BIOSENSOR

Bilan DS'?, Shokhina AG', Panova AS'?, Belousov VVW'? &
"Laboratory of Molecular Technologies,
Shemyakin—Ovchinnikov Institute of Bioorganic Chemistry, RAS, Moscow, Russia

2Department of Brain-Machine Interfaces, Research Institute of Translational Medicine,
Pirogov Russian National Research Medical University, Moscow, Russia

3 Department of Biochemistry, Faculty of Biology,
Lomonosov Moscow State University, Moscow, Russia

The zebrafish Danio rerio is a popular model species for biomedical research focusing on modeling human diseases and screening
of therapeutic drugs. Genetically encoded biosensors based on fluorescent proteins are widely used in many laboratories
worldwide to study the biology of living systems of various complexity in vivo. The main advantage of these molecular tools is
that they allow observing biological processes in intact systems in real time. In the present work we study the dynamics of the
intracellular ratio of NAD* to NADP in the yolk sac and tissues of D. rerio larvae using the SoNar biosensor following the injection
of glycolisis end products, lactate and pyruvate.

Keywords: genetically encoded biosensors, Danio rerio, pyruvate, lactate

Funding: this work was supported by the Russian Foundation for Basic Research (Grant 16-34-60175) and the Russian Federation Presidential Grant MK-
6339.2016.4. Experiments were partially carried out using the equipment provided by the IBCH core facility (CKP IBCH, supported by Russian Ministry of
Education and Science, grant RFMEFI62117X0018).

<] Correspondence should be addressed: Vsevolod Belousov
ul. Miklukho-Maklaya, d. 16/10, Moscow, Russia, 117997; belousov@ibch.ru
Recieved: 05.12.2017 Accepted: 25.12.2017

DOI: 10.24075/brsmu.2018.005

PErMCTPALUNA OUHAMNKN COOTHOLUEHNA HAQ/HAOH B TKAHAX
AMBPUOHOB Pbib DANIO RERIO C NMOMOLLIbIO TEHETUHECKN
KOONPYEMOIO BUOCEHCOPA

. C. bunaH'?, A. T. LLoxuHa', A. C. MNaHoea'®, B. B. Benoycos'? =
" NabopaTopuist MONEKYNAPHBIX TEXHONOI A,
VIHCTUTYT B1o0opraHn4eckomn xummm nmenn akagemrkos M. M. LemskmHa n HO. A. OBumHHMKoBa PAH, MockBa

20Then Herpo-KoMMbIOTEPHBIX MHTepdecoB, HI TpaHCSLMOHHOM MEAULHDI,
Poccunircknin HaumoHanbHbI CCnefoBaTensCKii MEAULIMHCKUIN yHMBepcuTeT umenn H. . Muporosa, Mockea

3 Kadhegpa broxmmmn, GUONOrMHecKmin dhakynsTer,
MoCKOBCKMIN rocyAapCTBEHHbI yHMBEPCUTET MMeHn M. B. JlomoHocosa, Mockea

Pbiba Danio rerio 9BnsieTcst NonynspHbIM MOAENbHbIM O6BEKTOM BO MHOMX MEANKO-ONONOMMHECKNX UCCNEAOBaHNSX, B TOM
4qmMcne ons MOAeNMpPOBaHNSA YeNOBEYECKMX 3a00MEBaHUN U CKPUHMHIA NIEKAPCTBEHHbIX MpenapaTtoB. [eHeTUYeCKM Kogmpye-
Mble B1OCEHCOPbI Ha 6ase hnyopPeCLEHTHbIX 6EKOB LLNPOKO MCMOMBb3YHOTCS BO BCEM MUPE AN UCCNEA0BaHNIA CNOXKHbIX OU1O-
JIOMMHECKMX MPOLIECCOB B »KMBbIX CUCTEMAX NIOBOr0 YPOBHS CIOXHOCTY in Vivo. [MaBHOE NPEeVMYLLIECTBO TakX MONMEKYISPHbIX
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The zebrafish Danio rerio is a popular model species for in
vivo biomedical research. It has a few advantages over other
lab animals: fish are prolific breeders that require little upkeep
and develop rapidly. Due to their optical clarity, Danio rerio
embryos are a good object for microscopy. Besides, this fish’s
genome is very well studied and hence easy to manipulate.
Therefore, D. rerio are often used to study gene functions

and developmental biology of vertebrates. Because cell
biochemistry and functional activity of proteins in D. rerio
resemble those of mammals, this species is used for modeling
human diseases, testing toxicity of chemical compounds in
preclinical trials, and in therapeutic drug screening.

In the last few years D. rerio has been successfully exploited
as a model organism to study acute lymphoblastic leukemia
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[1-3], melanoma [4, 5], muscular dystrophy [6], diabetes
mellitus [7], pathological conditions of the heart [8-10], kidneys
[11, 12], and central nervous system [13, 14], including brain
ischemia [15, 16]. Such vertebrate models are handy when it
comes to investigating effects of various chemical compounds
on the organism in health and pathology. The easiest way to
administer a compound of interest to the fish is to add it into
the water in the tank: the chemical will enter the fish’'s
bloodstream through the gills. The majority of experiments
are carried out in larval fish, though, meaning that drugs
are normally injected straight into the yolk sac. This method
of drug delivery can be employed to assess cardiotoxicity
of aspirin, clomipramine, nimodipine, varapamil and some
others medications [17, 18]. Larval fish are also used to study
metabolites that are part of normal mammalian biochemistry.
For example, in one of the experiments excess amounts of
glucose were administered to fish embryos via injections to
describe expression profiles of genes involved in carbohydrate
metabolism [19]. It is also possible to infect D. rerio larvae with
injections of bacterial cells to observe how infection progresses
[20-22] or even mammalian cells to study tumor growth
[23, 24].

Genetically encoded biosensors based on fluorescent
proteins have taken in vivo studies of physiology and pathology
to a new level. Each biosensor is a chimeric protein molecule
consisting, as a rule, of a sensing moiety and a fluorescent
domain. The sensor domain detects changes in the surrounding
environment, such as fluctuations in the intracellular
concentrations of a studied compound. The fluorescent
component “reports” interactions between the sensing domain
and the compound of interest, and the obtained signal is then
interpreted. Such biosensors are encoded by a gene that can
be incorporated into any living organism. What is important
is that this approach can be used in real-time imaging of
biochemical processes in a living organism [25]. Oftentimes
genetically encoded biosensors are the only available tool for
looking into complex biological events. Fluorescent biosensors
have been extensively used in model D. rerio species to
study embryogenesis [26], inflammation [27], and organ
regeneration [28].

In this work we have pioneered the use of the genetically
encoded biosensor SoNar [29] as a tool for monitoring the
redox state of nicotinamide adenine dinucleotide (NAD) in the
cytoplasm of D. rerio tissues. The ratio of its oxidized to reduced
forms (NAD*/NADH) is critical not only for cell metabolism but
also for the regulation of many signaling cascades [30-32]. We
have found out that the NAD*/NADH ratio changes both in the
yolk sac and body of a D. rerio embryo following lactate and
pyruvate injections.

The SoNar biosensor [29] is based on the bacterial protein
T-Rex of Thermus aquaticus that regulates transcription of a
few enzymes in response to fluctuations in the intracellular
NAD*/NADH ratio. One of the biosensor’s components is the
fluorescent protein cpYFP integrated into the mobile region of
T-Rex. Conformational changes accompanying the binding
of T-Rex to NAD* or NADH are propagated to the fluorescent
protein affecting its spectral properties (Fig.1). SoNar
fluorescence excitation spectrum typically has two peaks at
420 and 490 nm; the sensor emission peak is at 518 nm. The
signal is calculated as a ratio of fluorescence intensities excited
at 420 nm and 490 nm (F,,/F,.) [29]. Thus, the signal is
ratiometric, which is particularly important for in vivo research,
as it helps to avoid artifacts related to different expression levels
of the sensor in different cells, motion, changes of the object’s
shape or tissue thickness.
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METHODS

AB/TL Danio rerio fish were kept in a specially equipped room
at 26.5 °C under 12:12 light conditions. The experiments were
conducted in compliance with the Declaration of Helsinki.
To obtain progeny, parent fish were paired in separate tanks
containing 500 ml of E3 medium 4 hours before the lights went
out. Eggs were collected when the lights were turned back on.

In our experiment we used SoNar [29] and SypHer-2
[33] biosensors. To obtain larval D.rerio fish expressing these
biosensors in their tissues, we synthesized biosensor mRNA
in vitro using the commercial mMessage mMachine SP6
Transcription kit (Ambion, USA). Then 1 nl of 0.1 pg/pul mRNA
was injected into the yolk sac of single-cell fish embryos
using Eppendorf Microinjector 5242. The treated fish were
kept in Petri dishes at 26.5 °C under standard 12:12 light
conditions. Twenty four hours after the injection, the embryos
were examined under the fluorescence microscope to select
those that were fluorescent. Before microscopy the embryos
were manually stripped of chorions, immobilized in 0.02 %
tricaine solution and mounted in a drop of 1.5 % low-melting
point agarose. One nl of 200 MM sodium lactate and sodium
pyruvate solutions was injected in the yolk sac of each
immobilized embryo. Prior to the injections of metabolites,
biosensor signals were recorded in the yolk sac and body of
each larval fish.

Microscopy was performed using the wide field fluorescence
microscope Leica DM6000 (Leica, Germany), equipped with
the HC PL FLUOTAR 10.0"0.30 DRY lens. Fluorescence
was excited using excitation filters CFP BP436/20 and GFP
BP470/40. Frame rate was 1 frame per minute. Images were
processed in Imaged (NIH). Graphs showing the dynamics of
sensor signals were constructed using OriginPro 8.6 (OriginLab,
USA). The same software was used to process data obtained
at each time point.

RESULTS
We have tested the use of the genetically encoded sensor
SoNar [29] in monitoring the NAD*/NADH ratio in D. rerio

tissues. Briefly, we synthesized biosensor mRNA and injected
it into the yolk sac of single-cell fish embryos. Twenty four

Relative fluorescence intensity

control A S

420 nm 500 nm

Fluorescence excitation

Fig. 1. Fluorescence excitation spectrum of the SoNar protein-based biosensor
with two typical peaks at 420 nm and 490 nm. When NADH is added,
fluorescence intensity increases at 420 nm and weakens at 490 nm. When NAD*
is added, signal intensity increases at 490 nm. The SoNar biosensor has one
emission peak with emission maximum at 518 nm
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hours after the injection we selected fluorescent embryos for  tissues. This initial value was taken as 1. After the injection,
further microscopy. SoNar fluorescence was recorded in two  the fish were quickly put under the microscope and imaging
independent channels; fluorescence excitation wavelengths in ~ was resumed with the same settings. Embryos injected
each channel matched the two peaks of SoNar’s fluorescence  with lactate demonstrated an increase in the F,,/F, . ratio,
excitation spectrum (Fig. 1). We obtained two images of each  indicating reduction of the NAD pool (Fig. 2, B). Similar signal
fish embryo at 420 nm (F,, ) and 490 nm (F,, ) excitation. Using  dynamics observed in different parts of the embryo’s body can
Imaged we divided the images by one another; the resulting  be explained by rapid delivery of the metabolites from the yolk
image was then painted in pseudocolors corresponding to  sac to other organs. The signal reached its maximum 5 min
the values of the F,,/F,, ratio (Fig. 2, A, D). Again, using  after the injection, gradually losing its intensity for the next 30
Imaged we selected a few zones on the embryo’s body and  min until it finally reached its initial value, while lactate was being
made further calculations. Graphs showing the dynamics of the  metabolized by cellular organelles. We expected to see an
F .o/ Fatio were constructed in OriginPro 8.6. opposite effect with pyruvate. But the F,, /F . ratio decreased
To monitor the dynamics of the NAD*/NADH ratio in the  only in the yolk sac and even slightly increased in the embryo’s
embryo tissues of D. rerio using the SoNar biosensor, we  body (Fig. 2, E). It means that small doses of pyruvate trigger
injected sodium lactate and pyruvate into the embryos. It is  different redox events in the intracellular NAD pool: oxidation in
well known that the lactate/pyruvate pair is in equilibrium with  the yolk sac and reduction in the embryo’s body.
free cytoplasmic NAD*/NADH owing to the reaction catalyzed Lactate or pyruvate transport into the cells can happen
by lactate dehydrogenase [34, 35]. Bearing that in mind, we  against the background of changing pH because it occurs in
injected 1 nl of 200 mM sodium lactate solution in the yolk sac ~ symport with H* [36, 37]. The specific chromophore structure
of 10 embryos and 1 nl of 200 mM sodium pyruvate solutionin -~ makes fluorescent proteins sensitive to pH fluctuations [38]. To
the yolk sac of another 11 embryos. Prior to the injections, we  assess a possible effect of pH on the SoNar signal intensity,

recorded the signal emitted by the biosensor in the untreated  we used SypHer2 previously developed in our lab as a control

@) Lactate D) Pyruvate

SoNar:

After the injection of 1 nl SoNar:  agter the injection of 1 nl
200 mM lactate solution

Before the injection Before the injection

200 mM pyruvate solution

§ Max

Min

F420/F490

(C) Time, min (F)
1,11 ‘ 131
1,04 TllT 1,2
SypHer2: g SypHer2: ! _J
1,0
3 8
& 0,8 g 0,9
% S 0sl
2079 +200 mM sodium lactate gos
. * o7
0,64 0,6
%1 JM o
ssasesiset 04
0,4 T T T T T T T T 1 T T T T T T T T
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40
Time, min Time, min

the body of a

Signal dynamics in =~ —e— D.rerio embryo

—v— the yolk sac of a D.rerio embryd

Fig. 2. Changes in the NAD+/NADH ratio and pH in the tissues of one-day old D. rerio embryos before and after pyruvate and lactate injections into the yolk sac.
(A and D) Images of a D. rerio embryo body before and after injections of 1 nl 200 mM lactate (A) and pyruvate (D) solutions. Images are shown in pseudo-colors
corresponding to the SoNar signal values (F,,/F,.). Zones 1 and 2 circled in white in the first picture indicate regions on the embryo’s body where F,, /F, . fluctuations
were registered. These regions were the same for all inspected fish. (B and E) Changes in the NAD*/NADH ratio measured using the SoNar biosensor in the yolk sac
(red line) and body (black line) of the D. rerio embryo before and after injections of lactate (B) and pyruvate (E) solutions. (C and F) Changes in pH registered using the
SypHer2 in the yolk sac (red line) and body (black line) of a D. rerio embryo before and after injections of lactate (C) and pyruvate (F). For all graphs (B, C, E, F) the error
bar corresponds to the standard deviation. Graph (C) was constructed based on the imaging of 10 fish. Graph (E) — based on the imaging of 11 fish. Graphs (C) and
(F) — based on the imaging of 6 animals (per graph)
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biosensor [33]. We synthesized SypHer2 mRNA and conducted
the same series of experiments as with SoNar. Lactate and
pyruvate injections did not induce any changes in pH in the
embryos’ bodies. Injected into the yolk sac, both metabolites
caused a slight and slow increase in pH in this tissue which
lasted for 20 min following the injection (Fig. 2, C, F).

DISCUSSION

Our findings lead us to conclude that the genetically encoded
biosensor SoNar developed to record NAD*/NADH fluctuations
can be successfully used in the experiments involving D. rerio
model species. The NAD*/NADH ratio is an important biological
parameter that can be significantly affected by pathology. A fish
that expresses the SoNar biosensor in its tissues or cells can
be effectively used as a model organism to assess the impact
of different compounds on the NAD*/NADH ratio and therefore
on disease progression.

We have found out that lactate injections in the yolk sac
cause significant simultaneous reduction of the NAD pool in all
tissues of the fish. However, pyruvate injections induce NAD
oxidation only in the yolk sac; moreover, they cause slight
reduction in the embryo’s body. One of the recent works studied
the role of redox processes in embryogenesis using the D. rerio
model to reveal that massive oxidation starts at gastrulation
and goes on to subside when the fish is three days old. That
work demonstrates that oxidative stress plays a key role in the
development of some organs in the course of embryogenesis
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Bioluminescence is chemical oxidation of a small luciferin molecule by air catalyzed by luciferase and accompanied by the
emission of photons in the visible spectrum. This reaction is used in bioluminescent bioimaging, the method for the visualization
of organism’s interior. Bioimaging is a popular tool used in medical research. However, it has an unfortunate drawback: it requires
introduction of external luciferin to the system before every experiment. In this work we discuss a possibility of developing an
autonomous luminescent system in eukaryotes based on the bioluminescent system of higher fungi.
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BUONOMUHECLIEHLIMA — 3TO XUMMHECKOE OKUCTIEHNE HeBOMbLLION MOSEKySbl MoLmbepHa KUCIOPOAOM BO3ayxa nogd, Aevi-
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There are thousands of species capable of emitting light.
They are referred to as bioluminescent. The majority of them
inhabits the depths of the world’s seas and oceans, but some
glowing species such as insects, worms and fungi can also
be found above the water surface. Bioluminescence is a result
of luciferase-catalyzed oxidation of a small luciferin molecule
by air, accompanied by the emission of a photon in the
visible spectrum. This reaction has inspired the development
of bioluminescence imaging aimed to visualize processes
happening inside the living organism. Bioluminescence imaging
has found its way into medical research, including cancer
research and development of anticancer drugs. In the last few
years this method has become increasingly popular due to its
unsurpassed sensitivity in producing accurate images of the
interior of living organisms, down to the level of a single cell.
The number of unique luciferin-luciferase pairs occurring in
nature is estimated to be as high as 40 [1]. However, in spite of

such variety, only a few well-studied bioluminescent systems
are currently applied in medical science, including firefly
D-luciferin, bacterial and coelenterazine systems. For each
type of a luciferin there are a few “complementary” luciferases
found in different organisms. For example, for D-luciferin as
many as 30 natural luciferases are known, while coelenterazine
is “complementary” to 15 luciferases and 8 photoproteins,
i.e. stable substrate/protein complexes [2]. Once we know
the exact luciferase amino acid sequence, we can insert the
gene for this enzyme into another organism’s genome and
stimulate its expression in it. Introduction of external luciferin
into this system will cause the cells to glow. In turn, the
emitted light can be registered and subsequently analyzed.
Bioimaging is possible not only with cells and tissues but also
with cell organelles and for cell-cell/protein-protein interactions.
Because different types of luciferins, their functional analogs
and luciferases (both natural and synthetic) can be used in
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parallel, bioluminescence becomes an amazingly powerful tool
laying the basis for multicolor imaging [3-6].

Bioluminescence in medicine

Firefly D-luciferin is the most popular substrate used in
medical research. To react with luciferase, it needs adenosine
triphosphate (ATP). Therefore, a bioluminescence signal can be
obtained only in the presence of ATP. Obviously, this means that
bioluminescence can be employed to accurately measure ATP
concentrations. Because ATP is a universal energy carrier, its
levels characterize cell's metabolic potential and may be used
to assess cytotoxicity of various drugs or their impact on cell
proliferation [7]. In turn, bacterial luminescent systems strongly
rely on the presence of such cofactors as flavin mononucleotide
(FMN) and nicotinamide adenine dinucleotide hydride (NADH).
This property is exploited by bioluminescence-based analytical
methods developed to assay NAD(P)H, dehydrogenases and
various metabolites, like malate, sorbitol and ethanol, whose
oxidation is accompanied by the reduction of NAD* to NADH.
Used in combination, the firefly and bacterial luminescent
systems become a tool for constructing metabolic maps of
tumor tissues facilitating discovery of novel approaches to
cancer therapy [8-10].

Indeed, the most accurate picture of cancer progression can
be obtained using in vivo models. MRI, PET, radiography and
similar imaging methods afford to investigate metastasis and
angiogenesis of tumors as well as their respond to treatment,
especially when it comes to deep tissues. But bioluminescent
imaging is preferable to standard methods due to its high
sensitivity; 3D-imaging is also possible [11].

Non-invasive imaging techniques normally employ
luciferases of Photinus pyralis and Pyrophorus plagiophtalamus
(for D-luciferin) and luciferases of Renilla reniformis and Gaussia
princeps (for coelenterazine). Recently, the small NanolLuc
luciferase has become increasingly popular; it is applied
with synthetic luciferin called furimazine [12]. Luciferases
are sometimes conjugated to fluorescent proteins and
quantum dots to shift the signal to longer wavelenghthusing
bioluminescence resonance energy transfer (BRET); this
technique is applied to obtain images of deep tissues [13, 14].

The phenomenon of bioluminescence is also used in
quantum dot-based photodynamic therapy of tumors. A
photosensitizer with a powerful cytotoxic effect on cancer cells
is delivered to tumors residing in deep tissues where it can
be activated using BRET by photons emitted from a luciferase
[15, 16].
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A schematic of luciferin biosynthesis in luminescent higher fungi
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Luminescent system of higher fungi is a new alternative

An unfortunate disadvantage of luminescent systems used
for bioimaging in cancer research is their dependence on
luciferin from external sources that needs to be added before
every experiment. The only autonomous bacterial luminescent
system available nowadays is toxic for eukaryotes. Its key
element is the luxCDABE operon. Initially, every attempt to
express a bacterial luminescent system in eukaryotic cells
resulted in failure. But after a massive structural rearrangement
of the operon, bioluminescence in yeast and human cells
became finally possible under the condition that luciferin should
be added into the system externally [17]. In 2010 after the
additional rearrangement of genes in the operon, human cells
capable of autonomous luminescence were obtained [18].

At the moment, bacterial luminescent systems are not so
readily implemented in eukaryotic cells. To incorporate such
systems into a different organism, the same time-consuming
manipulations with the operon will probably be needed,
including rearrangement of regulatory and operon sequences
and introduction of additional linker regions. That said, creating
an autonomous luminescent system is still a problem.

For luciferins used in contemporary research, such as
D-luciferin and coelenterazine, the problem seems to have no
quick solution, because no clear picture of how these molecules
are synthesized in the living organism is available. Recently
a structure of luciferin of higher fungi (3-hydroxyhispidin) has
been described [19] and its bioluminescence studied in depth
[20]. A biosynthetic precursor of luciferin in fungi is caffeic acid.
Luciferin is produced from it in two steps. First, hispidin is made
from two caffeic acid derivatives, namely caffeoyl-CoA and
malonyl-CoA, in the presence of polyketide synthase [21]; then,
hispidin is converted to luciferin in the presence of hydroxylase
(see the Figure).

Caffeic acid is a common secondary metabolite i plants.
Transfer of genes coding the proteins involved in synthesis and
bioluminescence of luciferin in fungi to plant cells seems to
be more realistic solution than manipulations with prokaryotic
bacterial genes. But we still believe that autonomously
luminescent cells can be obtained not only from fungi but also
from other organisms, such as yeast and mammals. Enzymes
involved in a two-step process of caffeic acid biosynthesis from
L-tyrosine are already known; they are phenylalanine ammonia
lyase and cinnamate 4-hydroxylase. Also the genes encoding
these enzymes are known (sam8 and samb, respectively) [22].
Insertion of them into the cluster of genes responsible for fungal
luminescence will help to create the first fully autonomous

OH
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bioluminescent system that can be used for biocimaging in
eukaryotic organisms.

CONCLUSIONS

Bioluminescence imaging applicated in studiesof mechanisms
of disease progression or response to treatment has a few
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In recent years, severe traumatic injuries of facial bones have
become increasingly incident, including multiple fractures and
associated injuries received in road accidents, assaults, sports
competitions, etc. [1]. According to foreign and domestic
reports, mandibular fractures make up to 87% of such injuries;
most of them involve damage to the inferior alveolar nerve (IAN)
[2, 3] caused by bruising, overstretching or pressure from the
fragments of the injured mandible. Strains are observed in
70.1% of cases, contusion in 16.8%, incomplete rupture in
12.5%, and complete rupture in 0.6% of cases [4]. IAN injuries
are subdivided into subclinical, mild, moderate, moderate-
to-severe, and severe [5, 6]. Regardless of their type, they

trigger neurotrophic changes in all tissues innervated by IAN,
resulting in poor bone healing and sensory deficit. One of the
major symptoms of IAN damage suffered by every patient is
pain [7, 8]. Inpatient care is normally provided at maxillofacial
units; outpatients are referred to special rehabilitation units
upon discharge from hospital. Treatment includes surgical
interventions, such as immobilization of fractured bones
or external fixation if bones are severely displaced, and
conservative drug therapies [9, 10, 11, 12, 13].

Management of mandibular fractures should also include
psychological counselling to motivate patients towards a
healthy lifestyle and health literacy [14, 15].
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Delayed diagnosis, immobilization or surgical intervention,
ineffective therapy, failure to comply with doctor's
recommendations and unwillingness to give up bad habits lead
to the irreversible damage to IAN, which ultimately impedes
fracture healing, promotes inflammation, and causes the loss
of sensation and muscle dysfunction in the affected zone.
Therefore, there is a need for an improved rehabilitation plan for
patients with mandibular fractures.

METHODS

The study recruited 212 men aged 19 to 63 with unilateral
mandibular fractures and no severe comorbidities who
presented to Pirogov City Clinical Hospital No. 1 (Moscow)
in 2011-2016 within 24 hours after the injury. Patients with
severe comorbidities, inflammation, and multiple fractures of
the mandible were excluded from the study. All the participants
gave their informed consent. The study was approved by
the Ethics Committee of Pirogov Russian National Research
Medical University (Protocol No. 107 dated April 18, 2011). The
participants were surveyed to obtain information about their
medical history and social background. Upon discharge from
the hospital the patients were referred to the rehabilitation unit.
The patients also received psychological counseling.

Generally, treatment included fracture immobilization and
extraction of teeth in the fracture line, if indicated. If brain injury
was suspected, the patients were referred to a neurologist or
a neurosurgeon. Possible comorbidities were ruled out by a
primary care physician, trauma surgeon, and otolaryngologist.
If maxillomandibular fixation turned out to be ineffective or the
patients developed posttraumatic malocclusion, titanium plate
osteosynthesis was performed. Conservative therapy included
antibiotics to prevent inflammatory complications (IM injections
of 2 ml lincomycin and 1 g cefazolin, both twice a day),
analgesics (2 ml diclofenac, IM, twice a day), oral irrigations,
and medications prescribed by other specialists.

The patients were divided into 2 groups. The control group
(86 patients) received 1 ml 0.5% neostigmine methyl sulfate
solution (marketed as Proserin by Dalhimfarm, Russia) for one
month, 500-1,000 pg cyanocobalamin alternated with 3 ml 5%
thiamine chloride (15 to 20 injections), and 0.005 g dibazol per
os for one month. The main group consisted of 126 patients
who received Combilipen by Pharmstandard-UfaVITA, Russia
(pyridoxine + thiamine + cyanocobalamin + lidocaine) and
ethyl methyl hydroxypyridine succinate (marketed as Mexicor,
EcoPharminvest, Russia).

The dose of ethyl methyl hydroxypyridine succinate
recommended by the manufacturer was 150 mg; it was
administered to the patients intramuscularly twice a day for
14 days. After that the patients received the medication in
capsules (100 mg twice a day for 21 day).

Combilipen was administered to the patients intramuscularly
at the dose of 2 ml once a day for 10 days, followed by a
3-week regimen of 3 times a week.

Based on the classification of IAN injuries proposed by
A.Korzh in 1989, the patients in both groups were subdivided
into three subgroups depending on whether their IAN injuries
were mild, moderate or moderate-to severe/severe.

Treatment effect was evaluated based on:

1. The electrical excitability of the lower lip and chin on the
affected side. To measure it, we needed to determine the actual
site of nerve damage and estimate its size.

To ensure maximum accuracy of both measurements
and result interpretation, we selected three landmarks on the
patient’s face two of which were located midway between
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the lower lip and the most prominent point of the chin (A) and
midway between the mouth corner and the lower border of the
mandible (B). Thus, the line connecting A and B was horizontal.
Point C was located halfway between the middle of the lower
lip and the mouth corner. The vertical line going downwards
from point C crossed the horizontal line and thus formed 4 test
zones [16].

The sensory exam included light stimulation of the chin
skin with a brush or a cotton pad. To assess patient’s deep
sensations, the chin was palpated.

Electrical excitability of the skin on the affected side was
measured in the 4 zones mentioned above within 24 hours
after admission, on day 10, on days 32-40, after the splints
were removed, and 6 months after the injury.

The skin of the examined zones was cleansed with 70%
ethyl alcohol (ethyl alcohol also ensured better electrical
conductivity). The electrode of PARKELL Digitest 2 (Parkell,
USA) was placed on the sites innervated by IAN in the 4 studied
zones. We determined the minimum current that evoked a
sensation in the patient (tingling, prickling, etc.). The patient
reported their sensation to the doctor. The current was supplied
in pulses increasing from 0 to 160 pA [17].

Skin excitability on the affected side corresponded with the
severity of injuries to IAN aiding the distribution of patients into
the groups. For uniformity, skin excitability was measured in
zone 3 in all patients. On the intact side it varied from 25 to
35 pA in all patients. In patients with mild injuries excitability
on the affected side ranged from 35 to 69 pA; patients with
moderate injuries demonstrated a range between 70 and
129 pA; in patients with severe injuries skin excitability was
130 pA and higher.

2. Social background and hygiene of the patients.

More than half of the patients with mandibular fractures
were under the influence of alcohol at the time of admission. Of
those patients who were behind the wheel during the accident,
29.8% were drunk. Our survey revealed that 38.4% of the
participants had a drinking problem. There were 2.3 times more
alcohol abusers among the unemployed patients than among
those who had a job (66.6% vs 24.6%). Among the patients
with a university degree the number of alcohol abusers was
significantly lower (p < 0.05) than among those who did not
have a degree. The coefficient r of correlation between alcohol
abuse and education was —0.889 (m = + 0.114, p < 0.05). Of
all surveyed patients, 70.4% were regular smokers; half of them
(50.8%) admitted that smoking was bad for their health but
could not give it up. Only 3.4% did not believe smoking could
have a negative effect on their health.

Ninety percent of the respondents reported that they had
never tried narcotic drugs; 7.1% had tried them once, and
1.9% still used them occasionally. One in 100 patients was a
regular user. All of those patients were below 40 years of age.

Among the patients with mandibular fractures 44.2%
were overweight. Only 13.4% of the participants watched
their weight. Overweight and its metabolic consequences can
delay bone healing. A very thick subcutaneous tissue layer
complicates palpatory and visual examination of fractures
and facial deformities. Sometimes blood vessels leak fluid
into the subcutaneous tissue, causing hematomas that can
get infected and start festering. In our study the coefficient
r of correlation between these parameters was + 0.749
(n=+0.114, p<0.05). Only 9.8% of patients followed doctor’s
advice and watched their diet. Among them the majority were
over 50 years of age.

Body weight may be indicative of a particular diet a patient
follows and his/her attitude to physical exercise. More than
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half of the study participants (59.8%) tended not to engage in
physical activity. Among them the number of patients over 50
years of age was 2.3 times higher than among their younger
counterparts (74.4% vs 31.1%, p<0.05). It total, three quarters
of the patients rarely visited a doctor when they got ill, did not
undergo regular checkups, did not do any therapeutic exercise
or follow doctor’s advice, etc.

RESULTS

Using PARKELL Digitest 2 (Parkell, USA) we obtained data
about the electrical excitability of the skin in IAN-innervated
areas located on the chin and the lower lip. Dental pulp tests
were not performed because patients were wearing fixation
splints at that moment.

Our study was conducted in two groups of patients: the
first consisted of patients with angle fractures of the mandible
who received Mexicor and Combilipen as part of their complex
therapy, and the second group included patients who did not
receive those medications. Measurements were taken on the
day of admission, on day 10 following the admission, days
32-40 and 6 months after the injury.

Skin excitability was higher in zones 2 and 3 than in zones
2 and 4.

In patients with mild injuries to IAN mean excitability values
were 55 + 1.5 yA and 58 + 1.5 pA (zones 2 and 3, respectively).
The patients reported a tingling sensation in the lower lip on the
affected side and a reduced sense of touch. In patients with
moderate injuries skin excitability varied from 109.6 + 3.1 pAto
121.9 + 3.5 pA. In patients with severe injuries it ranged from
159.5 + 4.5 pAto 168.1 = 4.8 pA, suggesting a more serious
loss of sensation in the studied zones. Patients with moderate
and severe damage to IAN reported a total loss of sensation in
these zones, complained of pain, dysfunction of facial muscles,
impaired mucosal and dental sensation on the affected side.
Because IAN branches supply sensation to the front teeth,
small contralateral zones of paresthesia were observed in the
lower lip and chin of 18.6% of patients.

QOver the course of treatment, the main group patients with
mild injuries demonstrated reduction in skin excitability in zones
1and 4 (29.4 + 1.4 pA and 27.4 + 1.5 PA, respectively). These
values correlated with the electric excitability of the skin on the
intact side. In zones 2 and 3 excitability decreased to 40.1 +
4.2 yA and 42.3 + 4.0 pA, respectively, in the main group. This
tendency was less pronounced in the controls in which skin
excitability decreased to 35.1 + 1.4 yAinzone 1, 49.6 + 4.6 YA
inzone 2, 50.8 + 4.6 pAin zone 3, and 36.2 + 1.6 A in zone 4.

In the main group the patients with moderate and severe
injuries also demonstrated reduction in the electric excitability
of the skin on the affected side. The values were 1.2-1.3 times
lower than in the controls.

Our analysis reveals that after completing their treatment, the
patients with mild injuries both in the main and control groups
had the same level of skin excitability on the affected and intact
sides. Only 15% of the controls retained a tingling sensation,
while others no longer showed any clinical symptoms of IAN
damage.

In the patients with moderate injuries skin excitability was
the highest in zones 2 and 3, equaling on average 40.5 +
3.9 pA and 59.7 + 3.7 PA, respectively, in the main group, and
65.1 + 5.4 pA and 85.7 + 5.1 PYA, respectively, in the controls.
In the main group the paresthetic area grew smaller, but in 25%
of the controls its size did not change.

In the patients with severe damage to IAN, skin excitability
in the studied zones was 1.3-1.4. times lower than in the
controls. At the end of the treatment course 73% of the
controls still had pronounced clinical symptoms indicating
IAN damage, whereas the patients in the main group were
gradually improving (smaller areas of paresthesia, less severe
pain). As seen from the measurements taken on days 32-40
of treatment, skin excitability in all 4 zones was decreasing in
the patients who had been receiving Combilipen and Mexicor.
The choice of those therapeutic drugs was not random: Order
1497n of the Ministry of Health of the Russian Federation on
the Treatment of patients with damage to the facial nerve dated
December 24, 2012, recommends that such patients should
be prescribed vitamins B1, B6 and B12 as part of their complex
treatment. The beneficial effect of antioxidants in the complex
therapy of peripheral nerve injuries has also been demonstrated
by a number of foreign and Russian researchers [18, 19].

Rehabilitation of patients with mandibular fractures
included psychological counselling, drug therapy and surgical
interventions. Only half (47.7%) of the patients complied
with  medical recommendations, 32.7% ignored those
recommendations and 19.6% followed them selectively.

According to the patients, among the factors interfering with
their medical rehabilitation were the absence of positive effect
of treatment (49.3 cases), queues in rehab units (41.2), pain
or unpleasant sensations during medical procedures (38.7),
lack of money (37.6), lack of motivation (28.4), lack of trust in
doctors (23) (cases are specified per 100 surveyed patients).
Almost half of the surveyed patients who only partially complied
with the medical recommendations named 2 to 3 reasons that
prevented them from completing the full course of treatment.

DISCUSSION

The electrical excitability of the skin in the areas innervated by
IAN measured at the time of admission was 55.5 + 1.5 pA in
zone 2 and 58 + 1.5 pA in zone 3 in the patients with mild
injuries; in the patients with moderate injuries the figures were
109.6 + 3.1 pAand 121.9 + 3.5 YA, respectively; in the patients
with severe injuries skin excitability in zones 2 and 3 was as
high as 159.5 + 4.5 pyA and 168.1 + 4.8 pA, respectively. Ten
days after the injury skin excitability decreased 1.2-1.3-fold
in the main group in comparison with the controls. On days
32-40 excitability in zones 2 and 3 was 40.5 + 3.9 pA and
59.7 + 3.7 pA, respectively, in the main group patients with
moderate injuries, and 65.1 + 5.4 pA and 85.7 + 5.1 A,
respectively, in the controls. In the patients with severe injuries
it was 1.3-1.4 times lower than in the controls. 73% of the
controls retained clinical symptoms at the same level, while
the dynamics in the main group was positive (smaller areas of
paresthesia, alleviated pain).

Table 1. Electrical excitability of the skin of the lower lip in zones 2 and 3 at the time of admission, corresponding with the severity of damage to IAN

Severity of IAN damage
Zone
mild moderate severe
2 55+ 1.5 pA 109.6 + 3.1 pA 159.5 + 4.5 yA
3 58 + 1.5 pyA 1219+ 3.5 pA 168.1 + 4.8 yA
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By the end of treatment, the patients with mild and moderate
injuries to IAN had regained normal electrical excitability of the
skin. Clinical symptoms of IAN damage such as numbness in
the lower lip, pain during palpation of the lower lip, and the loss
of sensitivity on the affected side, were gone.

In the patients with severe injuries (the main group) who
completed the treatment course electrical excitability in all
studied zones fell within the normal reference range. But in
the control group 12 patients still had increased excitability in
zones 2 and 3 (45.1 + 3.2 pA and 43.2 + 3.1 YA, respectively).
Increased skin excitability was accompanied by such symptoms
as numbness and tingling.

By days 32-40, the area of paresthesia in the lower lip,
mouth corner, chin skin, and gums on the affected side had
shrunk in 103 patients from the main group (as compared to
the controls) and covered only zones 2 and 3. Because Mexicor
had a positive effect on microcirculation that was visible already
on day 3 of treatment: soft tissue edema on the affected side
diminished in size in 74 patients.

Motivating the patients toward a healthy lifestyle was one
of the most important components of the treatment plan. Our
study shows that low health literacy is one of the major factors
negatively affecting person’s general health. The patients were
encouraged to change their attitude to health care in general
and diet and exercise in particular. As a result, the proportion
of patients following a healthy diet increased from 13.6% to
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REPAIR OF FRESH INJURIES TO THE ACROMIOCLAVICULAR JOINT
BY DOUBLE-BINDLE RECONSTRUCTION
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Dislocation of the lateral end of the clavicle (LEC) constitutes over 26% of all dislocations, 11% of sports injuries and over 10%
of acute injuries to the shoulder girdle, ranking 3rd after elbow and wrist joints dislocations. The majority of surgical techniques
used to repair fresh injuries to the acromioclavicular joint (ACJ) do not account for its anatomy and biomechanics, resulting in
postoperative instability of the joint in both vertical and horizontal planes. The aim of this study was to propose a highly effective
technique for the surgical treatment of acute injuries to ACJ ensuring a better recovery of its function. Below we present the
results of 112 patients who underwent minimally invasive acromioclavicular joint reconstruction. The outcome was very good
in 111 patients (99.1%). The proposed technique helps to avoid damage to the biomechanics of the joint and to fully restore
its anatomy within short time.
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BOCCTAHOBJIEHVE HEOABHO MOJTYYEHHbBIX MOBPEXXOEHUI
AKPOMUAJIbHO-KTFOYNYHOIO COMNTIEHEHNSA METO4OM
ONHAMUYECKOW ABYXMNYYKOBOW PEKOHCTPYKLUU

K. A. ErvasapsH’, I. [. Nagnweunu’, A. T. PaTtbes’, 3. P. LLykiop-3ane’ &

' Kadeppa Tpasmatonornm, opToneammn 1 BOEHHO-MONEBOM XMpypriu,

Poccuiicknin HaumoHanbHbIN NCCNenoBaTenbCKU MEOVLMHCKNIA YHUBEPCUTET UMeHn H. . Muporosa
BbiBrxn akpomMmanbHoro koHua kroumupsl (AKK) coctasnstoT 6onee 26% Bcex BbiBUXOB, 11% Bcex cnyydaeB CMOPTUBHbBIX
Tpasm, 6onee 10% BCex CnyyaeB OCTPbIX TPaBM MIEHEBOr0 MNOSACA, 3aHNMast TPETbE MECTO MOCIE BbIBMXOB B JIOKTEBOM U
Ny4e3ansCcTHOM CycTaBax. BofbLIMHCTBO TEXHNK OMEpPaTUBHOMO NeYeHNst HeAABHO MOMYHEHHbIX (CBEXIIX) MOBPEXAEHNI aKpO-
MUNANBHO-KITIOUMYHOTO couneHerns (AKC) He yqmTbIBatOT aHaTOMMIO 1 BUOMEXaHNKY COYNEHEHVIS, B CBS3M C YeM B Mocneone-
PaLVIOHHOM Mepuofe Y NaumeHTOB COXPaHSAETCA OAMH 13 BO3MOXKHbBIX B 3TOM COYNIEHEHWUW BUOOB HECTabWIbHOCTU (ropu-
30HTasNbHAs UM BEpTUKalbHas HeCTabnnbHOCTB). Lienbio Hallero nccnenoBaHvs Obi10 padpaboTaTsb BbICOKOIMMEKTUBHYIO
METOAMKY OMepaTUBHOMO NIEHEHMS HeLaBHO MOJTyHEHHbBIX MOBPEXAEHNI, MO3BOMSOLLYIO BOCCTaHOBUTL (hyHKUMIO AKC B paH-
HMe CpPOoKU. [pencTaBneHbl pesynsraTbl ONepaTUBHOIO NEYEHVS METOLOM ManoVHBA3NBHOW ANHAMUHECKOW PEKOHCTRYKLIAN
AKC y 112 naumeHToB co ceexumn BbiBuxamm AKK. B 111 (99,1%) cnyyasax nonyyeH xopoLumin peadynsrat. Vcnons3osaHve
NPeaoXKEHHOr0 METOAA MO3BOMIAET He HapyLLAaTb OMOMEXaHNKY COHIIEHEHNS, MOMHOCTLIO BOCCTAHOBUTL aHATOMUIO 1 B KpaT-
YanLLme CPOKM MOMYYUTL XOPOLLUNM (PYHKLMOHANBHBIA Pe3ynbTarT.
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Over 26% of all dislocations are those of the lateral end of the
clavicle (LEC) [1]. LEC is especially important in the world of
sports, since the overwhelming majority of patients with such
a dislocation are sportsmen, amateurs and professionals, aged
from 25 to 45 years.

Incomplete and late diagnostics is one of the main reasons
behind unsatisfactory outcomes of LEC dislocation treatment.
However, even when the dislocation is found early, it does not
mean there is no discussion as to how to treat it [2]. Treatment
recommendations are often not just conflicting but mutually
exclusive: they range from restorative surgery during acuity
to refusal to do any surgery even when LEC dislocation is a
complete one.

There are over 200 conservative and aggressive (surgery)
approaches to LEC dislocation treatment described in the
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published papers [3]. This diversity results from the anatomy
and biomechanics of ACS, which is a "suspension" of the
upper limb [4]. Surgery also leads to a failure quite often:
practitioners tend to choose outdated techniques, which do
not take biomechanics of the joint into account [5].

Many studies confirm that it is the coracoclavicular ligament
that takes the load born by ACJ [6]. Coracoclavicular ligament
is double bundle; it includes trapezoidal and conical ligaments.
These ligaments are angled relative to each other and form the
unigue biomechanics of ACJ [7, 8]. Based on this, we believe
that restoration of both coracoclavicular ligament's bundles is a
successful LEC dislocation treatment technique.

Recently, there appeared new approaches to LEC dislocation
treatment. These approaches make use of external fixation,
shape memory tighteners, minimally invasive techniques etc.
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However, it is still the surgeon who decides upon the LEC
dislocation treatment method in each case, and often the great
variety of available techniques is not taken into account.

Fixation hardware is a source of serious inconvenience
for patients. Tensioned needles often cause uncontrolled LEC
hypercorrection, which contributes to the relapse of dislocation.
Their use is limited by the complexity of application.

LEC fixation with thread and a wire loop (Weber technique)
often led to a relapse of dislocation. Typical complications
accompanying this technique are migration and deformation of
threads and wire breakage [9].

The hook plate technique, which is widely used nowadays
to keep LEC fixed, is rigid, highly traumatic, and implies
consequent implant removal surgery. The registered LEC
dislocation recurrence rate is high, as are migration and fixator
fracture [10]. Chronic traumatization of acromion caused by
the plate combines with severe pain and restriction of shoulder
movements, which often leads to ACJ arthrosis (18.1%),
subacromial impingement (8.76-37.5%), acromion osteolysis
(2.56-30.3%), ACJ osteoarthritis (18.1%) [11, 12, 13].

LEC fixation with thread is not an optimal technique, either:
cerclage in the coracoid's can lead to an incomplete dislocation
of the clavicle, while its rotation leads to wires cutting through
the bone. Generally, putting wires in means trauma.

Despite the advantages of arthroscopic operations,
many traumatologists still choose long-established clavicle
stabilization techniques over them because they require special
skills and equipment. Arthroscopic approach involves extensive
debridement of the coracoid's lower surface, which can result
in extra damage to the remaining coracoclavicular ligament and
the neurovascular structures found there. On the other hand,
such techniques allow precision in positioning tunnel in the
coracoid.

Currently, anatomical reconstruction of the ACJ ligaments is
the primary target of LEC dislocation treatment [14, 15, 16, 17].

The choice is often made in favor of minimally invasive ACJ
operation techniques [18, 19, 20]; one of the most promising
of them is MINAR, Minimally Invasive Acromioclavicular
Joint Reconstruction [21]. This technique was developed by
professor Wolf Petersen et al at the Martin Luther Hospital in
Berlin. Gear used in MINAR: Flipptack (KARL STORZ GmbH &
Co, Germany) fixators and Ethibond 2.0 (Johnson & Johnson,
USA) cord. The technique involves immobilizing LEC with one
bundle to stabilize and hold the treated distal part of the clavicle
in position, which allows the coracoclavicular ligament to heal
on its own. This technique has been used by medical doctors
practicing at the Department of Traumatology, Orthopedics and
Military Field Surgery of the Russian National Research Medical
University named after N.I. Pirogov since 2009. The results
of treatment of 156 patients were analyzed. 78% of patients
with IV and V type dislocations (Rockwood classification [22])
suffered from persisting horizontal instability, which gave us the

ACJ reconstruction technique. This technique allows complete
reconstruction of ACJ anatomy by replacing both portions of
the coracoclavicular ligament. The goal of this research was
to develop a highly effective surgical treatment method to
address fresh LEC dislocations through minimally invasive ACJ
reconstruction aimed at rapid restoration of the shoulder joint's
function.

PATIENTS AND METHODS

From 2011 to 2017, the minimally invasive dynamic double
bundle ACJ reconstruction technique (patent RU 2017112434
of 19.10.2017) was applied in 112 cases, all of which were
fresh injuries. The patients were treated in Hospitals #1 and
#64 operating under the Russian National Research Medical
University named after N.I. Pirogov. The criteria for inclusion into
this research were as follows: men and women aged 18 to 70
years (Table 1); injury freshness — 3 to 7 days, sports related
and not (Table 2); clinical and radiological diagnosis, injury
class determined by Rockwood classification (1984), which
allows the most reliable assessment of damage to ligamentous
stabilizers and degree of displacement of the clavicle's acromial
end (Figure 1). Exclusion criteria: age under 18 and over 70;
injury freshness over 7 days; other discrepancies with the
inclusion criteria. Ultrasound, MRI, CT and other examination
methods applied in combination allowed realistic pre-surgery
evaluation of the injury and post-surgery assessment of the
healing process (figure 2).

Statistica 10 software enabled statistical analysis of the
research data.

Surgery technique

The technique revolves around fixing clavicle to scapula with
two "fastener — thread" systems; their location and direction
mimic portions of the coracoclavicular ligament (conical and
trapezoidal).

1. Skin incision and surgical access preparation. A
"saber" vertical incision 3 cm long (or less) 2-3 cm from ACJ,

projection — coracoclavicular ligament. The incision line
should cover 2/3 of clavicle and run 1 cm anteriad to the clavicle
towards the apex of the coracoid process.

2. Deltoid muscle splitting with blunt and sharp instruments;
coracoid process palpation in the projection of coracoclavicular
ligament attachment. Important: deltoid muscle dissection
was started at the very edge of the clavicle and along the
muscle fibers. Such an approach simplified further surgical
manipulations. The special canal driling guide (canal in the
coracoid process) was introduced from the lateral side and
under the coracoid process. The design of this guide ensures
protection of neurovascular structures during canal drilling.

The goal is to make the canal at the base of the coracoid

idea to develop a minimally invasive dynamic double bundle process in the projection of coracoclavicular ligaments
Table 1. Patients by sex and age

Age/Sex Male Female Total

Under 18 2 0 2 (1.8%)

19-30 y.0. 58 3 61 (54.5%)

31-40 y.0. 40 2 42 (37.5%)

41-50 y.o. 4 1 5 (4.5%)

51-60 y.o. 1 0 1(0.9%)

61-70y.o. 1 0 1 (0.9%)

TOTAL: 112 112 (100%)
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Table 2. Patients by type and mechanism of injury

Type of injury Injury mechanism Number of patients
direct 19
Domestic
indirect 18
direct 44
Sports
indirect 27
direct 4
Traffic accident
indirect 0
TOTAL: 112

attachment. Topography of the canal defines if there develops
an anteriad subluxation of the clavicle afterwards.

3. A special sleeve was inserted into the guide; this sleeve
guided the needle, diameter of which was 2.4 mm. Cannulated
drill with the diameter of 4.3 mm went along the needle and
made a through canal in the coracoid process.

4. Two dynamic block "fastener — thread" were modeled.
The fasteners used were 4-hole titanium Flipptack, 12 mm long
and 4 mm wide. Titanium alloy (TiAI6V4) is an inert material,
i.e. the surrounding soft tissues do not react to its presence
actively.

Central holes of both fasteners received non-resorbable
woven braided polyester suture (diameter — 1 mm). Block
system modeling implied joining the two fasteners and leading
one end of the thread through their central holes. Next, that
end went through the nearby hole, then again into the same
holes. As a result, the fasteners were interconnected and the
thread ran through the central holes twice, its ends remaining
on one side. The fasteners were then driven 7-8 cm apart,
which resulted in appearance of two loops, one of them closed.
Pulling at the ends of the thread allowed bringing the fasteners
closer to each other; tying the ends resulted in fixation of the
fasteners while keeping the required distance between them.

5. Next, fasteners of each block system were driven into
the drilled canal with a special pusher. 4.3 mm drill was used
to make two through tunnels in the clavicle, projections of lig.
conoideum and lig. trapezoidum attachments. With the help of
a Dechamp's needle the loop was made through the canals;
forceps were used to bring it out of the wound. One of the
outer holes of the upper fastener received a thread, the ends of
which were lead through the exposed loop. By tightening the
ends of the loop the thread that ran through the fastener was
brought outside (upwards) through the the canal in the clavicle.
Subsequent pulls at this thread allowed leading the upper

Fig 1. Patients by types of damage to ACJ
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fastener upwards, through the canal in the clavicle. Thus were
the fasteners brought upwards onto the clavicle. Alternating
tensioning of ends of both block systems' threads enabled
pulling the fasteners together and fixation of the adjusted LEC.
The ends of the thread were tied together.

Clinical case. Patient U. 35 y.o0., injured during a hockey
game, hit the rink's board. Clinical and radiological examination
at admission. Diagnosis: dislocation of the right clavicle's
acromial end, Rockwood classification type V.

Pre-surgery preparation included laboratory and instrumental
examination (Figure 3).

The patient went into surgery on the 3rd day after receiving
the injury; the technique applied was the minimally invasive
dynamic double bundle ACJ reconstruction. Figure 4 is the the
postsurgery image.

The postoperative period saw no complications; primary
tension healed the wound. Immobilization (bandage) — 3
days, up to the disappearance of pain. The patient strictly
followed the rehabilitation recommendations and started
restoring the movement abilities the next day. The sutures were
removed in the office. Strength exercises were added to the
recommendation after 3-5 weeks. Follow-ups — 6 weeks and
6 months after the operation (Figure 5).

The result is considered to be good. Unrestricted limb
loading was allowed 6 weeks after. 2.5 months later, after
the rehabilitation, the patient started practicing sports on the
professional level again. The radiograph taken 6 months later
showed no migration of the fixator and no subluxation of the
clavicle. Full functional recovery was acknowledged.

RESULTS

We studied long-term results in all 112 patients. They were
examined and questioned 3-4 times a year, the interval between
such sessions was at least 3 months. The treatment outcomes
were evaluated on the basis of the latest examination.

Clinical tests helped determine the stability of ACJ. All
patients had their ACJ radiographed in standard projections
while loaded and in Zanca projection. When necessary, the
patients went through MRI, CT. DASH (Disability of the Arm,
Shoulder and Hand) scale [23] was used to register and
systematize subjective feelings of patients, degree of functional
recovery of the shoulder joint, daily activities limitations imposed
by the upper extremity. The same scale was applied to objective
examination results.

B Typell
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Fig 3. Results of the X-ray examination. The radiogram reveals a dislocation of the acromial end of right clavicle

Fig 4. Dislocation reduced, joint fixed. State after double bundle ACJ reconstruction

Patients complaints were taken into account when
assessing results of the treatment; VAS (visual analog scale) [24],
a psychological test revealing subjective assessment, was used
to register pain and learn its type. Other factors considered:
residual deformation in the LEC projection; shoulder joint
movements amplitude; functional capabilities of the upper limb;
clinical tests results (piano key symptom) and X-ray tests (joint
congruence) results.

In 111 (99.1%) cases the results of the treatment were
good. One patient suffered from an operative wound infection

that was limited to epidermis and required no further surgery. 8
days later that patient was discharged from the hospital.

DISCUSSION

The length of period between receiving the injury and seeking
medical assistance is of great importance for surgery outcomes
[25]. The advantages offered by the dynamic double bundle
ACJ reconstruction technique when applied to fresh injuries are
obvious: it is minimally invasive (the incision is 3 cm max); special
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guides minimize the risk of damaging neurovascular structures;
surgery does not imply exposing the ACJ and traumatizing
its soft tissues; the technique is simple and fast (20 to 40 min
average operation time); there is no need to remove an implant.
Functional results shown by the technique surpass those
offered by other treatment methods: anatomical connection
and its dynamics do not violate anatomy and biomechanics of
ACJ and allows restoring the limb's function within the shortest
possible time, which is extremely important for professional
athletes. Moreover, neither vertical nor horizontal instability
never occur post-surgery.

CONCLUSIONS

We have developed and introduced into practice the minimally
invasive dynamic double bundle ACJ reconstruction technique
(patent RU 2017112434 from 19.10.2017) applicable to
fresh injuries. Reconstruction of the joint does not hinder
its biomechanics and allows complete restoration of the
coracoclavicular ligament's anatomy through building two thread
cerclages between coracoid process and clavicle where natural
ligaments run. These aspects are fundamentally important
about the developed technique. Vertical and horizontal stability
prevents recurrence while maintaining physiological mobility of
the limb. The developed technique can be introduced into daily
practice of traumatology departments.
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