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IOBUJITEN

IHHO3APABJIEHUE
CO CTOJIETHEM
«KYPHAJIA MUKPOBHNOJIOI'UU,
QGIMIUAEMHUOJOI'MN U UMMYHOBUOJOI'MN»

I'my0oxoyBaxkaeMble KoJlIern!

B 2024 roay «XypHan MUKpOOHOJIOTUH, SMUAEMHOIOTMH U UMMYHOOHOJIOTHI» OTMEUYaeT
CTOJIETHE CBOEH JleATeNnbHOCTH!

Ot nuua yupenuteneid U u3narens KypHana — OOIepoCcCcHiickoil 00IecCTBeHHOM opranu3a-
nun «Bcepoccuiickoe HaydHO-IIPAaKTUYECKOEe OOLIECTBO 3MUAEMUOJIOrOB, MUKPOOHOJIOroB U Ma-
pa3nuTonoros» U LleHTpanbHOro Hay4YHO-UCCIIEN0BATEILCKOIO HHCTUTYTA dnuaemMuonoruu Pocmo-
TpeOHa130pa — MO3BOJIBTE MMO3/IPABUTH UATATEJICH, aBTOPOB, PEIIEH3EHTOB U BCEX, KTO IPUIaraet
OTPOMHBIE YCUIIUS K pa3BUTHIO JKypHaJIa, ¢ roouieem!

Ceronns «XypHan MUKpOOHOJIOTUH, STIHIEMHOIOT Y U UMMYHOOUOJIOTMKM» — OAHO U3 Hau-
Oostee yBayKaeMbIX HayYHBIX IEPHOINICCKIX MEIUIMHCKIX n3aannid Poccuu, ruromaka Mesxamc-
LIUIUIMHAPHOW MHTErpaluy (QyHIaMEHTAIbHBIX U MPUKIAAHBIX MCCIEJOBAaHUM A pa3paboTKu
TEXHOJIOTHI OOPHOBI 32 CAHUTAPHO-3IUAEMUOJIOTHUECKOe OIaronoayyre HacelIeHHs..

CMoMeHTa co3JaHus )Ky pHaJla B pelaKIIMOHHY 0 KOJJIET M0 BXOIMIIH BBIJJAIOIIMECS POCCUNCKUE
yuénsie A.. Abpuxocos, C.B. Kopmryn, N.JI. Kpuuesckuit, @. 5. UucroBuy, akanemuku B.J1. bens-
koB, A.®. bunmubun, U.H. bnoxuna, C.B. IIpo3oposckuii, [1.A. Bepmmnosa, [.B. Beiromunkos,
B.M. XKnanos, I1.®. 3aponosckuii u np. IMeHHO OHHU CTalll OCHOBATEISIMU POCCUMCKUX HAyUHBIX
IIKOJI B OOJIACTH SMUAEMUOJIOTHH, TUTUEHBI, MUKPOOHOJIIOTUH, UMMYHOJIOTHH, NAaTOJOTHYeCKON
aHaTOMUH, HHPEKIIMOHHBIX 00JIe3HEH, OpraHu3aIiy 3paBOOXPAHEHUSI.

3a UCTEKIINH BeK *KypHaJIOM BbimylleHO B cBeT 1028 HomMepoB, omyOnukoBaHo 19 903 cra-
ThU. B MupHOE BpeMs u B nepuoabl norpsiceHuit «XypHan MUKpOOHOIOTUH, STUEMHOJIOTUU U
UMMYHOOHOJIOTHIY CITYKHJ poHIakTHKe MHOEKINH, CTPOSIICHCS Ha M3YyYeHUH HX CYIIIHOCTH,
a TaKXke ITyOOKOM MOCTH)KEHUU TEOPETHUECKUX OCHOB SMUAEMHOIIOIMHA U UMMYHOJIOTHH.

CKBO3b CTOJIETHE BO INIABY YIVIa CBOEH NEATENBHOCTHU JKypHAJ CTAaBUT IOBEPHUE U yBa)KCHUE
Bpadeil u yu€Hbix. iMmenHo nosromy «KypHasl MUKPOOHOIOTUH, STIHIEMHOIOTUHA U UMMYHOOHO-
JIOTMM» CTPEMUTCS IIyOJIMKOBAaTh CaMbleé aKTyasbHbIE, BOCTPEOOBAHHBIEC NTPAKTUKONW PE3YNIbTaThl
Hay4HbIX MCCIIEJOBAHM, pACCMAaTpUBAET Pa3BUTUE MHCTUTYTA PELIEH3UPOBAHMS KaK I'apaHTHIO
KauecTBa Hay4YHbIX MyOJMKAIMK M BXHYIO 3a7aqy s epeJadl HayqHOTO OIIbITA.

beccmenHbIM yupenuTenem KypHaia siBisieTcsi Becepoccuiickoe HaydHO-IpaKTUYECKoe 00-
IIECTBO 3MUAEMUOIIOTOB, MUKpOOHOI0roB 1 napaszutonoros. B 2019 rony B coctaB yupeaurenei
KypHaja BOIIEN U B3sUI Ha ceds QyHKuMU u3nareist LleHTpanbHbI HaydYHO-MCCIIE0BATEIbCKUN
MHCTUTYT 3nujemuonioruu PocnorpebHanszopa. M3narens, sBIsAsACH TOJTOBHBIM Hay4HO-UCCIIENO-
BaTeJIbCKUM MHCTUTYTOM Poccuu B 00JacTu 3MUAEMUOIOTHH, KaK HUKTO JAPYToil OCO3HAET Bax-
HOCTb Pa3BUTHUSI HAYYHON OCHOBBI JUIsl CO3/IaHUSI TEXHOJIOTMH U CPEACTB OOPHOBI ¢ MH(PEKIUIMU,
O0COOEHHO aKTyaJIbHOTO B MEPHOJ BHEIIHUX YIpO3 U HAJINYMS TEXHOJIOIMYECKUX BO3MOXKHOCTEH
JUISL UCTIOIH30BAaHUS MH(EKIIMOHHBIX ar€HTOB B KQY€CTBE YIIPABISIEMbIX (PAKTOPOB MOJIUTUYECKOTO
BIIUSTHUSL.
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CoBMecTHBIE yCUIIUS TIIABHOTO penakTopa «KypHasla MUKPOOHOJIOTHH, 3MUAEMUOIOTHH U
uMMyHOOHoJIOTMM» akaaeMuka Poccuiickoit akagemMuu Hayk Burtanus BacunbeBuua 3BepeBa,
n3narens KypHaina — LIeHTpaJlbHOrO Hay4yHO-MCCIIE0BATEIBCKOIO MHCTUTYTA AIUAEMHUOIOTHH
PocnorpebHan3opa, peAakiMOHHON KOJJIETMH CHOCOOCTBOBAIM CTPEMHTEIBHOMY POCTY MEX-
JyHApOJHOW 3HAYMMOCTH M3aaHus. IIpoiinsd Bce ClOKHBIE BPEMEHA, )KypHAJ HE CTABUT CBOEH
3a/iaueil KomMepyecKyto npuoObLib. [lonuTuka xypHana cTpouTcst Ha OecIIaTHOM JOCTYIE poc-
CUMCKHX U 3apyOeXHbIX YUTaTeNIel K IMOJIHBIM TEKCTaM, HEPUEMIIEMOCTH MyOIHKallui IBHOU U
CKPBITOM peKjIaMbl, a TAK)KE€ B3UMAHHUS ILJIaThl C aBTOPOB.

W3narens npuaraeT opraHU3alMOHHbIE U (UHAHCOBbIE ycunus [ pa3Butus «KyphHana
MHUKPOOHOJIOTUH, SMTUAESMUOIOTMH K UMMYHOOHOJIOT UM — MCTIONIBb30BAHUS CAMBIX COBPEMEHHBIX
U3aTENbCKUX TEXHOJIOT Ui, 00eCTeueH st JOCTYTHOCTHU CTaTe JIsi MUPOBOM YUTATEILCKOM ayIu-
TOPUH, UHEKCAIIUH BETYIIIMMH MEXTyHApOAHBIMH OnOIuorpaduaeckuMu 6a3aMu, IPUBJICUCHUS
BEAYLIMX YUYEHBIX B KAUECTBE aBTOPOB U PELICH3EHTOB.

Xo4y BBIpa3HUTh CBOIO IIPU3HATEIIBHOCTD U YBAKEHUE HALIMM aBTOpaM, NIABHOMY PENAKTOPY,
YWICHAaM PENAKIMOHHOM KOJUIETMH U PEIAaKIIMOHHOTO COBETA, PELICH3EHTAaM, COTPYIHUKAM PElaK-
LMY — BCEM, KTO IIpUJIarajl CUIbl K CTAHOBJICHUIO M Pa3BUTUIO JKypHaia Ha npoTskeHuu 100 net!

Jupexmop

OHFYH [[HUU Dnudemuonocuu Pocnompebnaosopa,

Tlpeocedamens [lpezuduyma

Obwepoccutickoii 00w ecmeeHHOU OpeaHU3ayUY

«Bcepoccuiickoe nayuno-npaxmuueckoe obuecmeo

INUOEMUONIO0208, MUKPOOUOLO208 U NAPAZUMOTI0208)»

axademux PAH B.I" Axumxun
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The pilot study of the features of HIV-1 resistant variants spread
using molecular clusters

Alina A. Kirichenko™, Dmitry E. Kireev', Yulia N. Sidorina?, Natalia D. Abashina?,
Elena E. Brusentseva?, Vasily G. Akimkin'

'Central Research Institute for Epidemiology, Moscow, Russia;
2Oryol AIDS Center, Oryol, Russia

Abstract

Introduction. As a result of routine testing of HIV-1 drug resistance (DR), a significant amount of viral nucleotide
sequences and epidemiological data of HIV-infected individuals have been collected. Combined with the increasing
use of bioinformatics methods in practice, it has become possible to study the features of HIV-1 resistant variants
spread using molecular clustering analysis.

The aim of the study was to validate the molecular clustering analysis in a pilot region of Russia using a significant
number of nucleotide sequences to study the features of the spread of HIV-1 resistant variants.

Materials and methods. HIV-1 nucleotide sequences were obtained from 899 HIV-infected patients who were
registered at the Oryol AIDS Center in 2016-2021. HIV-1 genetic variants were determined using the Stanford
University database, REGA and HIV BLAST. Resistance mutations and prognostic HIV-1 DR were determined
using the Stanford University database. Phylogenetic analysis was carried out using the MEGA program. HIV-1
molecular clusters were identified using Cluster Picker software.

Results. In the pilot region, sub-subtype A6 dominated (85.7%); an increase in the share of CRF63_02A6 was
noted. HIV-1 resistance was found in 13.6% of patients without antiretroviral therapy (ART) experience and in
52.0% with ART experience. Molecular clusters were more often formed by HIV-1 nucleotide sequences from
ART-naive patients. HIV-1 DR variants were less likely to fall into molecular clusters. The sources of transmitted
mutations were more often patients with ART experience. The most actively and efficiently transmitted mutations
were K103N, V179E/T, Y181C and G190S, associated with virus resistance to efavirenz and nevirapine.

Keywords: HIV-1, drug resistance, resistance mutations, antiretroviral therapy, molecular clusters, transmission
clusters, surveillance, genomic surveillance
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MunoTHoe nccnegoBaHne NO N3y4YeHNIO 0CO6EeHHOCTeN
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AHHOMauusi

BBegeHue. bnarogapsi pyTMHHOMY TECTUPOBaHMIO NekapcTBeHHol ycTonumsocTu (JTY) BUY-1 HakannuBaetcs
3Ha4YMMOE KONMMYECTBO HYKNeoTuAHbIX nocneposartensHocTen (HIM) Bupyca n annaeMmonornyecknx OaHHbIX O
BAY-nHDULMpOBaHHBIX NuLax, YTO BMECTe C aKTUBHbIM BHEAPEHUEM B MpPakTuKy GuonHgopmatnyeckmx me-
TOOOB NO3BOSISET UCMOMNBL30BaTh X ANsl N3y4eHNsi 0COOEHHOCTEN pacnpoCTpaHEHNS1 PE3UCTEHTHbIX BapnaHTOB
BWY-1 c nomoLlbto aHanmM3a MoneKynsipHbIX KIacTepos.

Llenb nccneposaHns — anpobauns aHanm3a MOMEeKynspHbIX KNacTepoB Ha TEPPUTOPUM NUIOTHOIO pernoHa
Poccun ¢ ucnons3oBaHuem 3Haummoro konudectsa HIM gnsa n3yyeHus ocobeHHOCTEW pacnpocTpaHeHns pesu-
CTEHTHbIX BapuaHToB BUY-1.

Martepuanbi n metoabl. MNonyyexsl HIN BUNY-1 ot 899 BUY-nHDOMLMPOBaHHBIX MALMEHTOB, COCTOSBLUMX Ha ANC-
naHcepHom y4éte B Opnosckom ueHTpe CIMUI B 2016-2021 rr. OnpegeneHbl reHeTudeckme BapuaHTel BAY-1
C nomoLLbto 6a3bl AaHHbIX CTeHdopackoro yHuBepcuTteta, REGA 1 HIV BLAST. BbiiBNeHbl MyTaumm pe3mcTeHT-
HOCTW 1 onpegeneHa nporHoctnyeckaa JY BUY-1 ¢ ncnonb3oBaHnem 6a3bl gaHHbIX CTeHdOpaCcKoro yHuBep-
cuteTa. MNpoBenéH dunoreHetTuyecknin aHanua B nporpamme « MEGA». BbisiBneHbl MoneKkynsipHble knactepbl
BWY-1 ¢ nomoulbto nporpammHoro obecneveHuns «Cluster Picker».

Pe3ynkraTbl. Ha TeppyTOoprmn NMNOTHOIO pernoHa goMuHuposan cy6-cyotun A6 (85,7%), oTMeyeHo yBenuueHune
ponu CRF63_02A6. PeaucteHTHoCcTe BUY-1 Gbina obHapyxeHa y 13,6% nauueHToB 6e3 onbiTa aHTUPETPOBK-
pycHon Tepanum (APT) ny 52,0% c onbitom APT. MonekynspHble knactepsbl Yawe obpasosbsiBanu HIM BAY-1
oT naumeHToB 6e3 onbiTa APT. J1Y-BapuaHTel BUY-1 pexxe nonaganv B MonekynsapHole knactepbl. IcTouHmkamm
nepefaBaemblx MyTaLMiA Yalle SBASNUCh NaumeHTsl ¢ onbitom APT. Hanbonee aktuBHO 1 addhekTMBHO nepeaa-
Banucbk mytauun K103N, V179E/T, Y181C, G190S, accoumMmpoBaHHbIE C YCTOMYMBOCTbLIO BUpYyCa K 3haBMpeH3y
1 HEBUPATUHY.

3akntouyeHue. NprMeHeHNe aHanu3a MOMNEKYNspHbIX KNacTepos, NpeaocTaBnsioLllero nigpopmaumio o6 oco-
BEHHOCTSIX pacnpoCTpaHeHNs Pe3NCTEHTHbIX BapuaHToB BNY-1, moxeT ObiTb peKOMEHA0BaHO K NCMOMNb30BaHNI0
B Poccuun ¢ uenbto paspaboTku cTpaternii npodunakTuki npegoTepalleHns nepegadv J1Y-sapvaHToB Bupyca
1 NOBbILLEHUSA 3PPEKTUBHOCTU NEYEHUS.

KnroueBble cnoBa: BUY-1, nekapcmeeHHasi ycmoulyugocmb, Mymauyuu pe3ucmeHmHocmu, aHmupemposupyc-
Hasi mepariusi, MOeKynspHble Knacmepbl, Kiacmepsbl nepedaqyu, anudemuonoauqeckuli Ha03op, 2eHOMHbIU 3ru-
demuornoauveckuli Had30p

AOmuyeckoe ymeepxdeHue. VccrnenosaHne NpoBoAMIIoCh Npy 4OGPOBONbHOM MHDOPMUPOBAHHOM COrflacumn nauu-
eHTOB. VccnepoBaHue 6bino 04o6peHo nokanbHbIM 3Tudeckum komutetom LIHWW Snmnaemuonorun PocnotpebHanso-
pa (npotokon Ne 93 ot 18.06.2019).

UcmoyHuk d)UHchupoeaHun. ABTOpbI 3a8BNSAIOT o6 OTCYTCTBMU BHELLHEro rHaHCUPOBaHWA NPU NPOBEAEHUM UC-
cnegoBaHuA.

KoHgbriukm uHnmepecos. ABTOpbI AEKNapupyOT OTCYTCTBME SBHbIX M NOTEHLMArbHbIX KOH(UKTOB MHTEPECOoB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ans yumuposarusi: Knpuuenko A.A., Kupee [.E., CvpopuHa HO.H., AbawwvHa H.O., bpyceHueBa E.E., Akum-
kvH B.I" TunoTHoe nccnepoBaHue No U3y4eHno 0cobeHHOCTEN pacnpoCTpPaHEeHNsT PE3NCTEHTHbIX BapuaHToB BY-1
C MOMOLLbIO MONEKYNSAPHbIX KnacTtepoB. XKypHan Mukpobuoozuu, anudemuosnoauu u ummyHobuonoeauu. 2024;101(5):
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Introduction

Widespread use of antiretroviral therapy (ART)
significantly reduces morbidity and mortality of peo-
ple living with HIV (PLHIV) [1, 2], as well as the risk
of HIV transmission [3, 4]. However, the expansion of
ART coverage in HIV-infected patients inevitably leads
to the emergence and spread of drug resistance (DR) of
the virus, which jeopardizes the efficacy of ART [5, 6].
At least 20% of HIV-infected patients' in Russia annu-
ally experience virologic failure of ART, the main cause
of which is HIV-1 DR.

! Federal Scientific and Methodological Center for AIDS
Prevention and Control of the Central Research Institute of
Epidemiology of Rospotrebnadzor. Reference. HIV infection in
the Russian Federation as of December 31, 2022. URL: http://
www.hivrussia.info/wp-content/uploads/2023/09/Spravka-
VICH-v-Rossii-na-31.12.2022.pdf (date of access: July 8, 2024).

Lack of measures to counteract the emergence and
spread of HIV-1 DR variants will lead to reduced ART
efficacy, increased morbidity and mortality, poorer
health of PLHIV, reduced therapeutic options available
to patients, which will result in increased economic
costs of counteracting the HIV epidemic [7, 8]. Thus,
HIV-1 DR poses clinical, epidemiological and econo-
mic threats to achieving control of the HIV epidemic.

In this regard, recommendations were developed
in Russia to identify HIV-1 DR in clinical practice to
improve the effectiveness of treatment at the individual
level” and as one of the components of epidemiological
surveillance of HIV infection to improve the effective-

2 Clinical Guidelines “HIV Drug Resistance Analysis”. Moscow;
2017. URL: https://fedlab.ru/upload/medialibrary/f38/ -
10 04 2017 _.pdf (date of access: July 8,.2024).

© Kupuyenko A.A., Kupees [.E., CupopuHa tO.H., Abawwuna H.[., BpyceHuesa E.E., AkumkuH B.T., 2024
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ness of ART and reduce the spread of HIV-1 DR at the
population level among HIV-infected individuals’.

In Russia, HIV-1 DR surveillance studies are rare-
ly and unsystematically conducted; however, HIV-1
DR testing at the individual level is one of the routine
types of analysis of ART efficacy, is included in the
standards of primary health care for HIV infection* and
is performed annually on at least 7,000 HIV-infected
patients’. Thanks to routine HIV-1 DR testing, a signifi-
cant amount of HIV-1 nucleotide sequences and related
epidemiological data on HIV-infected individuals has
been accumulated, which, together with the active in-
troduction of bioinformatic methods into practice, has
allowed the development of a new area called genom-
ic epidemiological surveillance [9]. In 2021, during a
pandemic caused by a new coronavirus infection, the
World Health Organization (WHO) called on countries
to strengthen the role of genomic epidemiological sur-
veillance to better understand the transmission of in-
fectious agents with pandemic and epidemic potential
in order to develop vaccines, drugs, diagnostic test sys-
tems, as well as to take measures aimed at preventing
the spread of infections®.

One of the most important tools for genomic
epidemiological surveillance of HIV infection is the
identification of molecular clusters, i.e., HIV-1 nucle-
otide sequences that have high genetic similarity’ and
suggest an epidemiological link between the HIV-in-
fected individuals from whom they are derived [10].
Clustering of HIV-1 nucleotide sequences indicates a
more active transmission of the virus [11] and makes it
possible to identify foci of increased morbidity, as well
as to characterize the cohort with the most active HIV-1
transmission for effective anti-epidemic measures. Cur-
rently, the US Centers for Disease Control and Preven-
tion (CDC) emphasize the identification of molecular
clusters and rapid response to them as one of the main
principles necessary to end the HIV epidemic, along
with early diagnosis, rapid and effective treatment and
prevention in at-risk groups [12].

3 Methodological Guidelines MG 3.1.5.0075/1-13 “Surveillance
of the spread of HIV strains resistant to antiretroviral drugs”
Moscow; 2013.

* Order of the Ministry of Health of the Russian Federation
Ne 438n from June 23, 2022 “On approval of the standard of
primary medical and sanitary care for adults with HIV infection
(diagnosis, treatment and dispensary monitoring)”.

5 ITPC, Eastern Europe and Central Asia. Analysis of procurement

of diagnostics for HIV treatment in Russia in 2020-2021.

(2022) URL: https://itpc-eeca.org/wp-content/uploads/2022/07/

monitoring-testov-vich-2020-21-gg-1.pdf

World Health Organization. Global genomic surveillance strategy

for pathogens with pandemic and epidemic potential, 2022—

2032. 2022. 32 p. URL: https://www.who.int/publications/i/

item/9789240046979 (date of access: 08.07.2024).

CDC. A guide for health departments: detecting and responding

to HIV Transmission Clusters, 2018. 2019. 131 p. URL: https://

www.cde.gov/hiv/programresources/guidance/cluster-outbreak/

index.html (date of access: 08.07.2024).

For such studies, the key factor is the “sampling
density” of HIV-infected persons, i.e. the proportion of
persons for whom the nucleotide sequence of HIV-1 is
known among all identified PLHIV in the region under
study. If the “sample density” is less than 10%, the reli-
ability and accuracy of the results obtained are signifi-
cantly reduced [13].

Currently in Russia, bioinformatic methods in epi-
demiological surveillance are used only for the purpose
of investigating cases of HIV infection, presumably re-
lated to the provision of medical care®. In turn, there
have been no studies devoted to the analysis of molecu-
lar clusters in epidemiological surveillance of DR vari-
ants of HIV in Russia.

Therefore, the aim of this study was to validate
molecular cluster analysis in a pilot region of Russia
using a significant number of nucleotide sequences to
study the features of the spread of resistant HIV-1 vari-
ants.

Materials and methods

Study samples

The study included 899 HIV-infected patients who
were registered at the Oryol Region AIDS Center from
2016 to 2021.

The criteria for inclusion in the study were the di-
agnosis of HIV infection confirmed in accordance with
national clinical protocols, as well as the availability of
patient data: gender, date of the first positive immune blot
result, and experience of taking antiretroviral drugs.

Inclusion criteria were a viral load of less than 500
copies/mL of HIV-1 RNA.

Informed consent was obtained for all patients or
their legal representatives (if the patient was less than
18 years of age at the time of the study) before perform-
ing procedures related to this study. The study was ap-
proved by the local ethics committee of the Central Re-
search Institute of Epidemiology of Rospotrebnadzor
(protocol No. 93 of 18.06.2019).

RNA extraction and HIV-1 sequencing

Extraction of HIV-1 RNA from blood plasma and
sequencing of amplified fragments of the pol gene en-
coding protease and part of reverse transcriptase (2253-
3368 bp. relative to the reference strain HXB2, Gen-
Bank #K03455) were performed using the AmpliSense
HIV-Resist-Seq reagent kit (Central Research Institute
of Epidemiology of Rospotrebnadzor) with an Applied
Biosystems 3500 Genetic Analyzer (Life Technologies)
or with the in-house method using the next-generation
sequencer MiSeq (Illumina).

Sequencing data were processed and consensus
sequences were obtained using DEONA software (ver-

8 Methodological guidelines of Rospotrebnadzor MG 3.1.3342-16
“Epidemiological surveillance of HIV infection”. Moscow; 2016.
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sions 1.2.3, 1.7.0) (RMBit) for classical sequencing
data and with the help of the Trimmomatic [14] and
VirGenA programs [ 15] for next-generation sequencing
data with a 20% sensitivity threshold for HIV-1 minor
variants.

All nucleotide sequences were subjected to qua-
lity control using the WHO BCCfE HIVDR QC instru-
ment’.

The obtained HIV-1 nucleotide sequences as well
as related epidemiological and laboratory data on pa-
tients were uploaded to the Russian Database of HIV
resistance to antiretroviral drugs'’.

Identification of HIV-1 genetic variants

HIV-1 genetic variants were identified using the
Stanford University HIVdb (v. 9.1)"" and REGA HIV-1
Subtyping Tool (v. 3.0)".

In case of discordant results between the two
tools, nucleotide sequences were analyzed using the
HIV BLAST (Basic Local Alignment Search Tool) tool
of the Los Alamos Institute international database'.

Determination of HIV-1 drug resistance

Resistance mutations were identified using the
Stanford University HIVdb database (v. 9.1), according
to which each mutation and combination of mutations
are assigned penalty scores characterizing the level of
HIV-1 prognostic DR: potential-low (10-14 points),
low (15-29 points), intermediate (30—59 points) and
high (more than 60 points). The DR variants of the vi-
rus were considered to be those for which 15 or more
penalty scores were obtained.

HIV-1 prognostic DR was assessed to:

* protease inhibitors (PlIs): atazanavir (ATV),
darunavir (DRV), fosamprenavir (FPV), indi-
navir (IDV), lopinavir (LPV), nelfinavir (NFV),
ritonavir (RTV), saquinavir (SQV), tipranavir
(TPV);

* nucleoside reverse transcriptase inhibitors
(NRTIs): abacavir (ABC), zidovudine (ZDV),
stavudine (d4T), didanosine (ddI), emtricitabine
(FTC), lamivudine (3TC), tenofovir (TDF);

* non-nucleoside reverse transcriptase inhibitors
(NNRTIs): doravirine (DOR), efavirenz (EFV),
etravirine (ETR), nevirapine (NVP), rilpivirine
(RPV).

The 2009 Surveillance Drug Resistance Mutation
(SDRM) list, significant for surveillance of transmitted
DR HIV-1, was used to assess mutations in ART-naive
patients [16].

® URL: http://pssm.cfenet.ubc.ca/who_qc/

10 URL: https://ruhiv.ru

1" URL.: https://hivdb.stanford.edu/

12 URL: http://dbpartners.stanford.edu:8080/RegaSubtyping/
stanford-hiv/typingtool

13 URL: https://www.hiv.lanl.gov

ORIGINAL RESEARCHES

Phylogenetic analysis

HIV-1 nucleotide sequences were aligned using
the online software of the Los Alamos Institute Interna-
tional Database using the HMMER method.

Editing and trimming of the aligned nucleotide se-
quences was performed using the BioEdit 7.0.9.0 pro-
gram.

Phylogenetic analysis was performed by maxi-
mum likelihood method with bootstrap 100 and general
reversion model with invariant sites and gamma distri-
bution (G+I) in MEGAG program.

Identification of HIV-1 molecular clusters

HIV-1 molecular clusters were identified using
the Cluster Picker 1.2.3 software [17] with a bootstrap
threshold of 0.9 and a genetic distance threshold of
0.045 nucleotide substitutions per position (4.5%).

Molecular clusters were visualized using the Mi-
crobeTrace online software'®.

Clusters were classified as large if they consisted
of 4 or more nucleotide sequences and active if they
contained at least 1 nucleotide sequence from a patient
diagnosed with HIV infection between 2019 and 2021.

Statistical analysis

The data obtained in the study were statistically
processed using Microsoft Excel and GraphPad Prism
online software. The statistical significance of differ-
ences between quantitative indicators was assessed
using Fisher’s two-sided exact test. Differences were
considered significant at p < 0.05.

Results

Patient characteristics

The study included 899 HIV-infected patients,
representing 34.1% of identified PLHIV in the study
region as of the end of 2021".

At the time of blood collection, 354 (39.4%) pa-
tients were ART-naive and 545 (60.6%) patients were
ART-naive.

The median age of patients at the time of blood
collection for the study was 37 (32—42) years. Among
ART-experienced patients, there were 6 (1.7%) HIV-in-
fected patients less than 18 years of age.

The route of HIV-1 transmission was known for
874 (97.2%) study patients. The main routes of HIV-1
transmission were sexual (507; 65.0%) and paren-
teral through intravenous drug administration (283;
31.5%).

14 URL: https://microbetrace.cdc.gov

15 ®enepanbHbIil HAYYHO-METOAUIECKHIA EHTP MO MpOQUIaAKTHKE
u 6opnbe co CITMJom ®BYH ITHNU DOnupemuonoruu Pocno-
TpebHan3opa. Mupopmarmonssiii Oromtetens Ne 46 «BUY-un-
¢dexmusy. 2021. URL:  http://www.hivrussia.info/wp-content/
uploads/2022/05/Byulleten-46-VICH-infektsiya-za-2020-g.-.pdf
(nara obpamenus: 08.07.2024).
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Male patients made up the majority (512; 57.0%).
Table 1 presents the clinical and epidemiological
characteristics of all patients included in the study.

HIV-1 genetic variants

The dominant genetic variant of HIV-1 was
sub-subtype A6, which was detected in 85.7% of
HIV-infected patients. The circulating recombinant
form (CRF) 63 02A6 was detected with high fre-
quency (10.6%), the prevalence of which increased
among the study patients diagnosed with HIV infec-
tion in 2015-2021 (Fig. 1). The other HIV-1 genetic
variants were much less common: subtype B, 2.4%;
CRF02_AG, 1.0%; CRF03_A6B, 0.2%; and subtype
F, 0.1%.

Drug resistance and HIV-1 resistance mutations

Among 545 ART-naive patients, HIV-1 DR
to at least one antiretroviral drug was detected in 74
(13.6%) HIV-infected individuals: most often to NNR-
TIs (11.4%), significantly less often to PIs (2.8%) and
NRTIs (0.7%).

Among the NNRTTI class, HIV-1 DR was detec-
ted most frequently to RPV (7.3%), NVP (6.4%), and

Table 1. Clinical and epidemiological characteristics of patients

EFV (6.1%), with predominantly high-level DR to Ist
generation drugs (Figure 2). Among Pls, HIV-1 DR
was most frequently detected to NFV (2.6%). Among
drugs of the NRTI class, HIV-1 resistance was identi-
fied most frequently to ABC (0.7%), FTC (0.7%) and
3TC (0.7%).

HIV-1 DR among ART-naive patients was pre-
dominantly detected to only one class of drugs — NNR-
TIs (10.1%). HIV-1 resistance only to Pls was detected
in 12 (2.2%) patients, HIV-1 DR only to NNRTIs was
not detected. Multidrug resistance was detected rarely
and only simultaneously to two classes of antiretrovi-
ral drugs: PIs + NRTIs (0.6%) and NRTIs + NNRTIs
(0.7%).

Analysis of HIV-1 DR patterns revealed that at
least one resistance mutation, including polymorphic
mutations for sub-subtype A6 — A62V and E138A,
was detected in 273 (50.1%) HIV-1-infected individu-
als. The most common mutations were K103N (4.6%),
E1384 (4.2%), G190S (1.5%), VI79E (1.3%), and
KI10IE (1.1%), and the most common mutation for the
NNRTI class was A62V (39.4%). The remaining mu-
tations, including those to the PI class, occurred at a
frequency of less than 1%.

Characteristic | ART-experienced patients ART-naive patients Total
Number of patients 354 545 899
Age, years, median (IQR) 37 (33-42) 36 (31-42) 37 (32-42)
Sex, n (%)
male 196 (55.4) 316 (58.0) 512 (57.0)
female 158 (44.6) 229 (42.0) 387 (43.0)
Route of transmission, n (%)
sexual (heterosexual) 177 (50.0) 330 (60.6) 507 (56.4)
sexual (homosexual) 1(0.3) 6 (1.1) 7 (0.8)
sexual (unspecified) 46 (13.0) 24 (4.4) 70 (7.8)
parenteral (narcotic) 116 (32.8) 167 (30.6) 283 (31.5)
mother-to-child 7 (2.0) 0 7(0.8)
unknown 7 (2.0) 18 (3.3) 25 (2.8)
Viral load, log,, copies/mL, median (IQR) 4.2 (3.7-4.9) 4.6 (4.0-5.2) 4.5(3.9-5.1)
Sampling year, n (%)
2016 22 (6.2) 0 22 (2.4)
2017 35(9.9) 0 35(3.9)
2018 139 (39.3) 341 (62.6) 480 (53.4)
2019 110 (31.1) 113 (20.7) 223 (24.8)
2020 6 (1.7) 0 6 (0.7)
2021 42 (11.9) 91 (16.7) 133 (14.8)
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Fig. 1. Distribution of HIV-1 genetic variants by year of diagnosis of HIV infection.

SDRMs were detected in 6.8% of ART-naive pa-
tients, and a tendency to increase their prevalence was
noted. For example, in patients with a blood collection
date in 2018, 2019, and 2021, at least one surveillance
mutation was detected in 5.9% (95% CI 3.8-8.9%),
6.2% (95% CI 2.8-12.4%), and 8.8% (95% CI 4.3—
16.6%) of cases, respectively.

The complete list of detected mutations among
ART-naive patients is presented in Table 2.

%
8 -

7 4

Among 354 ART-experienced patients, HIV-1 DR
to at least one antiretroviral drug was detected in 52.0%
of cases, most frequently to NNRTIs (44.6%) and NR-
TIs (36.2%). HIV-1 DR to PIs was detected rarely, in
5.4% of patients.

Among the NNRTI class, HIV-1 DR was detect-
ed most frequently to NVP (40.4%), EFV (40.4%), and
RPV (32.8%) (Figure 3). Meanwhile, resistance was
predominantly high to 1st generation NNRTIs (EFV

6,4

OLow HIV-1 drug resistance

Olntermediate HIV-1 drug resistance

® High HIV-1 drug resistance

Fig. 2. Prevalence and level of HIV-1 drug resistance among ART-naive patients.
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and NVP). Among the NRTIs, HIV-1 DR was most fre- Table 2. Prevalence of resistance mutations among
- o ART-naive patients
quently detected to ABC (35.3%), FTC (34.7%), and
3TC (34.7%), with predominantly high levels to the ARV class Mutations Mutation detection rate, n (%)
first 2 drugs. PIs to all drugs of the PI class did not

E44D 3(0.6)
exceed 5% and were most frequently detected to NFV
(4.0%). A62V 215 (39.4)
HIV-1 DR in ART-experienced patients was de- NRTI K65R* 1(0.2)
tected most often, in 27.1% of cases, to two drug clas- M184/* 1(0.2)
ses (NRTI + NNRTTI), and to NNRTI class drugs alone M184V* 2(0.4)
in 14.1% of cases. Multidrug resistance to 3 classes of '
drugs (PI + NRTI + NNRTI) was detected rarely, in AEE 1102
3.1% of patients. K101E* 6 (1.1)
In an analysis of HIV-1 DR patterns in ART-ex- K103N* 25 (4.6)
perienced patients, resistance mutations were found in V106! 1002)
255 (72.0%) HIV-1-infected patients, including poly- '
morphic mutations. The most frequent mutations to vi1osi 3(06)
NNRTIs were G190S (20.1%), K103N (12.7%), K101 E E138A 23 (4.2)
(10.2%), YI8IC (6.8%), EI384 (6.2%); to NRTIs, ~ NNRT! T 5(0.9)
A62V (38.4%), M184V/I (26.8%), K65R (10.5%); and
to PIs, M461 (2.5%). Table 3 presents the list of identi- E138K 102
fied resistance mutations among ART-experienced pa- V179D 3(0.6)
tients. V179E 7 (1.3)
HIV-1 molecular clusters viroT 3(06)
Molecular cluster analysis revealed that 243 out G190 8019
of 899 HIV-1 nucleotide sequences (27.1%) formed 91 Maéi* 3(0.6)
clusters. HIV-1 nucleotide sequences from ART-naive M46V 2(0.4)
patients were more frequently detected within clusters PI MA6L* 1(0.2)
(69.5% vs 57.3%; p = 0.0009). '
184V* 1(0.2)

The prevalence of HIV-1 DR within clusters was
20.2% (49/243) vs 42.7% (209/656) outside clusters  Note. *Mutations from the SDRM list.
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Fig. 3. Prevalence and level of HIV-1 drug resistance among ART-experienced patients.
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Table 3. Prevalence of resistance mutations* among
ART-experienced patients

ARV class Mutations* Mutation detection rate, n (%)
A62V 136 (38.4)
K65R 37 (10.5)
D67N 13 (3.7)
K70R 10 (2.8)
K70E 4(1.1)
L741 6 (1.7)
NRTI
L74v 13 (3.7)
M184/ 19 (5.4)
M184V 76 (21.5)
T215Y 4(1.1)
K219E 4(1.1)
K219Q 7 (2.0)
L1001 4(1.1)
K101E 36 (10.2)
K103N 45 (12.7)
V106! 8 (2.3)
V1081 7 (2.0)
E138A 22 (6.2)
E138G 8(2.3)
NNRTI
V179D 6 (1.7)
V179E 7 (2.0)
V179T 4(1.1)
Y181C 24 (6.8)
G190S 71(20.1)
H221Y 5(1.4)
P225H 9 (2.5)
M461 9 (2.5)
PI
150L 4(1.1)

Note. *Mutations with a prevalence of at least 1% are represented.

(» = 0.0005). However, there was no correlation of DR
HIV-1 nucleotide sequence clustering with ART expe-
rience or any other clinical and epidemiological charac-
teristics of patients.

Resistance mutations (excluding polymorphic
mutations for sub-subtype A6 — 462V, E1384) were
found in 54 HIV-1 nucleotide sequences in 33 clusters.

The clustering features of HIV-1 nucleotide se-
quences with mutations occurring with a frequen-

ORIGINAL RESEARCHES

cy of more than 1.0% in the study sample were ana-
lyzed (Table 4). The most common mutations in the
detected clusters were KI03N (6.2%), VI79E (4.1%),
G190S (4.9%), and M184V (4.9%). At the same time,
the V179F mutation was significantly more frequent in
the clusters, and in contrast, the M184V, KI0IE, and
G190S mutations were less frequent than among all the
patients studied.

Transmitted mutations, i.e., those that occurred
in at least 2 HIV-1 nucleotide sequences in a cluster,
were found in 9 clusters in 27 nucleotide sequences
(Figure 4). The profile of transmitted mutations was
limited and included mutations associated with DR to
NNRTIs (K103N, VI79E/T, G190S, Y181C), NRTIs
(M1841/V, K65R), and PIs (L33F).

Within clusters, the transmission efficiency of re-
sistance mutations was determined as the ratio of the
number of transmitted mutations in clusters to all mu-
tations in clusters. The highest transmission efficiency
(50% or higher) was found for K103N (10/15; 66.7%),
VI79E/T (11/12; 91.7%), Y181C (2/4; 50.0%) and
G190S (6/12; 50.0%) mutations.

Based on the date of HIV diagnosis, putative
sources of transmitted HIV-1 mutations were identified,
which in 6/9 clusters (66.7%) were patients with a his-
tory of taking antiretroviral drugs.

In all clusters, patients with an earlier date of di-
agnosis transmitted the full mutation profile, except for
one cluster in which only K/03N was transmitted from
the M184V + K103N profile.

Most clusters (7/9) with transmitted HIV-1 muta-
tions were small and inactive. Only K703N (1 cluster)
and V179E (1 cluster) mutations were identified in large
active clusters.

Discussion

Against the background of a long history of tak-
ing antiretroviral drugs and an increasing number of
patients on ART, the prevalence of DR HIV variants in
Russia is increasing every year [ 18], which is the reason
for increasing the coverage of HIV-1 DR testing among
HIV-infected individuals. Thanks to the improvement
of sequencing technologies and the strengthening of
the national database of HIV resistance to antiretroviral
drugs [19], a significant amount of genetic and epide-
miological data is being accumulated, which, together
with the development of bioinformatic research me-
thods, makes it possible to use them for a more in-depth
study of the features of HIV-1 spread.

In this study, a pilot region of Russia was used as
an example to demonstrate for the first time in the coun-
try the potential of a new direction, genomic epidemio-
logical surveillance, in terms of the spread of resistant
HIV-1 variants. For the first time, a high coverage of
HIV-1 sequencing of PLHIV was obtained for one re-
gion of Russia, which amounted to 34.1% at the end of
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Table 4. Prevalence of HIV-1 DR mutations within clusters

Prevalence among all study patients

Prevalence within clusters

ARV class Mutations (n = 899), % (n = 243), % p*

K65R 42 2.1 0.0604
D67N 1.4 0.4 0.2039

NRTI K70R 1.1 0 0.0701
M184/ 22 2.1 1
M184V 8.7 4.9 0.0159
K101E 47 2.1 0.0211
K103N 7.8 6.2 0.3270
V1061 1.0 1.2 0.7091
V108! 1.1 1.2 0.7349
E138G 1.4 1.6 0.7568

NNRTI
V179D 1.0 1.6 0.2625
V179E 1.6 4.1 0.0006
Y181C 2.7 1.6 0.3515
G190S 8.8 4.9 0.0117
P225H 1.0 0 0.1233

Pl M461 1.3 0.4 0.1975

Note. *Statistically significant differences are highlighted in bold (p < 0.05).

2021'%. This makes it possible to obtain reliable results
of the study.

The assessment of HIV-1 genetic diversity in the
study region revealed 5 genetic variants (sub-subtype
A6, subtype B, CRF63 02A6, CRF02 AG, CRF03
A6B) characteristic of the Russian genetic landscape
[20], as well as subtype F atypical for the Russian ep-
idemic, probably resulting from an imported case of
HIV infection. The observed increase in the proportion
of CRF63 02A6 among patients diagnosed between
2015 and 2021 reflects the general trend in the country
[21, 22].

The analysis of HIV-1 DR revealed that HIV-1 re-
sistance to at least one antiretroviral drug was detected
in 13.6% of ART-naive patients, most often to NNRTIs
(11.4%): RPV (7.3%), NVP (6.4%) and EFV (6.1%),
which is in line with the data obtained for Russia as a
whole [21].

The prevalence of HIV-1 DR in the studied pa-
tients with ART experience was 52.0%, most frequently
to the same NNRTI class drugs (44.6%): NVP (40.4%),
EFV (40.4%) and RPV (32.8%), as well as to NNRTIs
(36.2%): ABC (35.3%), FTC (34.7%) and 3TC (34.7%).

16 Federal Scientific and Methodological Center for AIDS
Prevention and Control FBUN Central Research Institute of
Epidemiology of Rospotrebnadzor. Information Bulletin No. 46
“HIV-infection”. 2021. URL: http://www.hivrussia.info/wp-
content/uploads/2022/05/Byulleten-46-VICH-infektsiya-za-
2020-g.-.pdf. (date of access: July 8, 2024).

The described prevalence of HIV-1 DR in ART-experi-
enced patients in Russia varies considerably from 50%
[23] to 82.4% [24], reflecting the correct assignment of
genotyping test. In the present study, the relatively low
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Fig. 4. Clusters with transmitted resistance mutations.

The triangle indicates HIV-1 nucleotide sequences from ART-
experienced patients, and the circle indicates HIV-1 nucleotide
sequences from ART-naive patients. HIV-1 nucleotide sequences
from patients with the earliest date of diagnosis of HIV infection
in the cluster are marked in light grey.
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HIV-1 DR is associated with the fact that virologic fail-
ure of ART wasn’t observed in all patients.

It should be noted that high-level HIV-1 DR
among all patients, regardless of ART experience, were
most often established for NNRTIs (NVP, EFV) and
NRTIs (FTC and 3TC), which can be explained by their
widespread use and low genetic barrier to the develop-
ment of HIV-1 DR [25].

During the study period, the most commonly used
Ist-line ART regimen in the region included TDF, 3TC
and EFV. According to the results of the present study,
the primary resistance of HIV-1 to the used nucleoside
base did not exceed 1%, and resistance to EFV amount-
ed to 6.1%, which allows recommending replacement
of the third component of the regimen in accordance
with the national clinical guidelines for the treatment of
HIV infection'’.

The most frequent mutations (excluding polymor-
phic mutations for sub-subtype A6 - 462V and E1384)
among patients without ART experience were KI0IF,
KI103N, VI79E and GI190S to NNRTIs, among pa-
tients with ART experience — KI10I1FE, KI03N, V179E,
Y181C, G190S to NNRTIs and M184V/I, K65R to NR-
TIs. HIV-1 DR and PI class drug resistance mutations
were rare among the study patients.

The prevalence of mutations significant for epide-
miological surveillance of transmitted HIV-1 DR in the
Orel region was 6.8%, which corresponds to the aver-
age level in Russia [18]. Multidrug resistance to three
classes of ARVs (PIs + NRTIs + NNRTIs) was detect-
ed only in ART-experienced patients in 3.1% of cases.
Thus, it can be concluded that the HIV-1 DR level in the
study region is moderate, and the HIV-1 DR patterns
identified correspond to the ART regimens used and are
typical for Russia.

Assessment of HIV-1 DR levels and patterns pro-
vides important information about which drugs are ef-
fective at the time of the study, but does not allow us
to determine the distribution of DR variants or predict
which drugs will be effective in the future. For a more
in-depth analysis, one of the tools of genomic epide-
miological surveillance, the method of molecular clus-
ter analysis, was applied to the spread of HIV-1 DR in
this study.

The analysis found that molecular clusters were
more likely to be formed by HIV-1 nucleotide sequenc-
es from ART-naive patients, indicating that they were
the main sources of HIV infection in the region and
suggesting that there was no high risk of transmission
of HIV-1 DR variants due to the relatively low preva-
lence of primary HIV-1 DR.

In addition, it was found that DR variants of the
virus from both ART-naive and ART-experienced pa-

17 Clinical Recommendations “HIV infection in adults” (approved
by the Ministry of Health of the Russian Federation). Moscow;
2020.

ORIGINAL RESEARCHES

tients were less likely to fall into molecular clusters,
which is likely due to the fact that most of them have
significantly reduced fitness [26].

Despite the fact that HIV transmission in the Orel
region was mainly from patients without ART experi-
ence, the sources of resistant HIV variants were pre-
sumably patients with ART experience. It is interest-
ing to note that foreign studies have described that the
source of HIV-1 DR variants was, on the contrary, pa-
tients without ART experience [27-29], which is prob-
ably due to higher ART efficacy rates in the countries.

An evaluation of transmitted mutations of HIV-
1 DR found that the profile is limited to 9 mutations:
KI103N, VI79E/T, Y181C, G190S to NNRTIs; K65R,
M1841/V to NRTIs; and L33F to Pls, thus predicting
which drugs will be ineffective in the future. Thus,
the most frequently transmitted mutation was K103N,
which is associated with the emergence of HIV-1 re-
sistance to NVP and EFV. The results of other studies
have also shown that this mutation is transmitted more
frequently than others [30, 31], which is due to the fact
that viruses with this mutation and wild-type viruses
have a similar fitness, as well as the fact that this muta-
tion can persist in the patient’s body for a long time [32,
33]. It is also important to note that the presence of this
mutation in patients starting treatment with the TDF +
3TC + EFV regimen is associated with increased risks
of virologic failure [34].

V179E/T mutations, which also occurred with high
frequency in clusters, are associated with decreased
response to NNRTI treatment (with the exception of
DOR), but generally do not result in the occurrence of
virologic failure [35]. However, in the presence of these
mutations, it is not recommended to prescribe a regi-
men containing EFV if the patient has a high viral load
at the start of treatment [36].

The next most common transmitted mutation in
the clusters, G190S, is associated with a 200-fold and
130-fold reduction in HIV-1 susceptibility to NVP and
EFV, respectively, and is often found in sub-subtype A6
viruses due to its predisposition to have this mutation
[37]. It is noted that the fitness of virus containing this
mutation is reduced [38].

The Y181C mutation reduces the susceptibility of
the virus to all NNRTTs, especially NVP, and hardly im-
pairs the fitness of the virus [39].

Transmitted mutations to the M1841/V NNRTI
found in clusters are associated with high levels of
HIV-1 resistance to 3TC, FTC and low levels to ABC,
while increasing susceptibility to d4T, ZDV and TDF,
allowing 3TC and FTC to be retained in regimens when
they occur. Foreign studies have described that these
mutations are often transmitted from patients with vi-
rologic failure of ART [40], and also persist for a long
time in HIV reservoirs [41].

The K65R mutation is associated with decreased
susceptibility to all NRTIs except ZDV, to which, on
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the contrary, it increases viral sensitivity. M184V and
K65R mutations have been described to significantly
reduce virus fitness [42, 43].

The only mutation to PIs, L33F, which was found
in the clusters, is additional and only slightly affects the
susceptibility of the virus to antiretroviral drugs.

The presence of the mutations described above
in molecular clusters indicates their active transmis-
sion, but the greatest danger is posed by those muta-
tions that have a high efficiency of transmission within
these clusters. As a result of the efficiency assessment
it was found that such mutations are K/03N, VI179E/T,
Yi81C, G190S, which cause resistance of the virus to
the 1st generation NNRTIs — EFV and NVP.

Thus, based on the data obtained, we can conclude
that there is no risk of increased transmission of HIV-1
DR in the Oryol region, as evidenced by the high de-
gree of clustering of ART-naive patients who have a
relatively low level of primary resistance, the low de-
gree of clustering of HIV DR variants, and the fact that
transmission of mutations was found mainly in small
and inactive clusters. The rapid and efficient transmis-
sion of mutations associated with virus resistance to 1st
generation NNRTIs established in this study allows us
to recommend limiting their use to prevent the spread
of DR variants of HIV-1 in the region and to improve
the efficacy of ART.

Conclusion

The results of molecular cluster analysis provide
information on the peculiarities of HIV-1 DR variants
distribution, in particular, on the dynamics of HIV-1
DR transmission, sources of resistant variants of the vi-
rus, efficiency of transmission of resistance mutations,
which allows us to recommend this method for use
within the framework of genomic epidemiological sur-
veillance of HIV infection in Russia to develop preven-
tion strategies to prevent transmission of DR variants of
the virus and to improve the effectiveness of treatment.
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Abstract

Introduction. Recombinant adenoviruses are widely used in the development of vaccines for a variety of
infectious diseases. Despite numerous clinical trials, only a few types of human (types 5 and 26) and simian
(isolate Y25) adenoviruses are currently used to produce vaccine formulations. Different types of adenoviruses
vary in their cellular tropism, which plays a key role in their ability to elicit an immune response.

The aim of this study was to investigate the cellular tropism of the simian adenovirus type 25 in vitro and its
biodistribution in vivo in comparison with human adenoviruses types 5 and 26.

Materials and methods. The efficiency of in vitro transduction was evaluated on 15 different cell lines using
recombinant adenovirus vectors expressing the enhanced green fluorescent protein (EGFP) reporter gene. In vivo
biodistribution and bioluminescence imaging were evaluated in BALB/c mice after administration of recombinant
adenoviral vectors encoding the luciferase reporter gene. The acute toxicity of a recombinant simian adenovirus
type 25 vector was assessed in mice and rats following intramuscular or intravenous administration.

Results. Recombinant simian adenovirus effectively transduces a wide range of cells. At the same time, a higher
tropism to human glioblastoma cells (GL-6) was found compared to the other two studied adenoviruses. In vivo
experiments have shown that recombinant adenoviruses are mainly localized at the injection site, and transgene
expression persists for 21 days. Acute toxicity studies demonstrated that simian adenovirus type 25 vector was
well-tolerated, with no animal deaths or detectable toxic effects.

Conclusion. The new platform based on the recombinant simian adenovirus type 25 is not inferior to the existing
and well-established delivery systems based on human adenoviruses types 5 and 26. Due to ihigh transduction
leveland favorable safety profile, the use of the simian adenovirus type 25 in medicine has the potential to offer
many benefits for the development of vaccines against future infectious diseases.

Keywords: adenovirus vector, human adenovirus, simian adenovirus, tropism, biodistribution, acute toxicity
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UccnepoBaHmne Tponnsma n 6GmopacnpegeneHns peKoMONHaHTHOrO
apgeHoBupyca ob6e3sbaH 25-ro ceportuna in vitro n in vivo

BaBunosa W.B.”, OxxapoBckas T.A., 3yokosa O.B., Monosa O.,
BopoHuHa [.B., lTongoBckasa .M., 3penkun [.U., Dxapynnaesa A.LL.,
Homxkunkosa U.B., LLle6bnakos [1.B., JloryHos [1.10., TmHu6ypr AJ1.

HavumoHanbHbI nccnefoBaTeNibCKUN LEHTP SMMAEMUONOTN 1 MUKPOGUoOnornm
MMeHU noyeTHoro akagemunka H.Q. lamaneun, Mocksa, Poccua

AHHOMauus

BBeaeHue. PekombuHaHTHbIE ageHoBUpycChl (rAd) LWIMPOKO UCMONb3YyTCA AN pa3paboTku BakUMH NPOTUB psaa
WH(EKUMOHHBIX 3aboneBaHuin. HecmoTps Ha 60nbluoe KONMMYECTBO KIMHUYECKUX UCCIeqoBaHWN, Ha CeroaHsiLL-
HWIA IeHb TOMbKO HECKOMNBbKO CEPOTMMNOB a4eHOBMPYCOB YernoBeka (5-1 u 26-1 cepoTunbl) n 06e3bsH (M3onsT Y25)
Ha NOCTOSHHOW OCHOBE MPUMEHSAIOTCH ANS CO34aHMsA BaKUMHHBIX npenapaTtoB. PasnuyHble cepotunsl rAd otnu-
YaloTCs TPOMHOCTBIO K KINEeTKaMm, YTO UrpaeT KMoUeByHo poflb B MX CMOCOBHOCTU K MHAYKLMU MMMYHHOIO OTBETA.
Llenb paboTbl — 13y4nTb KNETOYHBIN TpONuaMm in vitro n 6uopacnpegenexme in vivo rAd obesbsH 25-ro cepoTtuna
(SAd25) B cpaBHEHMM C afeHOBMpPYCaMM YernoBeka 5-ro u 26-ro cepoTunos.

MaTtepuanbl u Metoabl. OPHEKTUBHOCTb TpaHCOAYKUMK in Vvitro oueHnBann Ha 15 KNETOYHbIX NUHUSX C UC-
nonb3oBaHnemM rAd, akcnpeccupyrLwmux penoptepHbii reH EGFP. buopacnpegeneHnve 1 G1ontoMUHECLIEHTHYHO
BM3yanu3aumio in vivo oueHmBanu Ha mblwax BALB/c ¢ ncnonb3oBaHnem rAd, 3KCNpeccupyroLLmMx penopTepHbI
reH noumdepasbl. OcTpyto TokeudHocTb SAD25 oueHMBany Ha Mbllax U Kpbicax Npy BHYTPUMbILLEYHOM U BHY-
TPVBEHHOM BBEAEHUN.

PesynbraTtbl. SAd25 adhheKkTMBHO TpaHCOAyLMPYET BCIO NaHerb KMETOYHbIX MMHWIA, Npy 3TOM obHapyxeHa Gonee
BbICOKasi TPOMHOCTb K KreTkam rimobnactomel Yenoseka (GL-6) no cpaBHeHWIO ¢ ABYMS APYrMMW UCCRenoBaH-
HbiMu rAd. B akcnepumMeHTax in vivo nokasaHo, 4To rAd B OCHOBHOM fOKanu3yloTcsl B MecTe BBEAEHUS, SKCnpec-
CVS TpaHCreHa CoxpaHsieTcs B TedeHve 21 gHsa. B akcneprMeHTax no oueHke 0CTPOn TOKCM4HoCTM SAd25 XuMBOT-
Hble XOPOLLO NepeHocHny BBeAeHUe npenapara, rmbenb XUBOTHbIX He 3adMKCUpoBaHa, Tokcudeckne adhdekTbl
He oBHapyXeHbI.

3akntoyeHne. Hoeasa nnatdopma Ha ocHoBe SAd25 He yCcTynaeT yxe CyLLECTBYIOLLUMM 1 XOPOLLO 3apEeKOMEH-
[oBaBLUMM cebsl cucTemMam [OCTaBKM Ha OCHOBE afeHOBMPYCOB YenoBeka 5-ro n 26-ro ceporunos. bnarogaps
BbICOKOMY YPOBHIO TpaHCAYyKUMM 1 BnaronpustHomy npodunto 6e3onacHocTn SAJ25 mMoxeT npeanoxvTb psag
npevMMyLLEecTB Ang pa3paboTki BakUMH NPOTMB HOBbIX MHADEKLUNOHHBLIX 3aboneBaHuii.

KnioueBble cnoBa: adeHo8uUpyCHbIU 8ekmop, adeHosupyC Yeroseka, adeHo8UpPyc 06e3bsiH, mponu3sM, buopac-
npedeneHue, ocmpasi MOKCUYHOCMb

Amuyeckoe ymeepxdeHue. ABTOpblI MOATBEPXKAANT COOMIOAEHWE WHCTUTYLMOHANbHBIX M HaUMOHAIbHbLIX CTaH-
[apTOB MO MCMOMb30BaHNIO NabopaTopHbIX XUBOTHLIX B cooTBeTCTBUM ¢ «Consensus Author Guidelines for Animal
Use» (IAVES, 23.07.2010). lMpotokon wuccnemoBaHust ofobpeH KOMuTeToM no OuomeguumHckon atuke HULIOM
um. H.®. Famaneu (npotokon Ne 30 ot 28.10.2022).

HNcmoyHuk puHaHcupoeaHusi. Pabota BbiNnonHeHa B pamMkax rocyAapCTBEHHOro 3agaHus MuHucTepcTBa 34paBo-
oxpaHeHuss Poccuiickon ®epepauumn «Pa3paboTka TexHONormyeckon nnatdopmel Ans CO3AAHUA PEKOMOMHAHTHBIX,
B TOM YMCIE XUBbIX BaKUUH ANS NPOUNaKTUKN MHEKLMOHHBIX BonesHemny.

KoHgbniukm uHmepecoe. ABTOpbI AeKNapUpyT OTCYTCTBME SIBHBIX U MOTEHUMAnNbHbIX KOH(IMKTOB MHTEPECOB, CBSI-
3aHHbIX C NyGnuKaumen HacTosILEN cTaTby.

Ansi yumupoeaHusi: BaBunosa W.B., Oxaposckas T.A., 3y6kosa O.B., NMonosa O., BoponuHa [.B., Nongosckas M.,
3penkuH O.U., Oxapynnaesa A.LL., Oomkukosa W.B., Lebnskos [.B., NloryHos A.10., MHubypr A.J1. UccnenosaHue
Tponuama n bruopacnpegeneHns pekoMobnHaHTHOro ageHoBupyca obesbsH 25-ro cepotuna in vitro v in vivo. KypHan
mukpobuornoeuu, anudemuonoauu u ummyHobuonoauu. 2024;101(5):594-605.
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Introduction

Adenoviruses (Ad) are non-enveloped DNA-con-
taining icosahedral-shaped viruses. The Adenoviridae
family consists of 6 genera, including viruses of the
Mastadenovirus genus that infect mammals, includ-
ing humans [1]. Human Ads are divided into 7 species
(Mastadenovirus adami, Mastadenovirus blackbeardi,
Mastadenovirus caesari, Mastadenovirus dominans,
Mastadenovirus  exoticum, Mastadenovirus faecale,
Mastadenovirus russelli) depending on their morpholog-
ical, virological, serological and genetic characteristics.
The fundamental biological properties of Ad species
Mastadenovirus caesari (formerly human adenoviruses
of subgroup C) have long been widely studied, which has
made them popular targets for the development of vector
systems for the delivery of foreign genetic information
in vivo and in vitro |2, 3].

To date, significant progress has been made in the
use of Ad as vector vaccines [3-6]. Over the past 10
years, vaccines for the prevention of Ebola virus dis-
ease and COVID-19 coronavirus infection have been
approved and registered in Russia [7, 8]. The experi-
ence of vaccination during the COVID-19 pandemic
proved the safety and efficacy of Ad-based vector vac-
cines. Three Ad platforms were used for large-scale
vaccination: based on human Ad of type 5 (AdS), type
26 (Ad26) and chimpanzee adenovirus (isolate Y25) [5,
7, 9]. Despite a large number of clinical studies, only
a few human and chimpanzee Ad types (Ad6, Ad35,
ChAd63, ChAd3) have been studied as the basis for
vector vaccines [10]. Different types have distinct char-
acteristics in cell tropism, which may play a key role
in the induction of immune response by affecting the
expression and distribution of the target antigen [11].
The key characteristics in selecting alternative types of
Ad are low seroprevalence in the human population and
the ability to induce high levels of specific immune re-
sponses to the target antigen.

Previously, a technology platform based on simian
Ad type 25 (SAd25) was developed [12]. The aim of
this study was to compare the tropism of Ad5, Ad26
and SAd25 in vitro and in vivo.

Materials and methods

Cell lines

15 cell lines of different origins were used in the
experiments:

1) human cells: HEK 293 (embryo kidney cells
transformed by E1 region of AdS), H292 (lung mu-
coepidermoid carcinoma cells), H460 (large cell lung
carcinoma cells), H1299 (non-small cell lung cancer
cells), A549 (lung adenocarcinoma cells), A431 (epi-
dermoid carcinoma cells), GL-6 (glioblastoma cells),
LHR-T (embryonic lung cells), HeLa (cervical carci-
noma cells);

2) monkey cells: two green monkey kidney cell

ORIGINAL RESEARCHES

lines (CV-1 and Vero E6);

3) mouse cells: 1929 (fibroblast cells) and EPNT-5
(glioblastoma cells);

4) hamster cells: CHO (Chinese hamster ovary
cells) and BHK-21 (newborn Syrian hamster kidney
cells).

Recombinant adenoviruses

Recombinant Ad5- and Ad26-vectors carrying the
reporter gene of the enhanced green fluorescent protein
EGFP (rAd5-EGFP and rAd26-EGFP), the luciferase
gene (rAd5-Luc, rAd26-Luc) were obtained earlier
[7, 12, 13]. To clone the luciferase gene or the SARS-
CoV-2 virus glycoprotein S gene into the rSAd25 ge-
nome, we used the technique described previously [12].
The pArms-SAd25-Luc or pArms-SAd25-S-CoV?2 car-
rying expression cassettes with the reporter gene or
antigen were linearized and added to pSAd25-EGFP
containing the AE1/AE3 gene. After electroporation in
E. coli BJ5183 cells, homologous recombination result-
ed in pSAd25-Luc or pSAd25-S-CoV2 encoding the
AE1/AE3 genome of SAd25 with an expression cas-
sette. rAd was rescued and grown in HEK 293 cells.

Laboratory animals

All animal experiments were performed in strict
compliance with the recommendations of the National
Standard of the Russian Federation (GOST R 53434-
2009 Principles of Good Laboratory Practice), and the
methods used were approved by the Biomedical Ethics
Committee of N.F. Gamaleya NRCEM (Protocol No.
30 of 28.10.2022). Six-week-old female BALB/c mice
(18-20 g) were obtained from the Pushchino Nursery
(Russia; accredited by the International Association for
Assessment and Accreditation of Laboratory Animal
Care). Outbred (mongrel) mice and rats were obtained
from the Andreevka branch of the Scientific Center for
Biomedical Technologies of the Federal Medical and
Biological Agency of Russia. The animals had free ac-
cess to water and standard rodent food.

Determination of the infectious titer of adenoviruses

The quantity of infectious Ad particles was de-
termined by an endpoint dilution assay TCID50 (50%
tissue culture infectious dose) in HEK 293 cell culture.
Cells were plated into 96-well plates at 3 x 10*cells per
well. Then, serial 10-fold dilutions of virus were added in
8 repeats. The plates were incubated for 12—14 days,
and the result was recorded visually by the presence of
cytopathic effect (CPE). The virus titer was calculated
according to the Reed-Mench formula and expressed in
TCID, /mL [14].

Determination of adenovirus replication

To study the kinetics of Ad replication, HEK
293 cell culture was plated into 96-well plates at the
rate of 3 x 10*cells per well. Cells were then infect-
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ed with rAd5-EGFP, rAd26-EGFP, and rSAd25-EG-
FP at a dose of 0.01 TCID,y/cell. Culture plates
were incubated for 6-7 days at 37°C and 5% CO,.
The results were recorded using a Lionheart FX
Automated Microscope (BioTek Instruments Inc.).

Transduction of cell lines by recombinant adenoviruses

Two to three hours before transduction, cells were
plated into 48-well plates at the rate of 10° cells per
well. Cells were then transduced with rAd5-EGFP,
rAd26-EGFP and rSAd25-EGFP at a dose of 1 TCID, /
cell. Culture plates were incubated at 37°C and 5%
CO.,. Fluorescence intensity was measured on a Syner-
gy H1 Hybrid Multifunctional Reader (BioTek Instru-
ments Inc.) using Gen5 Microplate Reader and Imager
Software.

Administration of recombinant adenoviruses
to animals

For biodistribution studies, rAd was injected once
intramuscularly at a dose of 10" or 10! viral particles
(v.p.) per animal (n = 3). Animals in control group were
injected with sterile phosphate-buffered saline (PBS)
(Paneco). The research protocol was approved by the
Committee on Biomedical Ethics of the Gamaleya Na-
tional Research Center for Epidemiology and Microbi-
ology, Moscow, Russia (protocol No. 30, October 28,
2022).

Determination of adenovirus DNA
in animal organs and tissues

Animals were euthanized 24 h after rAd adminis-
tration. Organs were harvested, weighed and homog-
enized in PBS. DNA was isolated using the Wizard
Genomic DNA Purification Kit (Promega). Viral DNA
was determined by real-time polymerase chain reac-
tion on a CFX 96 thermocycler (Bio-Rad): primers
(5’-GGCGGCGGCTGGCGGTAGA-3’ and 5’-GCAA-
CATCTGGAACCGCGCG-3’), qPCRmix-HS SYBR
mix (Eurogen). The initial denaturation step (5 min at
95°C) was followed by 40 cycles of 15 s at 95°C, 30 s at
61°C and 30 s at 72°C. The data were processed using
Bio-Rad CFX Manager software.

Bioluminescence imaging in vivo

Luciferin (Promega; 2.5 mg/animal) was dilu-
ted in PBS and injected intraperitoneally into mice
on days 1, 3, 7, 14 and 21 after rAd administration.
Animals were anesthetized with isoflurane (Piramal
Critical Care) for 5-10 min, followed by biolumines-
cence imaging on an [VIS Lumina Series I instrument
(Caliper). Exposure times were adjusted to avoid pixel
oversaturation, and flux measurements were converted
to photons per second for comparative evaluation of
luminescence at different time points. Luminescence
image data were analyzed using the Living Image v.
4.2 software.

Methods of acute toxicity assessment

In the toxicity experiment, the effect of rSAd25-S-
CoV2 on experimental animals (mice and rats) was
evaluated by intramuscular (for mice and rats) and in-
travenous (for mice) administration. For each route of
administration, 4 groups of outbred mice of both sexes
(10 females and 10 males per group) were formed and
injected with rAd at different doses (10%, 10'° and 10"
v.p. per animal). The control group was injected with
PBS. Three groups of rats (10 females and 10 males per
group) were formed and injected with rAd at different
doses (10! and 10'1 v.p. per animal). The control group
was injected with PBS. After a single injection of the
drug, the animals were monitored for 14 days with dai-
ly clinical examination. Parameters of functional state,
appearance, physiologic functions were recorded. On
days 0, 7 and 14, the animals were weighed. On the
14th day animals were euthanized and complete nec-
ropsy was performed. At necropsy, the external state of
the body, internal surfaces and passages, cranial cavity,
thoracic, abdominal and pelvic cavities with organs and
tissues in them, neck with organs and tissues, and ske-
letal-muscular system were examined.

Statistical analysis

Data were processed using the following computer
programs: GraphPad 8.0 and Microsoft Excel. For quan-
titative results, arithmetic mean, geometric mean, stan-
dard error of the mean and standard deviation were cal-
culated. When analyzing data from unrelated samples,
Student’s test, Mann—Whitney test or Kraskell-Wallis
test were used. The a-priori level of significance was tak-
en as a = 0.05. Differences were considered statistically
significant at the achieved significance level p < a.

Results

Construction of recombinant vectors based
on simian adenovirus serotype 25

A recombinant replication-defective vector based
on SAd25 with an EGFP reporter gene (rSAd25-EGFP)
was obtained earlier [12]. Recombinant vectors carry-
ing the luciferase gene (rSAd25-Luc) and the S-protein
gene of SARS-CoV-2 coronavirus (rSAd25-S-CoV?2)
were obtained in a similar manner (Fig. 1, a).

To evaluate the reproductive efficiency of the re-
combinant vector based on the simian adenovirus in
permissive culture, rSAd25-EGFP carrying the gene
of a fluorescent protein reporter was used. rAd5-EGFP
and rAd26-EGFP carrying a similar transgene served as
comparison vectors. HEK 293 cells were infected with
the studied Ads at a rate of approximately 1 infectious
particle per 100 cells. Visual evaluation of the results
was performed starting 96 h after transduction every 16
h (Fig. 1, b).

After 96 h, intense fluorescence induced by re-
combinant viral vectors was observed. In contrast to the
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Fig. 1. Schematic representation of the recombinant SAd25 genomes (a) and comparison of the reproduction efficiency

of rSAd25-EGFP, rAd5-EGFP and rAd26-EGFP in HEK 293 (b).
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comparison vectors, the formation of fluorescent focus-
es was detected only in wells with rSAd25-EGFP, indi-
cating a higher rate of accumulation of viral progeny in
the infected cells. Over time, the focuses increased in
size, leading to cell monolayer lysis and a pronounced
cytopathic effect. Thus, the rSAd25 vector has lytic
potential; replication leads to significantly greater cell
damage compared to rAd5 and rAd26.

An in vitro study of rSAd25-EGFP tropism

To determine the tropism of rSAd25, the transduc-
tion efficiency of different cell types (human, hamster,
monkey, mouse origin) was examined in comparison
with the commonly used vectors rAd5 and rAd26. The
investigated replication-defective vectors contained the
EGFP gene under the control of the cytomegalovirus
promoter, which provides similar levels of expression
after transduction. All cell lines were transfected with
rSAd25-EGFP, rAd5-EGFP, and rAd26-EGFP at a dose
of 1 TCID,/cell. The indicated dose of virus, on the one
hand, has no cytotoxicity and, on the other hand, allows
to expect that each cell will contain approximately only
1 v.p. Transduction with a higher dose leads to infection
of one cell with several viral particles and, consequent-
ly, transgene expression is not linear. Transduction effi-
ciency was assessed by the level of EGFP fluorescence
in cells and expressed as relative units. The total value
was determined by subtracting the fluorescence level
of intact cells from the fluorescence level of transduced
cells (Fig. 2).

EGFP expression was detected in all studied cell
lines. The transduction of Vero E6 monkey cells differed
when different adenoviral vectors were used. The highest
level of EGFPexpressionin VeroE6 cellswasobserved for
rSAd25-EGFP.
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The investigated adenoviruses penetrated into
hamster (BHK-21, CHO) and mouse (L929, EPNT-6)
cells with comparable efficiency.

The tropism of rSAd25-EGFP, rAd5-EGFP and
rAd26-EGFP differed in human cells. SAd25-EGFP
penetrated human glioblastoma GL-6 cells with high-
er efficiency. The fluorescence level of rSAd25-EGFP
in human lung carcinoma H292 and H460 cells was
significantly higher than that for rAd5-EGFP. Mean-
while, in another lung carcinoma cell line (H1299),
rAd26-EGFP showed an advantage.

In vivo biodistribution assessment
of recombinant adenoviruses

The biodistribution features of rAd5-EGFP,
rAd26-EGFP and rSAd25-EGFP were studied in experi-
ments on BALB/c mice using two methods: viral genome
detection and transgene expression. 24 h after intramus-
cular injection of rAd at a dose of 10'° v.p., the number
of Ad genome copies in tissues and organs was ana-
lyzed by real-time polymerase chain reaction (Fig. 3).

Among the 14 selected organs and tissues, viral
DNA was mainly detected in muscle samples from
the injection site. Moreover, the copy number of
rSAd25-EGFP DNA in muscle was significantly higher
than that of rAd26-EGFP and rAd5-EGFP DNA, respec-
tively. In addition to the injection site, small amounts of
rAd5 genomes were detected in the lower lymph nodes
as well as in the blood (rSAd25 and rAdS).

For bioluminescent imaging, we used rAds ex-
pressing the luciferase gene, which were injected into
animals intramuscularly at a dose of 10! v.p. For all
Ad types, the bioluminescent signal was detected only
at the injection site (Fig. 4). After a single injection of
rAd5-Luc, rAd26-Luc, or rSAd25-Luc, the highest lu-

Bl rAdS-EGFP
B SAd25-EGFP
Bl rAd26-EGFP

o RO SN hooooy o)
& Q‘Qy S 4@@@ & & &

9
S5
YE 9

Cell cultures

Fig. 2. Tropism of rAd5-EGFP, rAd26-EGFP and rSAd25-EGFP to different mammalian cell cultures.

* — statistically significant difference with rSAd25-EGFP; & — statistically significant difference with rAd26-EGFP;
# — statistically significant difference with rAd5-EGFP.
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Fig. 3. Comparative analysis of adenovirus biodistribution in mice.
Each column represents the average number of genomes with a standard deviation.

ciferase expression was detected 1 day after injection
(Fig. 4, a). The highest luciferase activity was observed
in mice injected with rAd5-Luc, whereas the lowest ac-
tivity was observed in the group of mice with rAd26-
Luc. Luciferase activity gradually decreased by day
21 for all adenoviruses (Fig. 4, b). However, the smal-
lest drop in transgene expression level (approximately
100-fold) was observed in mice injected with rSAd25-
Luc. For rAd5-Luc and rAd26-Luc, luciferase activity
decreased more than 250 and 400 times, respectively
(Fig. 4, ¢).

Acute toxicity study of rSAd25

The acute toxicity of rSAd25 expressing the tar-
get gene of protein S of SARS-CoV-2 virus (rSAd25-
S-CoV2) was studied in mice and rats of both sexes a
single intramuscular or intravenous injection. The use
of rAd with the target antigen allows the most adequate
assessment of toxicity of both the vector itself and the
insertion.

The tested animals (mice and rats) tolerated well
both intramuscular and intravenous administration of
adenovirus preparation in all doses. During the obser-
vation period, no animal died and no clinical signs of
intoxication were observed. Integral indices of animal
condition did not differ between experimental and con-
trol groups. Positive dynamics of body weight change
was observed in all groups (Fig. 5).

Macroscopic examination of mice revealed no ef-
fect of rSAd25 on the state of internal organs; no dif-
ferences were found between control and experimental
groups. Macroscopic examination of male rats revealed
differences between experimental and control groups.
In 4 out of 10 male rats injected with 10! v.p. and in
2 out of 10 male rats injected with 10'° v.p., areas of
decreased airiness of lung tissues (atelectasis) and foci

of coagulation necrosis with signs of organization were
observed. It is important to note that no pathomorpho-
logic changes of lungs were detected in the studied fe-
males. The results of macroscopic examination of other
internal organs of rats of experimental groups did not
differ from those of the control group.

Discussion

Ad-based vectors are excellent tools for the delivery
of foreign genetic information into mammalian cells due
to their large packaging capacity and high functional
titers. Ad vectors are widely used for the development
of vector vaccines and gene therapy drugs. However,
their use may be limited when target cells lack receptors
involved in attachment and internalization. In this case,
the use of vectors based on alternative types of Ads will
be significant only if the reproductive potential of the
selected vector is high.

The standard strategy for producing recombinant
replication-defective Ad vectors is to delete the E1 re-
gion of the genome. One important aspect of success-
ful complementation of El-deleted Ad is the functio-
nal interaction of the E1B 55K protein (produced by a
trans-complementary cell line) with the E4 34K protein
in the virus genome. At the same time, the development
of complementary cell lines for different types of rep-
lication-defective vectors is a labor-intensive process.
Therefore, the availability of non-human Ad types ca-
pable of replicating in cells such as HEK 293 (human
cells transformed with E1 region of Ad5 genome) is a
great advantage. Although the sequence similarity be-
tween the E1B 55K proteins of Ad5 and SAd25 is about
56%, rSAd25-EGFP was produced and accumulated in
high titers in HEK 293 cell culture without additional
viral genome modifications. The results obtained differ
significantly from the data of other studies, which show
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that the replacement of open reading frame 6 in the E4
region is necessary for successful replication of the re-
combinant vector [15].

The nature of Ad receptor expression on the sur-
face of cells (both primary and secondary) determines
the tropism of the virus, which determines the range of

1 3 7 14 21

Days after intramuscular injection

Fig. 4. Biodistribution of recombinant adenoviruses
rAd5-Luc, rAd26-Luc, rSAd25-Luc in mice after intramuscular
administration by bioluminescence imaging with averaged
(a) and enhanced luminescence scale (b). ¢ — photon flux
measured in the luminescence region.

vector applications. SAd25 uses CAR (coxsackie and
adenovirus receptor) as a primary cellular receptor, like
most other Ad types [16, 17]. The amino acids involved
in the interaction with CAR are located in the loop of
AB knob-domain of the fiber. The key amino acids in
Ad5 are Ser408, Pro409, Lys417 and the corresponding
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Fig. 5. Study of acute toxicity of rSAd25-S-CoV2 in mice and rats.
i.v. — intravenous; i.m. — intramuscular.

amino acids in other types: Ser196, Pro197, Lys205 in
Ad26 and Ser255, Pro256, Lys267 in SAd25 [17]. The
Ad5 and SAd25 fiber sequences are 63.9% similar, and
it is not surprising that both recognize the same recep-
tor. Like Ad5 and Ad26, SAd25 uses av-integrins as a
secondary receptor for internalization due to the pres-
ence of an RGD (Arg-Glu-Asp) sequence at the base of
the penton [18].

To better understand the tropism of SAd25, we an-
alyzed the transduction efficiency of SAd25 versus Ad5
and Ad26 using replication-defective vectors express-
ing EGFP (SAd25-EGFP, Ad5-EGFP, Ad26-EGFP).
Experimental results showed that SAd25 efficiently
transduced all cell lines tested. Its broad transduction
profile was attributed to its interaction with CAR and
av-integrins. However, interaction with these receptors
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is not the only factor determining the cellular tropism
of the virus. The observed differences in Ad tropism of
subgroups C, D, and E can be significantly influenced
by the length of the fiber, as it is the main factor that
determines the strategy of Ad attachment to the cell.
Therefore, an interesting aspect of our analysis was the
increased tropism of SAd25 to human neuroblastoma
cells. Further studies are needed to specifically define
the mechanism of virus entry into these cells.

In the present study, we showed the biodistribu-
tion of SAd25 by viral DNA detection in organs or tis-
sues and transgene expression. It should be noted that
these two indicators do not necessarily coincide with
each other for several reasons: the same promoter may
have variable activity in different cell types; different
virus types may have different fates after entering the
same cell type; degraded virus in the lysosome can
no longer express the transgene, but viral DNA is still
detectable.

Considering that the intramuscular route is the
most commonly used vaccination strategy, a compar-
ison of vectors based on different Ad types after a sin-
gle injection was performed. Local expression of the
luciferase gene continued for 3 weeks and gradually
decreased. The expression level after rSAd25-Luc in-
jection was lower than after rAd5-Luc but higher than
after rAd26-Luc injection. Thus, the data showed that
SAd25 could be an excellent vector for vaccine deve-
lopment, along with Ad5 and Ad26.

The results of acute toxicity determination demon-
strated that a single intramuscular or intravenous ad-
ministration of SAd25 to mice at doses exceeding the
equitherapeutic dose by 100 and 1000 times was well
tolerated by the animals. Death and clinical manifesta-
tions of toxic reactions were not observed. A single in-
tramuscular administration of SAd25 to rats in the range
of the studied doses did not result in significant toxic
effects. Certain male rats showed pathomorphologic
changes in the lungs, which were not accompanied by
clinical manifestations. No other toxic reactions were de-
tected. It is not clear whether these changes were related
to Ad-vector administration or caused by other factors,
and whether the changes were temporary or permanent.
These factors require further investigation, including a
full cycle of preclinical studies. In summary, the data ob-
tained are consistent with the results obtained for other
vectors based on different Ad vectors [19-21].

Conclusion

The new SAd25-based platform is not inferior to the
existing and well-established Ad5 and Ad26-based plat-
forms. Given the current challenges, such as the emer-
gence of new viral infections, such as the COVID-19
pandemic, and the return of known pathogens to the pop-
ulation, the use of simian Ad can significantly accelerate
the process of developing and introducing new vaccines.
Ultimately, this will contribute to the improvement of
public health, both in Russia and abroad.
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Abstract

Background. Q fever is the one of the best-studied zoonoses, which is widespread throughout almost the entire
territory of Africa, excluding the territory of the Sahara. However, the current data on the incidence of coxiellosis
and the circulation of Coxiella burnetii on this continent are limited and vary according different sources.

In 1980-1990, the Soviet-Guinean Research Virology and Microbiology Laboratory conducted studies to estimate
the distribution of the Q fever pathogen, assess the herd immunity in humans and identify specific antibodies in
the sera of livestock. However, in subsequent years, the research was suspended.

The aim of this study is to obtain up-to-date data on the distribution of C. burnetiiin all landscape and geographical
zones of the Republic of Guinea.

Materials and methods. The study was carried out in the laboratory of the Russian-Guinean Center for
Epidemiology and Prevention of Infectious Diseases (Kindia, Republic of Guinea). The study involved 332 sera
of febrile patients and 3156 sera from practically healthy volunteers, 1074 blood samples of livestock, 1648
suspensions of ticks, 319 specimens of small mammals and 298 of bats. The study was carried out using ELISA
and PCR methods, selected samples were subjected to in-depth genetic analysis.

Results and discussion. The study of the distribution of C. burnetii on the territory of all landscape-geographical
zones of the Republic of Guinea was carried out. For the first time, an officially registered case of human Q fever
case has been identified. The role of livestock, small mammals and bats in the circulation of the pathogen has been
established. It has been shown that the main vectors in Guinea are ixodid ticks of the Amblyomma variegatum,
Hyalomma truncatum and Rhipicephalus decoloratus species. Employing molecular methods, C. burnetii strains
carrying the QpH1 plasmid, capable of causing diseases in humans and animals were identified. For the first time,
the complete nucleotide sequence of 16S rRNA of the Q fever pathogen (0Q152497—-0Q152500) identified on
the territory of Guinea was determined and registered in the GenBank database.

Conclusion. Taking into account the high epidemiological significance of Q fever, the study of the specifics of
C. burnetii circulation in Guinea remains an urgent task. Regular monitoring and assessment of risk factors for
diseases caused by coxiella are necessary for the development of an algorithm for laboratory diagnosis and
recommendations for clinicians.

Keywords: Q fever, Coxiella burnetii, cases of the disease, immune stratum, carriers and vectors, Republic of
Guinea
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AHHOMauus

BeepeHue. Jluxopaaka Ky saBnsetca Hanbonee n3yyeHHbIM 300HO30M, LLUMPOKO PacnpOCTPaHEHHBIM NpakTuye-
CKW Ha Bcel Tepputopum Adpukn, nckniodas Tepputopmto Caxapel. OgHako ceBefeHusi 0 3aboneBaemMocTu KokK-
cvennesom u umpkynsuum Coxiella burnetii Ha 3TOM KOHTUHEHTE ABNATCS OrpaHUYEHHbIMW U HEOQHOPOAHBIMU.
B BuHewckon Pecnybnuke B 1980—1990 rr. Ha 6a3e CoBeTCKO-BUHENCKON Hay4YHO-NCCIea0BaTENbCKON BUPYCO-
noru4eckon n Mukpoburonormuyeckor nabopaTopum NPOBOAUINNCE UCCNIEAOBAHNS MO U3YYEHNIO pacnpoCTpaHeHUs!
B030OyauTens nuxopagku Ky, nonyyeHbl AaHHble 06 UMMYHHOW MPOCIIONKE HaceneHns 1 BbiBMEeHbl cneumdunye-
CKne aHTUTena B CbIBOPOTKaX KPOBU CEMNbCKOXO3SMCTBEHHbIX XMBOTHBLIX. B nocnegytowme rogbl uccnenoBaHms
ObINM NPUOCTaAHOBMEHbI.

Llenb paboTbl — nony4eHne COBpeMEHHbIX AaHHbIX O pacnpocTtpaHeHun C. burnetii Ha TeppuTopun BCEX NaHa-
wadpTHo-reorpadmnyecknx 3oH MBUHenckon Pecnybnuku.

Marepuansi u MeToAbl. ViccnegosaHus nposoamnu B nabopatopum Poccuincko-IBMHENCKOTO LieHTpa anMaemMmno-
normm 1 NponnakTMkn MHEKUMOHHbIX 6oneaHeln (Kunaus, MuHelickas Pecnybnvka), ons Yero 6uinm nonyye-
Hbl 332 CbIBOPOTKM KPOBW Nnxopagsiumx 6onbHbiXx 1 3156 CbIBOPOTOK KPOBWM MpaKTUYECKM 300POBbIX Moden,
1074 ob6pasua KpoBM CENbCKOXO3ANCTBEHHBIX XUBOTHbIX, 1648 cycneHsun knewen, 319 aK3eMnnsipoB Menkux
mriekonuTarLmx n 298 — pykokpbinbix. ViccnegoBaHne npoBogunm MetogaMmyv MMMYHOEepMEHTHOrO aHanmsa
1 NOnMMepasHon LienHow peakumm, otaenbHble o6pasLbl nogseprany yrnybnéHHOMY reHeTU4ecKoMy aHanmay.
PesynbraTtbl u o6cyxaeHue. [NpoBeneHo nsyveHne pacnpoctpaHeHus C. burnetii Ha TeppuTopumn Bcex naHa-
wadpTHo-reorpadunyecknx 3oH BuHerickon Pecnybnuku. Bnepsbie BbiABNeH u nogTBepxaéH nabopaTopHbIMK
mMeToAdamu criyyain sabonesaHuns Yenoseka nmxopagkon Ky. YctaHoBneHa ponb CernbCKOXO3NCTBEHHbIX XMUBOTHbIX,
MENKMX MIIEKOMUTAIOLLMX U PYKOKPBINbIX B LMPKYNsauuM Bo3dyautens. MNoka3aHo, YTO OCHOBHBLIMY NepeHocUMKa-
MW Ha Tepputopuu BUHEN SBRAIOTCA MKCodoBbIe knewwm Buaos Amblyomma variegatum, Hyalomma truncatum
n Rhipicephalus decoloratus. Npu NpoBeAeHUN MONEKYNAPHO-FEHETUYECKNX NCCNEfOBaHUIA BbISBMEHbI LUTAMMbI
C. burnetii, Hecywue nnasmugy QpH1, cnoco6Hble Bbi3biBaTb 3ab60neBaHus Nniofen U xnBoTHbIX. OnpegeneHsl non-
Hble HyKneoTuaHble nocnepoBartensHocTn 16S pPHK Bo30yautenst nuxopaaku Ky, obHapy>KeHHOro Ha TeppuTopumn
'BMHeN, KoTOpble B NocreayoLLem 3apernctpuposaHsbl B 6ase gaHHbIX GenBank (0Q152497-0Q152500).
3akntouyeHne. C y4ETOM NONyYeHHbIX CBEAEHUI O pacnpocTpaHeHun Bo3byamTensa nuxopagkn Ky aktyansHom
3agayelnt OcTaeTcs MpojornkeHne mnaydeHnss ocobeHHocTen umpkynsaumm C. burnetii Ha Tepputopun BuHew.
PerynapHbin MOHUTOPUWHT 1 OLleHKa (hakTOPOB pUCKa BO3HUKHOBEHMS 3a00neBaHnii, Bbi3biBAEMbIX KOKCMENnamu,
Nno3BonsT pa3paboTtarb anroputmM nabopaTopHO AUarHOCTUKM U peKoMeHAauun Ans Bpayen.

KnioueBble cnosa: siuxopadka Ky, Coxiella burnetii, cnyqau 3abonesaHus, UMMyHHas ripocsiotika, Hocumenu u
nepeHocyuku, leuHetickas Pecnybnuka

© HanpeHosa E.B., 3axapos K.C., AracdpoHoB [.A., Kaptawos M.1O., CeHndkuHa A.M., Xanunos 3.C., Ibrahim A.B., Bah M.B., Nourdine |., Tokapesuy H.K.,
Boumbaly S., Sidime Y., LLlep6akosa C.A., KyTbipes B.B., 2024
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Amuyeckoe ymeepideHue. ViccnenoBaHune NpoBOANUMN NPU MHEOPMUPOBAHHOM COrMacum NauMeHToB Unu nx ocu-
umanbHbIX nNpeactaeuTenen. MpoTokon nccnegoBaHns ofobpeH pelleHnemM HaunmoHanbHOro aTMYECKOro KomuTeTta
MuHncTepcTBa 3ppaBooxpaHenust [BuHerickon Pecnybnukn (npotokon Ne 129/CNERS/16 ot 31.08.2015). AsTopbl
noaTBepXAaloT cobnogeHne MHCTUTYLIMOHASBbHBIX U HALMOHamNbHbIX CTaHAapTOB MO MCMOMb30BaHUIO NabopaTopHbIX
XMBOTHBIX B cOOTBETCTBUM C «Consensus Author Guidelines for Animal Use» (IAVES, 23.07.2010). ViccnenoBaHwue ono-
B6peHo KoMuccueit no 6noatTuke Poccumckoro NPOTMBOYYMHOIO MHCTUTYTa «Mukpo6» (npotokon Ne 8 ot 21.11.2023).

BnazodapHocmb. ABTOPCKWI KOMMEKTUB BblpaxaeT GnarogapHoCTb 3a NOMoLb B cbope maTepuana pykoBOACTBY
N coTpyAHMKam nabopatopumn BUPYCHbIX reMopparMyeckMx nuxopagok (MccnepoBaTenbCkuii LIEHTP BUPYCOMoriu,
KoHakpu, MBuHeiickas Pecnybnuka), peroHanbHbIx rocnvTaner ropogos KoHakpu, Boke, Bodda, Kos, Mamy, Kungna,
Ilabe, H3epekope, KaHkaH, [labona, [lanaba, ®apaHa, a Takke coTpyaHukam WHcTUTyTa npuknagHow 6uonorun Mu-
Heun 1 MHcTuTyTa MeamumHckon BetepuHapum (MBuHelickas Pecnybnuka).

Mcmo4vHuk ¢puHaHcupoesaHus. ViccrnienoBaHusi NPOBOAMNMCH B paMkax pacrnopskeHui Mpasutensctea PP Ne 1448-p
oT 25.07.2015, Ne 2904-p o1 22.12.2017 n Ne 2985-p ot 14.11.2020 0 poCCUNCKO-TBUHENCKOM HAy4YHO-TEXHUYECKOM
COTpyAHUYecTBe B 06MacTi anuaemMmonorum, NpounakTyki U MOHUTOPUHIra BakTepuanbHbIX U BUPYCHBIX MHMEKLMIA
B BMHelckon Pecny6nuke.

KoHdpbnnukm unmepecos. ABTOpbI AeKNapupyOT OTCYTCTBME SBHbIX U NMOTEHUMAnNbHbIX KOHMIMKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnmkaumen HacTosILLen cTaTby.

Ans yumupoearus: HangerHosa E.B., 3axapos K.C., AracdoHoB [.A., Kaptawos M.IO., CeHunuknHa A.M., Xanu-
noe 3.C., Ibrahim A.B., Bah M.B., Nourdine I., Tokapesny H.K., Boumbaly S., Sidime Y., lep6akosa C.A., KyTbI-
peB B.B. CoBpeMeHHble faHHble 0 LMpKynsiuum Bo3byauTtens nuxopanku Ky Ha Tepputopuu BuHerckon Pecnybnuvku.

XKypHan mukpobuornozuu, anudemuonoauu u ummyHobuonoauu. 2024;101(5):606-618.
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Introduction

Q fever or coxiellosis is a common natural focal
disease for humans and animals, the etiological agent of
which is the bacteria Coxiella burnetii (family Legio-
nellaceae, class Gammaproteobacteria), characterized
by polymorphism of the clinical picture in humans and
various mechanisms of transmission of the pathogen. In
natural foci, the main vector of C. burnetii is considered
to be ixodes, less frequently argas ticks, and the reser-
voir — wild mammals, among farm animals — small
and large cattle [1, 2].

The disease in humans runs in the form of fever
with general toxic symptoms with possible transition
to a chronic form. Due to the widespread infection, a
variety of transmission routes (contact, food, airborne
and dust), Q fever is an important medical and social
problem worldwide.

Furthermore, this infectious disease has an im-
portant veterinary significance, as it causes reproduc-
tive disorders (abortions and stillbirths) in small and
large cattle, which causes significant economic losses,
especially in those regions where livestock breeding is
the main branch of agricultural production [2].

Coxiellosis is one of the best-studied zoonoses
within Africa. There is emerging evidence that C. bur-
netii infection is responsible for non-malarial febrile
illnesses and community-acquired pneumonia in many
African countries. However, current information on the
incidence of Q fever and circulation of C. burnetii in
this continent is limited and heterogeneous [3].

Available publications on previous studies indicate
a fairly high level of detection of specific antibodies to
the pathogen in the population of some African coun-
tries [4-9]. For example, the study of blood serum sam-
ples from residents of some settlements of the Sin-Sa-
loum region (Republic of Senegal) showed that specific

antibodies to C. burnetii were detected in 3.7-24.8%
of samples (depending on the place of residence of the
subjects) [5]. Similar data were obtained during sero-
survey in pastoralist communities in Marsabit County,
northern Kena, when positive results were obtained in
13.2% of cases [6]. Males in Kenya were significantly
more likely than females to have immunologic markers
identified [7].

It has been shown that pastoralist tribes are at the
highest risk of contracting coxiellosis because of their
nomadic lifestyle and well-preserved traditions, which
increase the likelihood of eating unboiled dairy prod-
ucts and raw meat from infected animals. It is also pos-
sible that infection occurs through contact with urine,
feces, and blood of infected animals, as well as amniot-
ic fluid after abortion or premature birth [6-9].

It is also known that Q fever causes significant
losses among not only farm animals but also wild an-
imals such as antelopes, giraffes, lions and cheetahs,
causing irreparable damage to the numbers of these rare
mammals [10].

This infectious disease is also becoming relevant
as a “travelers' disease” due to the popularization of
the African continent and rapidly developing tourism
in this territory. An outbreak of Q fever was described
in the literature, when during a safari in a natural park
in Kenya, 4 (8%) out of 50 participants of the tourist
route were infected, which caused importation of cases
to Europe [11].

Most of the information published in the open
press on the circulation of the Q fever pathogen relates
to East Africa. There is much less information on the
situation in the western part of the continent. There are
data on studies conducted in natural foci of coxiellosis
in Ghana, Nigeria, Mali [12—-14], as well as in Senegal,
where in 2023 two new genotypes of C. burnetii were
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Landscape and geographical zones of the Republic of Guinea, where markers of the Q fever pathogen were identified.

1 — DNAin blood sera of cattle; 2 — IgG antibodies in blood sera of cattle; 3 — IgG antibodies in blood sera of residents;
4 — DNA in suspensions of bat organs; 5 — antigens in suspensions of bat organs; 6 — cases of human disease; 7 — DNA in suspensions
of ixodes ticks; 8 — antigens in suspensions of ixodes ticks; 9 — DNA in suspensions of organs of small mammals;
10 — antigens in suspensions of organs of small mammals.

identified in samples from small mammals, the patho-
genicity of which remains to be studied [15].

The Republic of Guinea is located in West Afri-
ca, on the coast of the Atlantic Ocean. The population
of the country, as of the end of March 2024, is about
14.5 million people [16]. Based on geographical and
natural-climatic features, the territory of the state is
conditionally divided into 4 landscape-geographical
zones: Lower (Maritime), Middle, Upper and Forested
(Figure) [17].

In 1980-1990, the Soviet-Guinean Research Vi-
rology and Microbiology Laboratory conducted a large
number of studies to investigate the spread of the Q
fever pathogen in the Republic of Guinea, including
data on the immunity of the country's population and
the detection of specific antibodies in the blood sera of
farm animals [18]. In the following decades, due to the
prevailing economic and political conditions, research
was suspended, and the significance of Q fever in the
overall morbidity has not been determined. In 2017, as

part of the research work of the Russian-Guinean Cen-
ter for Epidemiology and Prevention of Infectious Dis-
eases (hereinafter referred to as the Center), established
on the basis of orders of the Government of the Russian
Federation on the premises of the Institute of Applied
Biology of Guinea (Kindia), research was continued
[19-21].

The aim of the study was to obtain up-to-date da-
ta on the distribution of C. burnetii and the features of
natural foci of Q fever in different landscape and geo-
graphical zones of Guinea.

Materials and methods

Collection of samples of clinical and biological
material and subsequent diagnostic work was carried
out on the basis of the Center's laboratory by Russian
and Guinean specialists, guided by the requirements of
sanitary rules and regulations 3.3686-21 “Sanitary and
Epidemiological Requirements for the Prevention of
Infectious Diseases”.
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Human blood serum

Blood serum of practically healthy people was
collected in regional hospitals in Guinea and by local
specialists. Fasting blood sampling was performed in
the morning hours from the ulnar vein in the amount
of 5-10 ml into a disposable sterile vacuum tube with
a clot activator in compliance with the rules of asepsis.

Then the obtained samples were delivered to the
laboratory of the Center in compliance with the rules
of biological safety and temperature regime. All serum
samples were preliminarily analyzed by immunochro-
matographic analysis for detection of malaria plasmo-
dium antigens with the SDBIOLINE Malaria Ag P.f./
Pan reagent kit (Standart Diagnostics, Inc.). To exclude
the possibility of nonspecific reactions, samples con-
taining antigens of malaria pathogens were not includ-
ed in subsequent studies.

A panel of 3156 sera from virtually healthy indi-
viduals living in all 4 landscape-geographic zones of
Guinea was compiled to study the herd immunity to the
Q fever pathogen in the Guinean population. Different
age groups were included: 1519 (48.2%) women and
1637 (51.8%) men. The work was carried out using the
enzyme-linked immunosorbent assay (ELISA) reagent
kit “Enzyme-linked immunosorbent assay for detection
of class G antibodies to C. burnetii antigens” (Pasteur
Research Institute of Epidemiology and Microbiology,
Russia). The sera were tested at a dilution of 1 : 100.

To clarify the possibility of human disease with Q
fever, 332 sera from febrile patients who sought medical
help in regional hospitals in Guinea with complaints of
prolonged fever and other symptoms not excluding cox-
iellosis were collected and examined. The material was
also collected by Guinean specialists using the method-
ology described above. For molecular genetic studies,
blood was also collected in an amount of 5-10 ml in a
disposable sterile vacuum tube with 3.8% sodium citrate.

Samples were examined by polymerase chain re-
action (PCR) to detect C. burnetii DNA with the Ampli-
Sens Coxiella burnetii-FL reagent kit (Central Research
Institute of Epidemiology, Russia) and ELISA using the
diagnostic kit Coxiella burnetii ELISA IgM (Vircell) to
detect IgM antibodies to the pathogen.

The study of samples of clinical and biological ma-
terial from humans was conducted with informed con-
sent of patients, for minors — with the permission of
parents (official representatives). The study protocol was
approved by the decision of the National Ethical Com-
mittee of the Ministry of Health of the Republic of Guin-
ea (protocol No. 129/CNERS/16 of August 31, 2015).

Blood serum of farm animals

Blood samples were obtained at slaughterhouses,
using generally accepted methods, from adult animals
(more than 1.5 years old) without signs of infectious
diseases after their examination by a veterinarian. In
total, a panel of 1074 cattle blood samples was formed

ORIGINAL RESEARCHES

for the work. The obtained sera were tested by ELISA
and PCR methods using “ID Screen Q Fever Indirect
Multi-species” reagent kits for detection of IgG anti-
bodies specific to C. burnetii (ID Screen), which is rec-
ommended as a veterinary assay, and C. burnetii DNA
was detected by the AmpliSens Coxiella burnetii-FL
reagent kit (Central Research Institute of Epidemio-
logy, Russia).

Tick suspensions

Ixodes ticks were collected in all 4 landscape-geo-
graphical zones of Guinea. Ectoparasites were removed
manually, using personal protective equipment, from
humans, farm animals, domestic and stray dogs and
cats, small mammals, and reptiles. A total of 4709 spec-
imens of ticks were collected during the studies, which
were classified into 11 species based on morphologi-
cal features: Amblyomma variegatum Fabricius, 1794;
Haemaphysalis leachi Audouin, 1826; Hyalomma ru-
fives Koch, 1844; Hyalomma truncatum Koch, 1844;
Rhipicephalus (Boophilus) decoloratus Koch, 1844;
Rhipicephalus (Boophilus) geigyi Aeschliman & Morel,
1965; Rhipicephalus (Boophilus) annulatus Say, 1821;
Rhipicephalus (Boophilus) microplus Canestrini, 1888;
Rhipicephalus lunulatus Neumann, 1907; Rhipicepha-
lus sanguineus Latreille, 1806; Rhipicephalus senega-
lensis Koch, 1844 according to the identification guide
[22]. Further, 1648 pools were formed taking into ac-
count species, sex, developmental phase and fatness
of individual mites, as well as places of ectoparasite
collection. Ectoparasites were washed twice with 70%
ethanol to remove external contaminants and external
microflora. Samples were prepared using a TissueLyser
IT laboratory homogenizer (Qiagen) in 500 pl of sterile
phosphate-salt buffer solution.

The obtained material was tested by PCR and
ELISA methods using the AmpliSens Coxiella bur-
netii-FL reagent kit (Central Research Institute of
Epidemiology) and ELISA-Qu-antigen (kit N1) test
system for detection of Coxiella burnetii antigens (Pas-
teur Research Institute of Epidemiology and Micro-
biology), respectively. Some samples containing both
DNA and antigens of C. burnetii were analyzed using
high-throughput sequencing on the Ion S5 platform
(Thermo Scientific); further reads were mapped to the
16S rRNA sequence from the NCBI GenBank database
using the BWA algorithm [23]. The plasmid profile
with specific primers to the QpH1, QpRS and QpDV
plasmid loci was also studied.

Small mammal organ suspensions

During epizootological monitoring on the territory
of Guinea, 319 specimens of small mammals (Roden-
tia, Eulipotyphla) were captured. The species spectrum
of rodents was represented by 13 species: Arvicanthis
ansorgei Thomas, 1910 (Sudan grass mouse); Heliosci-
urus gambianus Ogibly, 1835 (Gambian squirrel);
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Cricetomys gambianus Waterhouse, 1840 (Gambian
hamster rat); Lemmniscomys striatus Linnaeus, 1758
(striped mouse); Lophuromys sikapusi Temminck, 1853
(rusty-bellied stiff-necked mouse); Mastomys erythro-
leucus Temminck, 1853 (Guinean multispotted mouse);
Mastomys natalensis A. Smith, 1834 (Natal mouse);
Mus minutoides A. Smith, 1834 (dwarf mouse); Mus
musculoides Temminck, 1853 (Temminck's mouse);
Praomys daltoni Thomas, 1892 (Dalton's mouse); Rat-
tus rattus Linnaeus, 1758 (black rat); Crocidura olivieri
Lesson, 1827 (African giant whitetooth); Crocidura sp.
Wagler, 1832 (whitetooths) [24-28].

We obtained 298 specimens of bats (Chiroptera)
of 14 species: FEidolon helvum Kerr, 1792 (palmate
wing); Epomophorus gambianus Ogilby, 1835 (great
epaulet wing); Lissonycteris angolensis Bocage, 1898
(Angolan flying dog); Rousettus aegyptiacus E. Geof-
froy, 1810 (Egyptian flying dog); Chaerephon pumil-
lus Cretzschmar, 1830 (dwarf folding spoonbill); Mops
condylurus A. Smith, 1833 (Angolan folding spoon-
bill); Hipposideros caffer Sundevall, 1846 (South Af-
rican leathopper); Hipposideros jonesi Hayman, 1947
(Jones' leathopper); Hipposideros ruber Noack, 1893
(red leafhopper); Nycteris hispida Schreber, 1775
(shaggy slitmouth); Neoromicia guineensis Bocage,
1889 (Guinean leatherback); Scotophilus dinganii
A. Smith, 1833 (African smooth-nosed platypus); Sco-
tophilus leucogaster Cretzschmar, 1830 (white-bellied
house smooth-nosed platypus); Rhinolophus alcyone
Temminck, 1853 (Ghanaian horseshoe) [24-27].

Mammals were dissected in compliance with the
rules of biological safety no later than 3 h after capture.
In the absence of such an opportunity, animal carcass-
es were frozen at —20°C and delivered to the laborato-
ry, where they were subsequently dissected and organ
samples were taken. Combined suspensions of lungs
and kidneys were used as material for work, in which
markers of the coxiellosis pathogen (DNA and antigens)
were searched with the reagent kits mentioned above.

The authors confirm compliance with institutional
and national standards for the use of laboratory animals
in accordance with the “Consensus author guidelines
for animal use” (IAVES July 23, 2010). The study was
approved by the Bioethics Commission of the Russian
Anti-Plague Institute “Microbe” (protocol No. 8 of No-
vember 21, 2023).

During statistical processing of the material we
calculated the proportion of detected pathogen markers
in each sample, 95% confidence intervals (CI) for the
proportions using Wilson's method.

Results and discussion

Identification of human cases of Q fever in Guinea

To date, there has been no detection of suspected
cases of Q fever in Guinea. This can be explained by
the lack of alertness of health workers in local hospitals

to this infectious disease. In this regard, a case of the
disease reported for the first time in the country is of
great interest.

Patient D., 28 years old, living in Mamou (Mid-
dle Guinea), was admitted to the infectious disease de-
partment of a regional hospital. At hospitalization, the
patient had prolonged (more than 1 month), subfebrile
fever, muscle and joint pains and breathing difficulties.
The results of immunochemistry and microscopy tests
for detection of malaria pathogens were negative.

For further differential diagnosis, the patient's
blood serum was sent to the Center's laboratory. The
obtained material was analyzed by reverse transcrip-
tion PCR to detect RNA of Ebola, yellow fever, West
Nile, dengue, Zika, Crimean-Congo hemorrhagic fever,
hepatitis C, 16S RNA of leptospirosis pathogens, DNA
of hepatitis B virus, pathogens of Q fever and rickett-
sioses. Based on the results, C. burnetii DNA was de-
tected in the patient's serum. The material was also tested
using ELISA and specific IgM antibodies to coxiellae
were detected in a titer of 1 : 400. Subsequently, the ob-
tained blood sample was used to determine the nucleo-
tide sequence of the DNA of the Q fever pathogen. Partial
sequencing with specific primers revealed 99% identity
of'the tested sample with the genome of C. burnetii. Phy-
logenetic analysis using the BLAST algorithm' showed
96% homology with strains isolated in Namibia.

When interviewed, patient D. mentioned close
contact with farm animals, specifically owned cattle,
and also indicated that there had been cases of sponta-
neous abortions of cattle in the patient's village.

Neither genetic markers of C. burnetii nor spe-
cific IgM antibodies to coxiellae were detected in the
remaining serum samples from febrile patients trans-
ported from Guinea hospitals.

Determination of the herd immunity of Guineans
to the Q fever pathogen

In the present study, specific IgG antibodies to the
Q fever pathogen were detected in sera of participants
of all age groups living in different zones of Guinea,
and there was no dependence of the antibody detection
rates on the sex of the examined persons (Table 1). In
the whole country, specific immunoglobulins to C. bur-
netii were registered in 366 out of 3156 serum samples,
which amounted to 11.6% (95% CI 10.5-12.8).

Determination of the herd immunity of farm animals
to the Q fever pathogen

One of the indicators of circulation of pathogens
of naturally occurring infectious diseases in a certain
area is the detection of specific I[gG immunoglobulins
in blood sera of farm animals living in this region.

As a result of this work, antibodies to the Q fever
pathogen were detected in 172 samples, which amount-

' URL: https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 1. Identification of specific IgG antibodies to the Q fever pathogen in the blood sera of residents of the Republic

of Guinea
Number of samples
Age, years men women
total
total positive % (95% CI) total positive % (95% CI)

<10 197 108 8 7.4 (3.8-13.9) 89 6 6.7 (3.1-13.9)
10-20 498 275 26 9.4 (6.5-13.4) 223 27 12.1 (8.4-17.0)
20-30 699 340 32 9.4 (6.7-12.9) 359 29 8.1 (5.7-11.4)
30-40 595 300 39 13.0 (9.7-17.3) 295 33 11.2 (8.1-15.3)
40-50 559 285 35 12.3 (8.9-16.6) 277 29 10.5 (7.4-14.6)
50-60 339 230 37 16.1 (11.9-21.4) 109 26 23.8 (16.8-32.6)
>70 269 102 20 19.6 (13.1-28.3) 167 19 11.4 (7.4-17.1)
Total 3156 1637 197 12.1 (10.5-13.7) 1519 169 11.3 (9.6-12.8)

ed to 16.0% (95% CI 13.9-18.3). Positive results were
recorded in all landscape-geographical zones).

Detection of specific markers (DNA and antigens)
of the Q fever pathogen in tick suspensions

PCR and ELISA methods were used to examine
suspensions of ixodid ticks of various species, which
are the main vectors of C. burnetii, collected in all land-
scape and geographical zones of Guinea. The pathogen
DNA was detected in 294 (17.9%) samples and antigen
in 307 (18.7%). Positive findings were noted among all
ixodid tick species represented in the work, but the ma-
jority were attributed to Am. variegatum, Hy. trunca-
tum, Rh. decoloratus (Table 2).

Analysis of plasmid profiles is an important tool
for studying the spread of Q fever and determining the
type of the pathogen. For genetic typing of C. burnetii,
a panel of 20 samples from different tick species was
created, in which both DNA (Ct level not more than
15) and antigen of the pathogen were detected simul-
taneously. PCR with specific primers to the QpHI,
QpRS and QpDV plasmid loci revealed the presence of
QpH1 alone in 5 samples. Sequences of QpRS and Qp-
DV plasmid fragments were not detected in any of the
samples. In the course of analyzing the results obtained
and literature data, it was found that strains carrying the
QpH1 plasmid are widespread in Equatorial Africa and
are capable of causing diseases in humans and animals

Table 2. Identification of C. burnetii markers in suspensions of ixodid ticks of different species collected in the territory

of the Republic of Guinea

The number of positive samples; % (95% CI)

Tick species Number of samples (copies)

PCR ELISA

Am. variegatum 872 (2493)
Ha. leachi 16 (56)
Hy. truncatum 52 (95)
Rh. annulatus 58 (161)
Rh. decoloratus 391 (1104)
Rh. geigyi 210 (668)
Rh. microplus 18 (47)
Rh. sanguineus 10 (42)
Rh. senegalensis 18 (29)
Rh. lunulatus 2(11)
Hy. rufipes 1)
Total 1648 (4709)

159; 18.2 (15.8-20.9) 193; 22.1 (19.5-25.0)
0 0

14; 26.9 (16.8-40.3) 16; 30.8 (19.9-44.3)

36; 62.1 (49.2-73.4) 29; 50 (37.5-62.5)

47; 12 (9.2-15.6) 37;9.5 (6.9-12.8)

36; 17.1 (12.7-22.8) 29; 13.8 (9.8-19.1)
0 1; 5.6 (1.0-25.8)
0 1; 10 (1.8-40.4)

2;11.1 (3.1-32.8) 1;5.6 (1.0-25.8)

0 0

0 0

294;17.8 (16.1-19.8) 307; 18.6 (16.8-20.6)
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[29, 30], which does not exclude the possibility of their
circulation in Guinea.

The generated panel of samples was analyzed us-
ing high-throughput sequencing methods on the Ion S5
platform (Thermo Scientific). As a result, the nucleo-
tide sequence of 16S rRNA of the Q fever pathogen
was determined in 8 samples, which coincides 99.9%
with the reference strain presented in the NCBI Gen-
Bank database. When comparing the obtained consen-
sus sequence with the NCBI BLAST database, C. bur-
netii strains isolated in Namibia were found to show
homology (96%) with the studied sample. Furthermore,
the obtained reads were classified by the kraken2 algo-
rithm using the Greengenes 16S RNA base, which also
showed that the investigated sample belonged to the C.
burnetii species. Some of the obtained 16S rRNA nu-
cleotide sequences with the highest quality reads were
deposited in the international GenBank database under
the numbers OQ152497-0Q152500.

Detection of specific markers (DNA and antigens)
of the Q fever pathogen in organ suspensions
of small mammals

As a result of PCR and ELISA tests, markers of
the Q fever pathogen were detected in the material
collected in all zones of Guinea. Antigen was detected
in 0.9% of samples and DNA in 5.1%. The maximum
number of positive findings was obtained when sam-
ples from Mastomys erythroleucus rodents was exam-
ined (Table 3). These data may indicate the participa-

tion of animals of this systematic group in the spread of
C. burnetii in Guinea.

Detection of specific markers (DNA and antigens)
of the Q fever pathogen in organ suspensions of bats

Examination of pooled samples of lungs and
kidneys obtained from bats revealed both C. burnetii
antigens (1% of cases) and DNA (2%). The majority
of positive samples were formed from organs of Sco-
tophilus leucogaster (Table 4). Representatives of this
species are widely distributed throughout sub-Saharan
Africa. The data obtained confirm the role of bats in
the circulation of the Q fever pathogen, which indicates
the need for additional studies to determine the role of
these mammals in the ecology of the pathogen.

Conclusion

As a result of this work, the distribution of C. bur-
netii in all landscape-geographical zones of Guinea
was studied, including the first case of human case of
Q fever identified and laboratory confirmed (Table 5).
The role of farm animals, small mammals and bats in
the circulation of C. burnetii has been established. It
was shown that the main vectors of the pathogen on the
territory of Guinea are ixodes ticks of Am. variegatum,
Hy. truncatum and Rh. decoloratus species. Molecular
genetic studies of the material collected in Guinea re-
vealed C. burnetii strains carrying the QpH1 plasmid,
which are capable of causing disease in humans and
animals, and for the first time for this region the com-

Table 3. Identification of C. burnetii markers in suspensions of organs of small mammals of different species collected

on the territory of the Republic of Guinea

The number of positive samples; % (95% Cl)

Small mammal species Number of samples (copies)
PCR ELISA
Arvicanthis ansorgei 3 0 0
Heliosciurus gambianus 4 0 0
Cricetomys gambianus 7 1; 14.3 (2.6-51.3) 0
Lemniscomys striatus 3 0 0
Lophuromys sikapusi 1 0 0
Mastomys erythroleucus 124 8; 6.5 (3.3-12.2) 2;1.6 (0.4-5.7)
Mastomys natalensis 32 2; 6.3 (1.7-20.1) 0
Mus minutoides 5 0 0
Mus musculoides 16 1; 6.3 (1.1-28.3) 0
Praomys daltoni 6 0 0
Rattus rattus 96 4;4.2(1.6-10.2) 1;1.0 (0.2-5.7)
Crocidura olivieri 7 0 0
Crocidura sp. 15 0 0
Total 319 16; 5.0 (3.1-8.0) 3;0.9 (0.3-2.7)
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Table 4. Identification of C. burnetii markers in organ suspensions of bats of various species collected on the territory

of the Republic of Guinea

The number of positive samples; % (95% Cl)

Bat species Number of samples (copies)
PCR ELISA

Eidolon helvum 1 0 0
Epomophorus gambianus 4 0
Lissonycteris angolensis 4 0 0
Rousettus aegyptiacus 15 0 0
Chaerephon pumillus 3 0 0
Mops condylurus 26 1; 3.8 (0.7-18.9) 0
Hipposideros caffer 32 0 0
Hipposideros jonesi 25 0 0
Hipposideros ruber 41 1;2.4 (0.4-12.6) 1; 2.4 (0.4-12.6)
Nycteris hispida 5 0 0
Neoromicia guineensis 23 1;4.3 (0.8-21.0) 0
Scotophilus dinganii 1 0 0
Scotophilus leucogaster 117 3; 2.6 (0.9-7.3) 2;1.7 (0.5-6.0)
Rhinolophus alcyone 1 0 0
Total 298 6; 2.0 (0.9-4.3) 3; 1.0 (0.3-2.9)

plete nucleotide sequence of the 16S rRNA gene of the
Q fever pathogen was determined and registered in the
international GenBank database.

Our study allowed us to expand the data on the
circulation and distribution of C. burnetii in West Af-
rica. The study of the specifics of C. burnetii circula-
tion in Guinea remains an urgent task. Systematically
obtained data on the detection of the pathogen and
assessment of risk factors for outbreaks of diseases

caused by coxiellae are necessary for the development
of an algorithm for laboratory diagnosis and recom-
mendations for clinicians. Regular monitoring of the
spread of Q fever, carried out with the participation
of both medical and veterinary services in Guinea,
will make it possible to forecast the epidemiological
situation and coordinate preventive (anti-epidemic)
measures within the framework of the One Health
concept?.

2 'WHO. One health. URL: https://www.who.int/health-topics/one-
health#tab=tab 1 (mara oOpamenus: 26.05.2024).
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Table 5. Identification of markers of the Q fever pathogen in various materials collected on the territory of the Republic of Guinea

The number of positive; % (95% ClI)

Number

of samples PCR ELISA

Type of the studied samples

DNA antigen 1gG

Lower (Maritime) Guinea

Blood serum of practically healthy people 943 N.i. N.i. 106; 11.2 (9.4-13.4)
Blood serum of cattle 371 6; 1.6 (0.7-3.5) N. i. 64; 17.2 (13.7-21.4)
Suspensions of ticks 624 111; 17.8 (15.0-21.0) 131; 21.0 (18.0-24.4) N. i.
Suspensions of organs of small mammals 149 8; 5.4 (2.7-10.2) 0; 0 (0-2.5) N. i.
Suspensions of bat organs 107 0; 0 (0-3.4) 3;2.8(0.9-7.9) N. i.
Middle Guinea
Blood serum of practically healthy people 778 N.i. N.i. 82; 10.5 (8.6—-12.8)
Blood serum of cattle 257 3;1.2(0.4-34) N. i. 49; 19.2 (14.7-24.3)
Suspensions of ticks 402 71;17.7 (14.2-21.7)  77;19.1 (15.6-23.3) N.i.
Suspensions of organs of small mammals 55 3; 5.4 (1.9-14.8) 0; 0 (0-6.5) N. i.
Suspensions of bat organs 61 0; 0 (0-5.8) 0; 0 (0-5.8) N. i.

Upper Guinea

Blood serum of practically healthy people 655 N. i. N. i. 77;11.8 (9.5-14.4)
Blood serum of cattle 182 2; 1.1 (0.3-3.9) N.i. 35;13.2 (9.6-17.8)
Suspensions of ticks 245 53; 21.6 (16.9-27.2) 28; 0.8 (0.3-2.9) N. i.
Suspensions of organs of small mammals 43 2;4.6 (1.3-15.4) 1;2.3 (0.4-12.1) N. i.
Suspensions of bat organs 54 0; 0 (0-6.6) 0; 0 (0-6.6) N. i.

Forest Guinea

Blood serum of practically healthy people 780 N. i. N. i. 101; 12.9 (10.7-15.5)
Blood serum of cattle 264 3;1.1(0.4-3.3) N. i. 35;13.2 (9.6-17.8)
Suspensions of ticks 377 59; 15.6 (12.3-19.7) 61; 16.2 (12.8-20.2) N. i.
Suspensions of organs of small mammals 72 3;4.2 (1.4-11.5) 2; 2.8 (0.8-9.5) N. i.
Suspensions of bat organs 76 6; 7.9 (3.7-16.1) 0; 0 (0-4.8) N. i.

General by country

Blood serum of practically healthy people 3156 N. i. N. i. 366; 11.6 (10.5-12.7)
Blood serum of cattle 1074 14;1.3 (0.8-2.1) N.i. 172; 16.0 (13.9-18.3)
Suspensions of ticks 1648 294; 17.8 (16.1-19.8) 307; 18.6 (16.8—-20.6) N. i.
Suspensions of organs of small mammals 319 16; 5.0 (3.1-8.0) 3; 0.9 (0.3-2.7) N. i.
Suspensions of bat organs 298 6; 2.0 (0.9-4.3) 3;1.0(0.3-2.9) N. i.

Note. N. i. — not investigated.
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Enhancement of systemic and lung-localized CD4* T-cell
immune responses by truncation of NS1 protein
of a seasonal live influenza vaccine strain

Polina I. Prokopenko™, Ekaterina A. Stepanova, Victoria A. Matyushenko, Alexandra Ya. Rak,
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Abstract

Introduction. There is a large variety of licensed influenza vaccines worldwide, but their common limitation
is rather narrow specificity and inability to protect against antigenic-drift variants of influenza virus. Therefore,
optimization of immunogenic and cross-protective properties of licensed influenza vaccines is an urgent priority of
public health agenda. One such approach is to modulate the immunogenic properties of live attenuated influenza
vaccine (LAIV) by truncating the open reading frame of influenza virus non-structural protein 1 (NS1). The main
objective of this study is to evaluate the immunogenic properties of the H1N1 seasonal LAIV strain by truncation
of the NS1 protein to 126 amino acides.

Materials and methods. Using reverse genetics technique, two H1N1 LAIV strains with full-length and truncated
NS1 protein with three consecutive stop codons added after the 126" amino acid residue were obtained.C57BL/6J
mice were immunized intranasally with the vaccine candidates, twice at a three-week interval. Seven days after
the second immunization, cells were isolated from spleen and lung tissues and stimulated with whole wild-type
H1N1 influenza virus. Levels of systemic and tissue-resident cytokine-producing CD4* and CD8* memory T cells
were assessed by intracellular cytokine staining assay with flow cytometry. Replication of engineered vaccine
strains in in vitro and in vivo systems was also evaluated.

Results. Truncation of NS1 protein of the LAIV strain significantly increased the levels of virus-specific CD4*
effector memory T cells in spleens and the levels of CD4* tissue-resident memory T cells in lungs of mice after
two-dose immunization, indicating a higher potential for protection against influenza infection of the LAIV NS,
vaccine strain compared to the classical variant of LAIV. Importantly, the LAIV NS, strain also had a more
pronounced attenuated phenotype in mice than its classical counterpart.

Keywords: influenza virus, live attenuated influenza vaccine, NS1 protein, memory T cells, tissue-resident
memory T cells, tissue-resident memory T cells, CD4* T cells, CD8" T cells
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YcuneHune cMCTeMHOro 1 1I0Kann3oBaHHOro B JIErKNX
CD4*-T-KneTo4YHOro MMMYHHOI0 OTBETa NPN YKOPOUYEHNN
6enka NS1 wramma ce30HHON XKNBOW rPUNMNO3HON BaKLHbI
Mpokonexko MN.U.%, CrenaHoBa E.A., MaTioweHKo B.A., Pak A 1., Ynctakosa A.K.,

KoctpomutuHa A.l., KotomuHa T.C., Kyapasues U.B., PyouHwTeiid A.A.,
Komnes A.C., PyaeHko J1.I., UcakoBa-Cusak U.H.

NHCTUTYT 3KCneprmeHTanbHoi meauunHel, CaHKT-NeTepbypr, Poccua

AHHOMauusi

BeepeHue. B mupe cyuiectByeT 6onbluoe pasHoobpasne nMueH3npoBaHHbIX BaKLMH MPOTUB rpunna, Ho nx ob-
LMMK HegocTaTkaMm ABNSIOTCA AOCTAaTOYHO y3Kas cneunduyHOCTb U HECMOCOOHOCTL 3almiaTh OT ApeidoBbIX
BapuaHToB BMpyca. COOTBETCTBEHHO, OMTUMM3aLUNA MMMYHOIEHHbIX U KPOCC-MPOTEKTUBHbLIX CBOWCTB NULIEH-
3MPOBaHHbIX TPUMMO3HbIX BakUMH — akTyarbHas 3ajada nNpakTuyeckoro 3gpaBooxpaHeHus. OgHMM n3 Takmx
NoAXoA0B ABMNAETCA MOAYNAUMSA MMMYHOIEHHbIX CBONCTB XXUBOW rpunnosHon BakumHel (PKIMB) 3a cuéTt yceveHus
paMKu cYMTbIBaHUS HeCTPYKTypHoro 6enka 1 Bupyca rpunna (NS1). OcHoBHOWM Lienbio 4aHHON paboThbl SBnNAeTCA
oueHKa MMMYHOreHHbIX cBOMCTB ce3oHHow XKIMB noatuna H1N1 npu yceyeHun pamkn cumntbiBaHmsa 6enka NS1
0o 126 aMMHOKMCIOT.

Martepuanbl n metogbl. Metogamy obpaTHON reHeTuKM CKOHCTpyunpoBaHbl 2 wtamma XXIMB nogtuna HIN1 ¢
NornHopa3MepHbIM U ¢ ycedéHHbIM 6enkom NS1, rage nocne 126 ammHokncnoTt gobasneHsl 3 NocneaoBaTenbHbIX
cton-kogoHa. Meiwewn nuHun C57B1/6J MMMYyHU3MpoBanu MHTpaHasanbHO ABYKPaTHO C 3-HedenbHbIM MHTepBa-
nom. Yepes 7 gHern nocne NOBTOPHON UMMYHU3aLUN Y MbILLEN BbIAENANN KNETKN N3 TKaHeN cenes3éHkn n Nérkux,
CTUMYNUpPOBanu uenbHbiM AnkuM Bupycom H1N1 1 oueHuBany ypoBHU CUCTEMHBIX N TKaHEepPE3MOEHTHbIX Liy-
TOoKMHMpoayumpyowmnx CD4*- n CD8*-T-kneTok namaT METOAOM BHYTPUKIETOYHOIO OKPAaLUMBAHUSA LIUTOKUHOB.
Takxke Gblna npoBefeHa oLeHKa penpoayKLUmMmn WTaMMOB B cucTemax in vitro v in vivo.

PesynbraTbl. YkopoyeHue G6enka NS1 B KB 3HauMTenbHO noBbilwano ypoBHW Bupyccrneundunyeckmx CD4*-T-
KNeToK 3 (heKTOpHOM NaMATH B CENe3éHkKe 1 YpoBHM TkaHepesnaeHTHbIX CD4*-T-kneTok B NErkMx MblLLen nocne
ABYKPaTHOM MMMYHM3aLmK, YTO yKasbiBaeT Ha Gornee BbICOKMUIA NOTeHLMan 3awuTbl OT rPUNMNO3HON MHAeKLnn y
KB ¢ yceuéHHbim 6enkom NS1 no cpaBHeHuto ¢ knaccuyeckum BapuaHTom XKIMB. BaxHo otmeTuTb, uTto XKIMB
C yceuéHHbIM 6enkom NS1 Takke nmena 6onee BblpaXeHHbIN aTTeHYMPOBaHHbIN (DEHOTUN B 3KCNEPUMEHTE Ha
MbILLAX, YeM €€ KIacCU4eCKnin aHanor.

KnroueBble cnoBa: s8upyc epunna, xxueas epurnrnosHasi eakyuHa, 6enok NS1, T-knemku namsamu, T-knemku a¢p-
gekmopHoU namsimu, mkaHepe3udeHmHbie T-knemku, CD4*-T-knemku, CD8*-T-knemku

Amuyeckoe ymeepxdeHue. ABTOPbI NOATBEPXAAIOT COBMIOAEHNE UHCTUTYLIMOHANBHBLIX U HAaLMOHAalbHBIX CTaHAap-
TOB M0 MCMOMb30BaHNIO TabopaToOPHbLIX XUBOTHLIX B cOOTBETCTBUM C «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). MNMpoTokon nccnepoBaHns ogobpeH TMYecknM KOMUTETOM VIHCTUTYTa aKCnepuMeHTarnbHom Me-
avuuHbl (npotokon Ne 1/20 ot 27.02.2020).

UcmoyHuk ¢puHaHcupoesaHusi. Pabota BeinonHeHa B pamkax npoekta MuHobpHayku Poccnn FGWG-2022-0001.

KoHgbriukm unmepecoe. ABTOpbl AEKNapuUpyT OTCYTCTBME SBHbIX M NOTEHLUMArbHbIX KOH(MUKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ans yumupoeaHus: MpokoneHko MN.U., CtenaHoBa E.A., MaTioweHko B.A., Pak A.A., Yuctakoea A.K., Koctpomu-
TvHa A.0., KotomuHa T.C., Kygpssue W.B., PybuHwTtenH A.A., Komnes A.C., Pygetko J1.I., NcakoBa-CuBak .H.
YcuneHne cucTteMHoro 1 nokanvsoBaHHoro B nerkux CD4*-T-kneTo4HOro MMMYHHOrO OTBeTa Mpu ykopoueHun Gerka
NS1 wramma Ce30HHON XMBOW rPMNMNO3HON BaKUUHbL. XKypHan Mukpobuonoauu, anudemMuonozauu u UMmyHobuonoauu.
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Introduction

Influenza viruses pose a constant threat to the
global population due to their high contagiousness
and ability to cause severe epidemics, which kill up to
650,000 people annually [1]. The most effective means
of fighting influenza infection remains vaccination,
which is mainly aimed at preventing the development
of severe cases of the disease, as well as its complica-
tions. There is a sufficiently large variety of licensed
influenza vaccines, but their effectiveness in different
epidemic seasons varies greatly due to the narrow spec-
ificity of the induced immune response to vaccination
[2]. In this regard, the search for new approaches to im-
prove the immunogenicity and broaden the spectrum of
action of seasonal influenza vaccines is of paramount
importance for global health care.

The non-structural NS1 protein of influenza A vi-
rus is multifunctional protein and participates in vari-
ous stages of virus-cell interaction: it is an antagonist
of the antiviral cellular response and a regulator of viral
and cellular gene expression [3, 4]. In particular, the
NS1 protein of influenza virus acts as an interferon
(IFN) antagonist and thereby promotes productive in-
fection by disrupting one of the most important links of
antiviral immunity [5]. Furthermore, the C-terminus of
NSI1 protein is attributed to the function of decreasing
dendritic cell activation and, consequently, impairing
the stimulation of naive T cells [6]. Accordingly, the
immunogenicity of live attenuated influenza vaccine
(LAIV) can be enhanced by truncating the NS1 protein
from the C-terminus to attenuate its anti-IFN activity.
Previously, we constructed a vaccine strain of H7N9
subtype LAIV that encoded an NS1 protein shortened to
126 amino acids. Experiments in mice showed that this
modification resulted in a significant enhancement of the
T-cell response to the immunodominant epitope NP,
compared to immunization with full-length NS1 [7].

The aim of the present study was to evaluate the
modulation of immunogenic properties of the seasonal
HINI subtype influenza vaccine strain by truncation of
the NS1 protein reading frame to 126 amino acids. The
systemic and local T-cell response to all influenza virus
antigens was studied by stimulating immune cells with
whole live epidemic influenza HIN1 virus.

Materials and methods

Viruses

Experimental reassortant strains of the HINI
subtype were obtained by standard reverse genetics
methods based on the attenuation donor of the domes-
tic LAIV A/Leningrad/134/17/57 (H2N2) (Len/17)
[8]. The parental epidemic influenza virus was
the A/Guangdong-Maonan/SWL1536/2019 (HIN1)
[HIN1/wt] strain obtained from the NIBSC collection
(UK). The HIN1 LAIV vaccine strain with full-length
NS1 protein contained PB2, PB1, PA, NP, M and NS

genes from the attenuation donor Len/17, and hemag-
glutinin and neuraminidase genes from the epidemic
HIN1/wt virus. To obtain a recombinant influenza vi-
rus expressing a truncated NS1 protein, 3 consecutive
stop codons were added after 126 amino acids of the
open reading frame of the NS1 protein of Len/17 virus
by site-directed mutagenesis using the Q5 Site-Direct-
ed Mutagenesis Kit (New England Biolabs) and spe-
cific primers (Evrogen Ltd.). Viruses were cultured in
10-11-day-old embryonated chicken eggs (ECE) (Sin-
iavinskaya poultry farm) at 33°C (for vaccine strains of
LAIV) or at 37°C (for epidemic strain HIN1/wt) and
stored at —70°C in aliquots.

Cell lines

MDCK dog kidney cells (ATCC CCL-34) and Ve-
ro green monkey kidney cells (ATCC CCL-81) were
cultured in DMEM growth medium containing 10% fe-
tal bovine serum and supplemented with an antimycotic
antibiotic (Capricorn reagents listed).

Determination of the infectious activity
of influenza viruses

The infectious titers of viruses were determined by
the limit dilution method. To infect ECE, viruses were
diluted in phosphate-salt buffer (PBS) and each dilution
infected 4-6 embryos in a volume of 200 ul. The ECEs
were incubated at 33°C and 38°C for 48 h or at 26°C for
6 days, after which the embryos were cooled; the pres-
ence of virus in allantois fluid was determined by hem-
agglutination assay with chicken erythrocytes. Deter-
mination of infectious titers of viruses on cell cultures
was performed by infecting daily monolayer cultures
in 96-well plates with serial 10-fold dilutions of viru-
ses. After adsorption, the inoculum was removed, cells
were washed, incubated in DMEM medium containing
1 pg/mL TRSC trypsin and antibiotic-antimycotic at
33°C for 4 days. The presence of viruses in the wells
was determined by staining the cells fixed in acetone
with monoclonal anti-NP-antibody conjugated with
horseradish peroxidase (PPDP LLC). Illumination was
performed using TMB substrate (Thermo Fisher Scien-
tific), and optical density was measured on an xMark
flatbed spectrophotometer (BioRad). Wells were con-
sidered positive at optical density values (A = 450 nm)
exceeding the values of negative control wells at least
2-fold. Virus titers in ECE and Vero and MDCK cells
were calculated according to the method proposed by
L.J. Reed et al. [9] and were expressed in 50% infec-
tious doses (log10 EID, /mL and log10 TCID, /mL).

Accumulation and purification of influenza virus
on asucrose gradient

For immunologic tests, HIN1/wt influenza virus
was purified on a sucrose gradient to remove nonspe-
cific proteins from chicken embryos and to concentrate
the virus. Viruses were purified on a 30%/60% density
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gradient using an ultracentrifuge (BeckmanCoulter) in
several steps:

1) clarification of the collected allantois fluid by
centrifugation for 15 min at 4°C at 3500g;

2) sedimentation at 16,000g for 2 h at 4°C and re-
suspension of the formed precipitate in 2 ml of FSB;

3) layering of the resuspended precipitate on a
30%/60% sucrose step gradient followed by ultracen-
trifugation for 2 h and at 4°C at 23,000g;

4) collection of concentrated virus at the bounda-
ries of the gradient and its washing in 10 ml of FSB by
centrifugation for 1.5 h at 23,000g. In the last step, the
viral precipitate was resuspended in 1 ml of PBS and
stored at —70°C in aliquots.

Mice immunization and organ harvesting

Female mice of the C57BI1/6]J line, supplied from
the Stolbovaya Branch Nursery of the National Cen-
ter for Biomedical Research of the Federal Medical
and Biological Agency of Russia, were used. Mice
were immunized twice intranasally with an interval of
21 days with one of the recombinant strains of LAIV at
adose of 10° EID, in a volume of 50 ul using light ether
anesthesia. Control animals received an equal volume
of PBS. On the 3rd day, lungs and nasal passages were
collected from 4 vaccinated mice from each group and
further homogenized using a TissueLyser LT automatic
homogenizer (Qiagen). Lung and nasal tissue homoge-
nates were used to determine the infectious titer of the
virus in the ECE system. At 7 days after re-immuniza-
tion, lung tissue and spleens were collected from 6 mice
from each group for further evaluation of T-cell immu-
nity. The research protocol was approved by the Ethics
Committee of the Institute of Experimental Medicine
(protocol No. 1/20, February 27, 2020).

Assessment of the T-cell immune response

Determination of systemic and memory T cells
localized in the lungs was performed according to the
previously described method [7] with minor modifica-
tions. Single splenocytes were isolated in CR-0 medi-
um (RPMI-1640 supplemented with antibiotic-antimy-
cotic, 25 mM HEPES (listed reagents from Capricorn)
and 50 pM 2-mercaptoethanol (Sigma-Aldrich) using
70 um pore size filters (BD Biosciences). Erythrocytes
were then lysed using erythrocyte lysis buffer (BioLeg-
end). For intracellular cytokine staining, 2 x 10° cells
were added to 100 pL of CR-10 medium (CR-0 medium
containing 10% fetal bovine serum) in sterile U-bottom
microplates. Then, 100 pl of CR-10 medium containing
purified whole HIN1/wt virus at a dose of 2 infectious
units per cell was added to each well and incubated for
18 h at 37°C, 5% CO,. GolgiPlug solution (BD Biosci-
ences) was then added to the samples at a final concen-
tration of 1 : 1000 to stop protein transport. Stimulation
with phorbolmyristyl acetate (Sigma-Aldrich) was used
as a positive control; unstimulated control samples and

ORIGINAL RESEARCHES

isotypic control samples were also prepared. Cells were
incubated for 5 h at 37 °C, 5% CO,, then stained for
20 min at 4°C in the dark with ZombieAqua fluorescent
live/dead cell detection dye and a mixture of the follow-
ing fluorescently labeled surface antibodies: CD4-Per-
CP/Cy5.5, CD8-APC/Cy7, CD44-PE, and CD62L-
BV421 (reagents listed are BioLegend). The Cytofix/
Cytoperm kit (BD Biosciences) was used for fixation/
permeabilization, after which cells were stained with
antibodies to cytokines: [FN-y — FITC, tumor necrosis
factor-a (TNF-a) — APC, interleukin-2 (IL-2) — PE/
Cy7 for 20 min at 4°C in the dark. Samples were fixed
with Cyto-Last buffer (antibodies and buffer — Bio-
Legend) and analyzed using a Navios cytofluorimeter
(BeckmanCoulter).

To detect tissue-resident memory T cells (T, ),
lungs perfused with PBS solution were cut into small
pieces with sterile scissors and treated with a mixture of
DNAase I and collagenase (Sigma-Aldrich) for 40 min
at 37°C. A suspension of individual cells was then pre-
pared using 70 pm pore size filters. Erythrocytes were
lysed as described above and stimulated with whole
HIN1/wt virus followed by detection of virus-specif-
ic effector memory T cells (T,,,; CD44'CD62L") ex-
pressing tissue-resident markers (CD69"CD103"). The
staining kit for surface markers and intracellular cyto-
kines included: CD4 — PerCP/CyS5.5, CD8 — APC/
Cy7, CD44 — APC, CD62L — BV421, CD69-PE/
Cy7, CD103 — FITC, while intracellular staining was
performed for only one cytokine, IFN-y — PE/Dazzle
(listed reagents — BioLegend). The number of cyto-
kine-positive cells in stimulated groups was counted
and the level of spontaneous cytokine secretion in un-
stimulated control samples was subtracted.

Statistical processing of the results

Flow cytometry data were analyzed using Kaluza
Analysis software (BeckmanCoulter). Statistical analy-
sis and preparation of illustrations were performed us-
ing the GraphPad Prism v. 7.0 program. ANOVA with
Tukey's correction or Mann—Whitney U-test was used
to compare data; differences were considered signifi-
cant at p < 0.05.

Results

In the present study, a strain of seasonal HINI
subtype LAIV expressing a truncated nonstructural
protein 1 truncated to 126 amino acids (LAIV HIN1
NS, ,,) was obtained by genetic engineering methods. In
in vitro experiments, it was shown that the classical vac-
cine strain HINT and the modified variant HIN1 NST
had similar growth characteristics in various culture
systems, but the variant with NS1 . was significantly
more weakly propagated at a temperature reduced to
26°C (Table). These results are consistent with the pre-
viously obtained data on the phenotypic characteristics
of vaccine strains of LAIV with NS1 __[7, 10]. Further-

126
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Replicative properties of LAIV vaccine strains in vitro and in vivo systems

Virus titer in ECE, Virus titer in cells, Virus titer in mouse organs,
Vaccine strain Ig EID,/ml Ig TCID/ml Ig EID,,/ml
26°C 33°C 38°C MDCK Vero lungs nose
LAIV H1N1 58+0,4 8,7+0,3 1,9+04 72+0,3 6,2+0,2 <12 23+1,2
LAIV HIN1 NS1, 4,4+0,7 76105 <12 58+0,8 54+04 <12 <12

more, the modified strain practically did not propagate
in the upper respiratory tract of mice, in contrast to the
classical strain of LAIV, which is also consistent with
the previously obtained data on the enhancement of the
attenuating properties of the vaccine when the reading
frame of the NS1 protein is truncated.

Two-dose immunization of mice with LAIV and
LAIV with truncated NS, stimulated the induction of
high levels of virus-specific T, cells with CD44"C-
D62L- phenotype in the spleens of mice, and truncation
of NS1 protein in the vaccine strain of LAIV significant-
ly increased the levels of polyfunctional CD4*-T,, cells
secreting two (IFN-y, TNF-a) or three (IFN-y, TNF-a
and IL-2) cytokines simultaneously (Fig. 1, a). Further-
more, only the group of mice that received LAIV NS,
showed significantly higher levels of IFN-y-producing
cytotoxic memory T cells compared to controls (Fig. 1,

b). Thus, the data obtained indicate that the modified
strain of LAIV NS, may have a higher potential for
protection against influenza infection than the classical
LAIV variant.

Further, we investigated subpopulations of vi-
rus-specific T, cells in the lungs with evaluation of the
expression of surface markers of memory T, cells by
these cells. Evaluation of the levels of IFN-y-producing
T,,, cells in the lungs of immunized mice revealed a sig-
nificant enhancement of the CD4" T-cell response in the
group of animals inoculated with the prototype LAIV
NSI,,, compared with the classical version of the vaccine
(Fig. 2, a). For cytotoxic CD8"-T,, cells in the lungs, a
comparable level of immunogenicity of LAIV was shown,
independent of NS1 protein modification (Fig. 2, d). At
the same time, the level of expression of tissue residency
markers was comparable in both vaccine groups (Fig. 2,
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Fig. 1. Number of effector memory T cells (CD44*CD62L") with CD4* (a) and CD8" (b) phenotype expressing IFNy (left panel),
IFNy and TNFa (middle panel) and IFNy, TNFa and IL-2 (right panel) in groups of mice immunized with LAIV or LAIV
with truncated NS1 protein, as well as in the control group (PBS).

Significant differences between groups (Mann-Whitney test), *p < 0.05, **p < 0.01.
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Fig. 2. Induction of virus-specific memory T cells in the lungs after immunization of mice with the study vaccine viruses.
(a, d) Number of IFNy-producing effector memory T cells (CD44*CD62L-) with CD4+ (a) and CD8"* (d) cell phenotype in groups of mice
immunized with LAIV or LAIV with truncated NS, ., as well as in controls. Proportion of virus-specific tissue-resident memory cells with
CD69*CD103- phenotype among IFNy* cells in CD4* and CD8* T cell populations (b and f, respectively). Proportion of virus-specific tissue-
resident memory cells with CD69*CD103* phenotype among IFNy* cells in CD4* and CD8" T cell populations (c and f, respectively).
*p <0.05, ** p <0.01 between groups (Mann—Whitney test).

b, ¢, d, e, f), indicating the localization of the identified vi-
rus-specific cells in the lung epithelium, in close proximity
to the potential site of pathogen entry.

Discussion

Existing influenza vaccines induce predominantly
neutralizing antibodies targeting hypervariable epitopes
of the main influenza virus antigen, the hemagglutinin
molecule, necessitating almost annual updates of the
vaccine strain composition. Over the past decade, sig-
nificant progress has been made in the development of
influenza vaccines with a broader protective spectrum,
targeting conserved viral antigens such as the hemag-
glutinin stem domain, neuraminidase, or M2e¢; and the
development of T cell-based approaches that have the
greatest potential to induce long-term cross-protective
memory cell responses [11]. To date, a massive amount
of evidence has accumulated on the ability of influ-
enza viruses expressing the truncated NS1 protein to
stimulate the formation of a more pronounced adaptive
immune response while rendering the virus more atten-
uated [12-15]. However, the vast majority of studies
have used a model laboratory strain A/Puerto Rico/8/34
(HIN1) or a strain based on wild-type influenza virus,

which has a significant disadvantage — the probability
of reverting to a virulent phenotype in case of possible
reassortment with other circulating viruses. In this cur-
rent study, the strain of the domestic licensed live influ-
enza vaccine, widely used in public health practice in
Russia and in a number of foreign countries, was used
as the basis for our investigation [16].

We have previously shown that truncation to 126
amino acids of the NS1 protein of the H7N9 LAIV
vaccine strain leads to an enhanced humoral and T-cell
response in a mouse experiment [7]. In contrast to the
above mentioned study, where the T-cell immune re-
sponse was assessed by stimulation of cells with syn-
thetic peptides corresponding to immunodominant
CD8" T-cell epitopes NP, ., in the present study, a
stimulation of immune cells of immunized mice with
whole purified HIN1/wt influenza virus was performed.
Such stimulation better reflects the actual clinical situ-
ation, since during influenza the organism is exposed
to the circulating virus in its natural form, and infected
cells present a large variety of T-cell viral epitopes on
MHC-I and MHC-II complexes.

The present study demonstrated an enhanced
CD4" T-cell response in mice when they were immu-
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nized with a live influenza vaccine strain with modi-
fied NS1 protein, and this effect was expressed both at
the systemic (splenocytes) and local levels (cells from
lung tissues). At the same time, systemic virus-speci-
fic CD4* T cells were characterized by a polyfunctional
phenotype, producing, in addition to IFN-y, other key
proinflammatory cytokines involved in the antiviral
response, such as TNF-a and IL-2. T-lymphocytes ca-
pable of secreting several cytokines simultaneously in
response to antigenic stimulation are known to be more
accurate predictors of the organism's ability to resist
reinfection than monofunctional cells secreting only
IFN-y [17]. For systemic CD8"-T_, cells, no significant
increase in the proportion of cytokine-producing T cells
was detected with NS1 protein shortening, likely due
to the small number of animals in the group and high
dispersion. These data are in general agreement with
previous results obtained for the H7N9 vaccine strain
expressing a shortened variant of NS1 protein, where
CD8" T-cell response was assessed after stimulation of
splenocytes with a peptide corresponding to the immu-
nodominant epitope NP, [7]. It is important to note
that a more pronounced T-cell response formed directly
in the lung tissues of mice immunized with the vaccine
strain of LAIV with NS1  indicates the potential for the
development of an accelerated immune response during
subsequent contact with the pathogen, since T, cells in
the lungs represent the first line of immune defense of the
organism against respiratory pathogens [18, 19].

Conclusion

The present study provides evidence of enhanced
systemic and lung-localized CD4* T-cell immune re-
sponse upon truncating of NS1 protein of a seasonal
HIN1/wt strain. Since virus-specific T cells were de-
tected when lymphocytes were stimulated with whole
live HIN1/wt virus, it can be assumed that upon re-in-
fection with a modern circulating virulent virus of this
subtype, mice immunized with the HINT NS1 , variant
of HIN1 LAIV will be better protected from clinical
manifestations of the disease than animals that received
the classical variant of LAIV.
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Abstract

Introduction. The Kemerovo region — Kuzbass is characterized by a high prevalence of multidrug-resistant
(MDR) tuberculosis (TB), including coinfection with HIV (HIV/TB). A previously unknown in Russia relationship
between MDR and the Beijing Central Asian Outbreak (CAO) subtype has been discovered, which updates
studies of Mycobacterium tuberculosis taking into account this resistant variant.

Objective: to study the molecular genetic structure of the M. tuberculosis population, to assess the prevalence
and possible routes of emergence of Beijing CAO strains in the Kemerovo region — Kuzbass.

Materials and methods. A total of 325 M. tuberculosis strains were studied in 2018-2022 using spoligotyping,
MIRU-VNTR 24 and SNP typing. Whole genome sequencing and bioinformatics analysis were performed for
seven Beijing CAO strains.

Results. Primary MDR and pre-extensive drug resistance (pre-XDR) were detected in 39.4% and 11.5% of strains,
respectively. In the total sample, MDR was 43.4%, pre-XDR — 19.7%. In the structure of the M. tuberculosis
population, the Beijing genotype prevailed (78.8%), with its subtypes Central Asian Russian (40.9%) and
B0O/W148 (32.6%). The Euro-American lineage (27.3%) was represented by the genotypes T (6.5%), LAM (5.8%),
Ural (4.9%), H (0.9%); one strain CAS1-Delhi was detected, the genotype of 2.8% of strains was not identified.
The proportion of Beijing CAO was 12.6% of the total sample; this subtype was significantly more often detected
among HIV/TB (20.6%) than in HIV-negative TB patients (9.1%; p = 0.005). The results of the Beijing CAO
genome analysis from the Kemerovo region indicate the absence of a direct chain of transmission between these
TB cases. A hypothesis has been put forward about the introduction of Beijing CAO to the Kemerovo region from
Central Asia and its endemic circulation in the region.

Conclusion. A high level of MDR and pre-XDR was detected in Beijing genotype strains in the M. tuberculosis
population of the Kemerovo region — Kuzbass, especially the BO/W148 (97.2%) and CAO (87.5%) subtypes.
Beijing CAO strains, detected mainly in newly diagnosed HIV/TB patients, require further monitoring and control
of their spreading.

Keywords: Mycobacterium tuberculosis, Beijing Central Asian Outbreak, Beijing BO/W148, multidrug resistance,
Tuberculosis, HIV infection
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BBepeHue. KemepoBckan obnacte — Kysbacc xapakTtepusyeTcsl pacnpoCTpaHEHHOCTb Tybepkynésa (Th)
C MHOXeCTBEHHOWN nekapCcTBeHHoN ycTtonumsocTbio (MJTY), B TOoM uucne couetaHHoro ¢ BUY-uHdekumen
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OLEHUTb PacrnpoCTPaHEHHOCTb M BO3MOXHbIE MyTW nosierneHus wrtammoB Beijing CAO B KemepoBsckoi obna-
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nurotunupoBanusi, MIRU-VNTR 24 n SNP-tunupoBanus. ns 7 wrammoB Beijing CAO npoBeaeHbl NOnHOreHoM-
HOe CeKkBeHNpoBaHWe 1 BuorHgopmaTnyecknin aHanma.

PesynbraTthbl. MNepsuyHaa MITY v npelumpokas nekapcrseHHas yctondmeocTb (npe-LUNY) obHapyxeHbl y 39,4 n
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nonynsuun M. tuberculosis npeobnagan reHotun Beijing (78,8%), ero cy6tunel Central Asian Russian (40,9%) n
B0O/W148 (32,6%). EBpo-amepukaHckas nuHuna (27,3%) npeactasnena reHotunamm T (6,5%), LAM (5,8%), Ural
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B ocobeHHocTn cybTtunos BO/W148 (97,2%) n CAO (87,5%). LLtammel Beijing CAO, BbisBNeHHblE NpenMyLLe-
CTBEHHO Y BrepBble BbiABNEHHbIX 60nbHbIX BUY/TB, TpebyoT aanbHenwero HabntoaeHnsa 1 KOHTpOns Ux pac-
NpPOCTPaHeHus.
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Introduction

Kemerovo region — Kuzbass, despite the decrease
trends, maintains high levels of tuberculosis (TB) inci-
dence and prevalence. The region is also characterized
by high rates of HIV infection. In 2021, TB incidence
was 63.07 per 100,000, which is more than 2 times the
national level (31.1 per 100,000), prevalence — 138.0
per 100,000 [1]. During the same period, HI'V incidence
(1274.03 per 100,000) was 1.62 times higher than the
national average (782.0)!

HIV infection increases not only the risk of active
TB, but also gives low treatment efficacy.” The wide-
spread of drug-resistant strains of Mycobacterium tu-
berculosis is also among the main causes of high TB
incidence.

Therefore, the study of the features of modern
strains of M. tuberculosis is of absolute relevant. Previ-
ously, a number of molecular genetic studies of M. fuber-
culosis were conducted in the Kemerovo region and the
associations of multidrug resistance (MDR) with strains
of the Beijing genotype were revealed [2—4]. However,
the prevalence of Beijing strains of the Central Asian
Outbreak (CAO) subtype frequently characterized by
MDR [5] has not been evaluated, although they were
present in collections from other West Siberian regions
[3,6]. The aim of the study: to investigate the molecular
genetic structure of M. tuberculosis, to assess the pre-
valence and possible pathways of emergence of Beijing
SAO strains in the Kemerovo Region — Kuzbass.

Materials and methods

Clinical isolates and drug sensitivity testing

We examined 325 clinical isolates of M. tuber-
culosis from TB patients from the Kemerovo region —
Kuzbass: from 2 screening studies in 2020-2021
(n = 86) and 2022 (n = 163); from the 2018-2019
cryo-collection (n = 76) of the Novosibirsk Research
Institute of Tuberculosis, which is a reference center for
TB control in Siberia and the Russian Far East (Fig. 1).

Bacterial isolates were characterized by standard
bacteriological and biochemical methods. Drug sus-
ceptibility testing (DST ) was performed by the meth-
od of proportions on the Loewenstein-Jensen medium
(and/or modified proportion method on Middelbrook
7H9 liquid nutrient medium using a Bactec MGIT 960
bacteriological analyzer) [3, 4].

The terminology of drug resistance according to
the Clinical Guidelines “Tuberculosis in adults, 2022”
was used:

! BUY-undexuus 3a 2021 . Bromerens Ne 47. URL: http://www.
hivrussia.info/wp-content/uploads/2023/05/Byulleten-47-VICH-
infektsiya-za-2021-g.pdf (date of access: March 20, 2024).

2 World Health Organization. Global Tuberculosis
Report 2022. URL: https://iris.who.int/bitstream/hand
1e/10665/363752/9789240061729-eng.pdf?sequence=1 (date of
access: March 20, 2024).
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* mono-resistance is resistance of M. tuberculosis
to only one antiturberculosis drug;

* poly-resistance is resistance of M. tuberculosis
to 2 or more antiturberculosis drugs, except for
simultaneous resistance to isoniazid and rifam-
picin;

* MDR is resistance of M. tuberculosis to isonia-
zid and rifampicin simultaneously, regardless of
resistance to other antiturberculosis drugs;

* pre-extensive drug resistance (pre-XDR) is re-
sistance of M. tuberculosis to rifampicin with or
without resistance to isoniazid, combined with
resistance to any fluoroquinolone.

Genotypic identification

DNA was extracted using previously described
methods [3]. Isolates were first differentiated into Bei-
jing and non-Beijing genotypes [3]. Beijing strains were
divided into two major groups known to be prevalent in
Russia (subtypes BO/W148 and Central Asian Russian)
by testing specific SNP markers [3, 4]. Beijing Central
Asian Russian strains were genotyped for Central Asian
Outbreak (CAO) markers [6] by the authors' previously
reported real time PCR test for a specific SNP in the
pks & gene (pos.1884305) [7]. All non-Beijing strains
were subjected to spoligotyping [3] and MIRU-VNTR
24 loci typing [4].

Whole-genome sequencing, bioinformatics
and statistical analysis

Genomic libraries were prepared using the DNA
Flex kit (Illumina). Whole-genome sequencing (WGS)
of samples was performed on a NextSeq 550 sequen-
cer (Illumina) using the reagent kit v2.5 and a flow cell
(High output) of 300 cycles. The 330, 59Kem, 1450,
155¢ genomes have been deposited at NCBI (bioproj-
ect PRINA1139960). A total of 229 complete M. tu-
berculosis Lineage 2 CAO genomes [5] were retrieved
from the online WGS Short Read Archive (NCBI),
being part of the following bioprojects: PRJEB2138,
PRIJEB21922, PRJEB6273, PRIEB7281, PRJEB9680,
PRINA980215. Primary data processing involved re-
moving short reads of poor quality (Q < 20) and cut-
ting out technical sequences using the CutAdapt pro-
gram [8]. Next, the short reads were mapped to the
NC 000962 reference genome with single nucleotide
position determination [9]. As a result of data validation
and normalization, the concatenated sequence of nucle-
otide sequences of the 3568 bp genome data array was
used for phylogenetic analysis. Antiturberculosis drug
resistance genes, their promoters, and genes with high
variability (PP, PE, PPE) were excluded from the se-
quence. The genome of the Beijing family belonging to
the ancient variant (Asian Ancestral 1), which was iso-
lated in Omsk (bioproject PRINA489691), as well as
the closest ancestors of Beijing CAO — Beijing Central
Asian genomes (bioproject PRIEB9680) were used as


https://iris.who.int/bitstream/handle/10665/363752/9789240061729-eng.pdf?sequence=1
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Total samples (n = 325)

Research 2018-2019 2020-2021 2022
period (n=176) (n =86) (n=163)
HIV status of HIV-positive HIV-negativity Unknown
TB patients (n=102) (n=208) (n=15)

Phenotypic drug resistance test

24 MIRU-VNTR typing;

spoligotyping of non-Beijing strains

Identification of genetic families and genotypes/subtypes:

« diversification into Beijing and non-Beijing;

identification of Beijing sublines (ancient, early ancient, modern);

identification of subtypes of the Beijing genotype (B0/W148, Central Asian Russian, CAO);

M. tuberculosis
research

Beijing CAO whole genome sequencing (Kemerovo region; n = 7)

*  Uzbekistan (n = 168);

+  Kazakhstan (n = 14);

* Russia (Samara; n = 28);
*« Germany (n=19)

Bioinformatics analysis with available Beijing CAO WGS data:

Fig. 1. Study design.

an outgroup. The phylogenetic tree was constructed us-
ing the IQ-TREE2 program by the maximum likelihood
method; the phylogenetic tree was visualized using the
FigTree program [9]. The reliability of the tree topolo-
gy was evaluated based on bootstrap analysis with 1000
iterations. Transversion Substitution Model was chosen
as the nucleotide substitution model because it had the
best Akaike values calculated using IQ-TREE Model
Finder. Evolutionary rate and tree topology were ana-
lyzed using the Total Recovery Time Substitution Mod-
el with gamma-distributed substitution rate at each site
and 4 rate categories.

Statistical analysis was performed using the web
resource http://www.medcalc.org/calc/odds_ratio.php,
calculating Fisher’s exact criterion values and odds ra-
tios. Differences between groups were identified by the
x° test, and significance was confirmed at p < 0.05.

Results

General characterization and drug resistance
of M. tuberculosis

In a sample of 325 clinical isolates, specimens
from patients with infiltrative (30.8%), disseminated
(31.1%), and fibrotic cavernous forms of pulmonary

TB (20.6%) predominated, followed by tuberculomas
(10.5%). Disseminated TB was significantly more com-
mon in HIV-infected patients (48.0%; 49/102) than in
HIV-negative patients (22.6%; 47/208; p < 0.0001),
while fibrotic cavernous TB and tuberculomas, on the
contrary, had higher rates in HIV-negative patients,
thus reflecting the clinical manifestations of TB char-
acteristic of coinfection. A total of 226 69.5% isolates
were obtained from patients with new TB cases (Ta-
ble 1). New TB cases accounted for a significantly
higher proportion of new TB cases in the HIV-infected
group (84.4%; 84/102) than in the HIV-negative group
(64.4%; 134/208; p = 0.002).

The results of the drug sensitivity test revealed
a high prevalence of M. tuberculosis clinical isolates
with drug resistance (75.7%; 246/325) to antitubercu-
losis drugs (Table 2). 63.1% (205/325) of isolates were
resistant to the main first-line antibiotics — rifampicin
and isoniazid. Among them, 19.7% (64/325) cases were
also accompanied by resistance to fluoroquinolones,
which defined them as pre-XDR strains; their num-
ber was expectedly higher among previously treated
TB patients than among new cases (44.6% vs. 11.5%;
p < 0.001). The proportion of MDR (non-pre-XDR)
strains among first-time cases was 39.4% and 43.4%
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Table 1. Demographic and clinical data of TB patients, n (%)
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Characteristic Total New cases Previously treated 2.
n=325 n =226 n=99 X5 P
Gender
female 102 (31,4) 69 (30,5) 33 (33,3)
0,251; p=0,616
male 223 (68,6) 157 (69,5) 66 (66,7)
Age, years
19-45 241 (74,2) 159 (70,4) 82 (71,1)
5,589; p = 0,018
246 84 (25,8) 67 (29,6) 17 (28,9)
HIV status*
HIV-positive 102 (32,9) 84 (38,5) 18 (19,6)
10,54; p = 0,0012
HIV-negative 208 (67,1) 134 (61,5) 74 (80,4)
TB clinical forms
infiltrative 100 (30,8) 89(39,4) 11 (11,1) 25,827; p = 0,007
disseminated 101 (31,1) 82 (36,3) 19 (19,2) 9,389; p = 0,002
fibrous-cavernous 67 (20,6) 20 (8,8) 47 (47,5) 62,759; p < 0,001
focal 5(1,6) 5(2,2) 0 1,004; p=0,316
tuberculomas 34 (10,5) 19 (8,4) 15 (15,2) 3,343; p = 0,068
caseous pneumonia 11 (3,4) 5(2,7) 6 (5,1) 0,587; p = 0,444
intrathoracic 3(1,0) 3(1,3) 0 0,272; p = 0,602
TB meningitis 1(0,3) 1(0,4) 0 0,439; p = 0,602
TB pleurisy 1(0,3) 1(0,4) 0 0,439; p = 0,602

Note. *HIV status of 15 patients was not indicated; absolute data and percentage calculations are given for 310 patients (218 newly diag-

nosed and 92 previously treated).

in the total sample. MDR+pre-XDR levels were not
significantly different between HIV-negative patients
(62.0%; 129/208) and HIV/TB patients (57.8%; 59/102;
p = 0.480).

Five isolates with drug resistance to bedaquiline
were identified, 4 of which were characterized by
mono- and poly-resistance and 1 by MDR. Drug sen-
sitivity to linezolid was assessed for 163 isolates from
a sample of 2022, when this test was included in routine
bacteriologic studies in the Kemerovo region; all isolates
remained sensitive to linezolid. The proportion of pre-
XDR isolates was significantly lower in HIV/TB coin-
fected patients (12.7%; 13/102) than in HIV-negative pa-
tients (24.0%; 50/208; p = 0.022), as the latter group had
significantly more previously treated TB cases.

Genotypic structure of M. tuberculosis

The Beijing genotype was detected in 256 (78.8%)
of 325 M. tuberculosis isolates. Two isolates were at-
tributed to the early ancient sublineage (intact NTF and
RD 181 [10]), while the other 254 isolates belonged to
the modern Beijing sublineage. The proportion of Bei-
jing strains was significantly higher in the previously
treated group (90.9%) than in the group of newly diag-
nosed TB patients (73.5%; p < 0.001; Table 3), with no
significant difference in HIV-negative TB and HIV/TB
patients (80.3%; vs. 75.5%; p = 0.940). The most abun-

dant Beijing genetic groups were BO/W148 (32.9%)
and Central Asian Russian, including the CAO sub-
type (41.5%; 134/325). The CAO subtype accounted
for 12.6% of the total sample (15.6% of Beijing), and
did not differ significantly between newly diagnosed
(11.9%) and previously treated (13.1%) TB patients.
However, among new cases, CAO strains were detect-
ed more frequently in the HIV/TB group (21.4%) than
in HIV-negative cases (6.7%; p = 0.005). Overall, the
proportion of Beijing CAO strains was higher in the
HIV/TB group (20.6%; 21/102) than in HIV-negatives
(9.1%; 19/208; p = 0.005).

Isolates of BO/W 148 Beijing subtype was detected
more frequently among previously treated TB patients
than in new cases (45.5% vs. 27.0%, respectively;
p = 0.001). No statistically significant differences be-
tween 'BO/W148 strains were found when the associ-
ation by HIV status, treatment history of TB patients
with other Beijing subtypes were analyzed.

All Beijing CAO strains from the Kemerovo re-
gion shared a common MIRU-VNTR 94-32 profile. In-
formation to assess the association between cases was
insufficient, but analysis of available data on 27 out of
40 Beijing CAO cases indicates that there was no as-
sociation between these patients by place of residence.
Only 8 cases of TB with Beijing CAO were among res-
idents of different districts of Kemerovo, the rest of the
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Table 2. Drug resistance of M. tuberculosis isolates, n (%)
New cases Previously treated
Genotypes, subtypes Total
ypes, sublyp n=325 B HIV/TB all B HIV/TB
n =226 n=134 n=284 n=99 n=74 n=18

Susceptible 79 (24,3) 74 (32,7) 45(33,6) 27(32,1) 5(51) 3(4,1) 1(5,6)
Monoresistant 17 (5,2) 16 (7,1)  10(7.,5) 5 (6,0) 1(1,0) 0 1(5,6)
Polyresistant 24 (7,4) 21(9,3) 12(9,0) 9(10,7) 3(3,0) 3(4,1) 0
MDR not XDR 141 (43,4) 89(39,4) 50(37,3) 35(41,7) 52(52,5) 35(47,3) 11(61,1)
pre-XDR 64 (19,7) 26 (11,5) 17(12,7)  8(9,5) 38(38,4) 33(44,6) 5(27,8)

diseases were detected in 10 industrial cities of Kuz-
bass, distant from the regional center by 27-90 km.

Non-Beijing isolates belonged to Lineage 4 (Euro-
American lineage) and Lineage 3 (CAS1-Delhi) spoli-
gotypes. Spoligotyping of 69 non-Beijing isolates iden-
tified 31 spoligotypes. Apart from one Lineage 3 isolate,
the rest represented 4 Lineage 4 genetic families: LAM,
T, Ural and H (60 isolates) and 9 unclassified strains.
Isolates belonging to the Euro-American lineage were
identified in 23 spoligotypes; of these, 7 were repre-
sented by clusters of 2 to 10 isolates: SIT53/T, 10 iso-
lates; SIT42 and SIT254/ LAM, 8 isolates each; SIT35/
Ural, 7 isolates; SIT262/Ural, 6 isolates; SIT1480/ Ural
and SIT2128/ T, 2 isolates each.

Drug resistance and genotypes
The proportion of rifampicin- and isoniazid-re-
sistant Beijing genotype strains was 74.6% (191/256),
which was significantly higher than among non-Beijing
strains, 17.4% (12/69; p < 0.001). The frequency of
MDR+pre-XDR detection of Beijing genotype strains

among previously treated cases (82.8%; 82/99) was
more pronounced than among new TB cases (48.2%;
109/226; p < 0.001). Because of the small number of
strains of other genetic families (non-Beijing), no sig-
nificant differences in MDR frequency could be detec-
ted. Non-Beijing strains unclustered by spoligoprofile
possessed MDR in 26.9% (7/26) of cases, while those
combined by a single spoligotype possessed MDR in
11.6% (5/43; p = 0.194).

The highest MDR+pre-XDR frequencies were
found in Beijing isolates of subtypes BO/W148 (97.2%;
103/106) and CAO (87.5%; 35/40). The proportions of
MDR-+pre-XDR isolates of Central Asian Russian and
Beijing (other, including early ancient sublineage) were
46.8% (44/94) and 68.8% (11/16), respectively (Fig. 2).

Bioinformatic analysis showed that 7 Beijing
CAO isolates whose full genomic data are presented
in this study (kem 59, 330, 155c, 145¢c, IM117-8c,
IM115-6¢, IM134-53¢), isolated from 5 HIV-infected
and 2 TB patients without HIV infection, belonged to
4 different clusters. It is noteworthy that one of them

Table 3. Genotypes and subtypes of M. tuberculosis isolates, n (%)

New cases Previously treated
Genotypes, subtypes 525 B HIV/TB all B HIV/TB
n=226 n=134 n=284 n=99 n=74 n=18
Beijing total 256 (78,8) 166 (73,5) 99(73,9) 61(72,6) 90(90,9) 68(91,9) 16(88,9)
Beijing BO/W148 106 (32,9) 61(27,00 38(28,4) 19(22,6) 45(455) 35(47,3) 7(389)
Beijing Central Asian Russian non-CAO 94 (28,9) 68 (30,1) 46(34,3) 20(23,8) 26(26,3) 19(25,7) 5(27,8)
Beijing CAO 40 (12,6) 27 (11,9) 9(6,7) 18(21,4) 13(13,1) 10(13,5) 3(16,7)
Beijing other 16 (4,9) 10 (4,4) 6 (4,5) 4 (4,8) 6(6,1) 4(5,4) 1(5,6)
Non-Beijing total 69 (21,2)  60(26,5) 35(26,1) 23(27.4) 9(9.1) 6(8,1) 2(11,2)
T 21 (6,5) 19 (8,4) 14 (10,4) 4 (4,8) 2(2,0) 1(1,4) 0
LAM 19 (5,8) 15 (6,6) 6 (4,5) 9(10,7) 4 (4,0) 3(4.1) 1(5,6)
Ural 16 (4,9) 15 (6,6) 9 (6,7) 6(7,1) 1(1,0) 0 1(5,8)
H 3(0,9) 3(1,3) 0 2(24) 0 0 0
Unknown 9(2,8) 73,1) 6 (4,5) 1(1,2) 2(2,0) 22,7) 0
CAS1-Delhi 1(0,3) 1(0,4) 0 1(1,2) 0 0 0
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was phylogenetically close to strains from Uzbekistan,
suggesting the probability of origin of this strain out-
side the Kemerovo region (Fig. 3, highlight 1). Six
others were included in 3 separate groups on the most
recent highly resolved branches (bootstrap from 87%
to 100%) among modern strains from Kazakhstan and
Europe (Germany). This arrangement of the Kemero-
vo samples on the tree confirms the absence of a direct
chain of transmission between these TB cases (Fig. 3,
highlights 2—-4).

Discussion

A study of a modern sample of M. tuberculosis
strains from the Kemerovo region shows that the over-
all genotype structure is typical for the Asian part of
Russia, where the dominant genotype Beijing (78.8%)
is represented mainly by two subtypes: Central Asian
Russian (41.2%) and BO/W148 (32.9%) [11-14]. How-
ever, a marked predominance of Beijing was found
among previously treated TB cases (90.9%), and pri-
marily due to a significant increase in the proportion
of BO/W148 (from 27.0 to 45.5%). The increase in the
proportion of Beijing BO/W148 was seen among both
HIV-negative and HIV-infected TB patients. This uni-
directional accumulation in both groups reflects the
properties of this epidemic subtype, which in most cas-
es carries primary MDR. Overall, its qualities reduce
the efficacy of treatment of new TB cases and likely re-
duce adherence to MDR-TB therapy in repeated cours-
es of treatment.

The Beijing genotype, which occurred equally
frequently in TB patients with different HIV status,
revealed higher MDR and pre-XDR levels in both
groups: no significant association of MDR-TB with

Beijing BO/W148 (n = 106)

Beijing Central Asian Russian, non CAO (n = 94)
Beijing CAO (n = 40)

Beijing, others (n = 16)

T(n=21)
LAM (n = 19)
Ural (n = 16)

H(n=23)

Unknown (n = 9)
CAS1-Delhi (n=1)

O Susceptible (n =79)
B Polyresistant (n = 24)
B Pre-XDR (n = 64)
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HIV infection was found. Thus, the previously found
excess MDR-TB frequency among TB/HIV patients in
Russian studies [13, 15-17] and their association with
MDR strains was not confirmed in the present study.

The main distinctive feature of the M. tuberculo-
sis population in Kemerovo region was the detection
of about 30% (40/134) of CAO subtype strains in the
structure of Beijing Central Asian Russian. Accord-
ing to our study, MDR frequency among Beijing Cen-
tral Asian Russian strains was second only to Beijing
BO/W148 (95.3%): about 60% of strains were
MDR+pre-XDR (79 out of 134). This subtype, which
unites a heterogeneous group of strains, in the Kem-
erovo region showed not only an exceptionally high
presence of Beijing CAO (12.9% of the total collec-
tion) compared to other regions of Russia (Table 4), but
also extremely high levels of MDR+pre-XDR (87.5%;
35/40). In turn, exclusion of CAO samples from the
Central Asian Russian group leads to a decrease in the
proportion of strains with MDR to 48.6% (44 out of
94), which corresponds to the average for the Beijing
genotype (49.1% MDR; 53/108) without considering
B0/W148 in this group. Importantly, Beijing CAO was
significantly more frequently detected among HIV-in-
fected people (20.6%). Thus, not only BO/W 148 but al-
so strains of the CAO subtype were the most successful
among Beijing strains in the Kemerovo region — Kuz-
bass. The latter clearly benefited from the acquisition
of MDR/pre-XDR, expressed in a wide spread among
HIV-infected people in the region.

The cross-border route of transmission of TB
caused by Beijing CAO from Central Asian countries
to the population of the Kemerovo region can be con-
sidered as the most obvious one for the emerging of

0O 10 20 30 40 50 60 70 80 90 100 %

OMonoresistant (n = 17)
OMDR (n = 141)

Fig. 2. Drug resistance of M. tuberculosis isolates in the Kemerovo region, %.
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the first cases. An outbreak of CAO in Karakalpakstan
(Uzbekistan) described by M. Merker et al., evaluated
on strains from 2001-2005 [5], and then the detection
of accumulation since 2015 and the significant pres-
ence of Beijing SAO in modern samples in Kazakhstan
[21-23] indicate its successful spread outside Uzbeki-
stan and the setting up of conditions for endemic cir-
culation. All Beijing CAOs detected in the Kemerovo
collection belonged to the MIRU-VNTR 94-32 super-
cluster [6], although other MIRU-VNTR profiles of

CAOs in Russian regions have also been described [10,
22], emphasizing their current evolution due to the ori-
gin from 94-32 [6].

It is highly probable that transmission could have
been carried out by labor migrants from Central Asia,
whose regular influx to the Kemerovo region has been
observed over the past 30 years [23]. Despite the fact
that the registered incidence of TB in the Kemerovo
region among migrants from Central Asia is estimated
to be low (less than 1 case per 100,000 migrants) [24],

Fig. 3. Maximum-likelihood phylogenetic tree for sequences of 241 clinical isolates of Beijing CAO M. tuberculosis.

The genomes from the Kemerovo region are marked; numbers 1-4 mark their groups; sequences from other regions are marked in black
with following designations: from Central Asia — Uzbekistan (CenAsia), Kazakhstan (KZ), Samara — Russia (SamRus), Germany (GE).
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Table 4. Beijing CAO of M. tuberculosis isolates from Central Asian countries and Russia, n (%)

Number of isolates, % of total

Countries (total number of isolates) n Beiling total BeijingRiigit::: Asian Beiing CAO Source
Central Asia
Uzbekistan 235 136 (57,9) 58 (24,7) - [18]
Uzbekistan 277 237 (85,5) 174 (62,8) 173 (62,5) [5]
Tajikistan 206 154 (78,4) 49 (23,8) - [18]
Kyrgyzstan 166 121 (72,9) 38 (22,9) - [18]
Kazakhstan 701 538 (76,7) 314 (51,7) 116 (16,5) [19]
Kazakhstan 29 24 (82,8) 20 (69,0) 15 (51,7) [20]
Russia
Komi 130 73 (56,2) 45 (34,6) 2(1,5) [10]
Vologda 82 51 (62,2) 41 (50,0) 7 (8,5) [16]
Kaliningrad 73 46 (63,0) 21 (28,8) 4 (5,5) [10]
Karelia 67 36 (53,7) 18 (26,9) 3(4,5) [10]
Murmansk 67 35 (52,2) 23 (34,3) 1(1,5) [10]
Pskov 78 45 (57,7) 28 (35,9) 2 (2,6) [10]
Samara 428 354 (82,7) 214 (50,9) 28 (6,5) [5]
Omsk 131 93 (71,0) 51 (38,9) 5(9,8) [6]

Note. Dash indicated the absence of data.

the possibility of transmission of the M. tuberculosis to
the local communities. This is consistent with the da-
ta from the neighboring Novosibirsk region, where TB
cases among migrants were registered among citizens
of Uzbekistan, Tajikistan, Kyrgyzstan and Kazakhstan,
which prevail in seasonal labor migration in Siberia
[25]. In the Kemerovo region, more than 25 thousand
people who come to work every year are officially
registered. Labor migrants are employed in construc-
tion, manufacturing industry, wholesale and retail
trade, although they account for no more than 1% of
the region’s employed population [23].

In the present study, the fact that Beijing CAO
strains were detected in 40 TB cases among the local
population of the Kemerovo region, in particular, in
20.6% — HIV/TB, suggests the presence of conditions
of endemic circulation of Beijing CAO in local setting.

Kuzbass is a highly urbanized industrial region
[23] with an epidemic level of HIV infection. Despite
the downward trends in the total number of registered
HIV-infected persons since 2016, high levels of new
cases remain [26]. In 2021, the all-Russian incidence rate
was 41.7 per 100,000 population, and in the Kemerovo
region — 83.23. The role of HIV-infected people in the
setting up of condition for circulation of successful vari-
ants of M. tuberculosis in local area cannot be excluded.
The risks of developing bacillary forms of TB in HIV-in-

3 BUY-undexuns 3a 2021 r. Broerens Ne 47. URL: http:/www.
hivrussia.info/wp-content/uploads/2023/05/Byulleten-47-VICH-
infektsiya-za-2021-g.pdf (date of access: March 20, 2024).

fected people against the background of insufficient effi-
cacy of MDR-TB chemotherapy are in favor of some in-
crease in the infectiousness of HIV-infected people [27].
Furthermore, a recent study shows that among coinfect-
ed people, the probability of recent TB transmission is
more than 2 times higher than in the general population
of TB patients. Moreover, endemic strains had a high-
er chance of being responsible for recent transmission
among HIV-positive patients [28]. In the present study
sample, Beijing CAO subtype was identified among
new cases significantly more frequently in HIV/TB
(17/84) than in HIV-negative TB patients, which may
also be a consequence of their recent infection.

Phylogenetic reconstruction using WGS data
confirms that the spread of CAO strains in the Keme-
rovo region is most likely the result of the expansion
of Beijing isolates of this subtype into Russia from
Uzbekistan. Previously, M. Merker et al. reconstruct-
ed the evolutionary history of CAO strains obtained in
2001-2006 as a result of an outbreak in Uzbekistan and
showed the appearance of the first strains in the mid-
1970s [5]. Phylogeography of CAO strains shows that
the expansion from Uzbekistan is directed not only to
different regions of Russia (Table 4), but also to Euro-
pean countries, as evidenced by the CAO strains from
Germany and Kazakhstan presented in the tree (Fig. 3),
among which 6 isolates from Kemerovo are clustered.
The presence of one Kemerovo isolate in the cluster of
CAOs from Uzbekistan indicates the possibility of re-
cent transboundary transmission of this subtype from
Central Asia to the Kemerovo region.
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Thus, in the Kemerovo region, a significant dis-
tribution of strains of not only highly transmissible
subtype BO/W148 (31.9%), but also of Beijing CAO
subtype (12.6%), which is rarely found in Siberia, was
revealed, carrying MDR and pre-XDR in most cases.
The hypothesis of Beijing CAO emergence in Kuzbass

as a result of repeated introductions from Uzbekistan
directly or indirectly through neighboring countries is
presented. The phenomenon of Beijing CAO anchoring
in Kuzbass as well as the endemic circulation of these
strains among HIV-infected people requires further
study using WGS.
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Production of a new variant of soluble trimer Env
of HIV-1 CRF63 02A6 SOSIP.664
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Abstract

Introduction. Obtaining stabilized recombinant HIV-1 Env trimers that have a close to the native conformation is
one of the directions in the field of development of vaccines against HIV-1.

The aim of the study was to obtain and characterize the stabilized trimer Env of HIV-1 SOSIP.664 based on the
circulating genetic variant of the recombinant form CRF63_02A6.

Materials and methods. Bioinformatics resources were used to design the trimer Env gene based on the
HIV-1 recombinant genetic variant CRF63_02A6. The designed gene was synthesized and cloned as part of
an integration plasmid vector. A stable producer of trimer Env was obtained by transfection of the CHO-K1
cell line using the developed plasmid vector. Purification of the protein complex was performed using affinity
chromatography and gel filtration. Antigenic properties of trimer Env were studied using immunochemical analysis
using broadly neutralizing HIV-1 monoclonal antibodies (bnAbs).

Results. Anew variant of the stabilized trimer Env of the surface glycoprotein of the recombinant form CRF63_02A6
HIV-1 SOSIP.664 was designed, including additional stabilizing modifications. Based on the CHO-K1 cell line,
a stable producer was obtained and a purification protocol for the designed trimer Env was developed. It was
found that the trimer Env CRF63_02A6 SOSIP.664 is effectively recognized by bnAbs 2G12, VRC01 and PGT126.
Conclusion. The obtained results indicate the prospects for further study of the structural features of the trimer
Env CRF63_02A6 SOSIP.664, as well as its immunogenicity and the possibility of using it as a vaccine antigen.
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NonyyeHne HOBOro BapvaHTa pacTBopumoro Tpumepa Env
BUY-1 CRF63_02A6 SOSIP.664

PynometoBa H.b.”, PygomeToB A.l., ®aHgo A.A., Baxutos [J.U.,
Unbnues A.A., AradpoHos A.l., KapneHko J1.W.

foCynapCTBEHHBIN HayUHbIN LEHTP BUPYCOnorum n buotexHonorum «Bektop», p.n. Konbuoso, Poccua

AHHOMauyusi

BeepeHue. NonyyeHne ctabnnmanpoBaHHbIX pEKOMOMHAHTHBIX TpUMepoB Env Bupyca nmmyHoaedmumuta yeno-
Beka-1 (BNY-1), Grimskux k HaTUBHOM KOHOpPMaLMK, SIBNSIETCA OOHUM M3 HanpaeneHuin B pa3paboTke BaKUMH
npotns BNY-1.

Llenb paboTbl — Nony41Tb 1 OXapakTepunsosaTtb cTabununamposaHHbin Tpumep Env BUY-1 SOSIP.664 Ha ocHoBe
LIMPKYNUPYIOLLIErO rEeHETUYECKOTO BapnaHTa pekoMOmHaHTHon dhopmbl CRFE63_02A6.

Martepunanbl u MeToabl. [ins ausariHa reHa Tpumepa Env Ha ocHoBe reHeTnyeckoro BapmaHta BUY-1 pekom-
6uHaHTHOM hopmbl CRF63_02A6 ucnonb3oBanu GuouHdopmaTtnyeckme pecypcbl. CnpoeKTUPOBaHHBLIA reH
CMHTE3MPOBaH M KITIOHMPOBaH B COCTABE UHTErpaLMOHHOIO NnasMuaHoro BeKTopa, C UCMnofib30BaHNEM KOTOPOro
Nnorny4yeH CTabunbHbIN NpoayueHT Tpumepa Env Ha ocHoBe kneto4yHow nHum CHO-K1. OumncTtky 6enkoBOro kom-
nrnekca NpoBOANNM C NOMOLLbIO adpdUHHOM XpomMaTorpadmm u renb-unsTpaumnm. AHTUreHHbIe CBOWCTBa TpUMe-
pa Env uccnenosanu ¢ noMOLLbO UMMYHOXMMUYECKOIO aHanmaa C UCNonb30BaHWEM LLUMPOKO HENTPanu3yLmx
BWY-1 moHoknoHanbHbIX aHTuten (bnAbs).

PesynbraTtbl. CnpoeKkTMpoBaH HOBbLIVM BapuaHT CTabunmanpoBaHHOro Tpumepa Env noBepXHOCTHOrO rmmMKonpo-
TenmHa pekoM6uHaHTHon cpopMbl CRF63_02A6 BUY-1 SOSIP.664, BkntovatoLero 4ONonHUTENbHbIE cTabunu-
3upyowme mogndukauun. Ha ocHoBe knetoyHon nuHmm CHO-K1 nonyyeH npogyueHT, cTabunbHO npoayumpy-
IOLLMI CMPOEKTMPOBaHHbLIN Tpumep Env, n paspaboraH npoTokon ero o4nCTKU. YCTaHOBNEHO, Y4TO Tpumep Env
CRF63_02A6 SOSIP.664 acdhdekTmBHO pacnosHaetcs bnAbs 2G12, VRC01 n PGT126.

BbiBoabl. MonyyeHHble pe3ynbTaTbl CBMOETENBCTBYIOT O MEPCMNEKTUBHOCTM AanbHENLLEro U3y4YeHNs CTPYKTYyp-
HbIX ocobeHHocTen Tpumepa Env CRF63_02A6 SOSIP.664, a Takke ero MMMYHOT€HHOCTU U BO3MOXHOCTU UC-
Nnonb30BaHWs B Ka4eCTBEe BaKLUUHHOMO aHTUreHa.

KnroueBble cnoBa: BMY-1, CRF63_02A6, mpumep Env, SOSIP.664

UcmoyHuk ¢puHaHcupoeaHusi. ViccnepgoBaHue BbinonHeHo B pamkax Cornawexums ot 12.10.2021 Ne 075-15-2021-
1355, B pamkax peanusauumu OTAENbHbIX MeponpusTuin PegepanbHON Hay4YHO-TEXHUYECKOW Nporpammbl pasBuTUS
CMHXPOTPOHHbIX N HEUTPOHHbIX UCCMEAOBaHUIA U CCNEeAoBaTeNbCKON MHAPACTPYKTYpbl. XapaktepucTuka Env Tpume-
pa C UCNofb30BaHNEM MOHOKMOHANbHbIX LUMPOKO HEWTPanNm3yloLMX aHTUTeN BbINONMHEHa B paMkax [ocyaapcTBEHHOIO
3agaHua ®BYH MHL BB "Bektop" Pocnotpebraasopa.

KoHgbniukm uHmepecoe. ABTOPbI AEKNapUPYOT OTCYTCTBUE SIBHBIX M MOTEHLMANbHBIX KOH(IIMKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumen HacTosILLEN cTaTbu.
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Introduction

According to the Joint United Nations Program
on HIV/AIDS (UNAIDS), the total number of people
worldwide living with HIV-1 in 2023 was 39.9 million,
and the number of recent HIV infections was more than
1 million'. In Russia during the year 2023, there were
about 1.2 million people with a confirmed diagnosis of
HIV infection®. The development of an effective vac-
cine to prevent HIV infection continues to be one of the
most pressing unresolved problems.

Induction of an immune response capable of pre-
venting infection with different HIV-1 subtypes is a
critical goal for vaccines with the purpose of protection
against HIV-1 infection. It is known that broadly neu-
tralizing HIV-1 antibodies (bnAbs) can prevent HIV-1
infection by binding to envelope glycoproteins (Env)
on the virion surface [1-4]. Work is actively underway
to obtain native Env complexes to study their immu-
nogenicity and determine their suitability as a vaccine
antigen [5-8]. Over the last decade, significant progress
has been made in this field. For example, various mod-
ifications, including SOSIP.664, have been developed
to obtain a stabilized structure of recombinant Env tri-
mers close to the native conformation and thus increase
their ability to induce desired NADb responses against
heterologous viruses [6, 9, 10]. Variants of stabilized
Env trimers of genetic subtypes of HIV-1 (A, B, and C)
circulating predominantly in Europe, America, and Af-
rica were obtained, which showed the ability to induce
neutralizing antibodies [6, 8, 11].

The recombinant form CRF63 02A6 is currently
dominant in Siberian regions [12, 13]. According to M.V.
Sivay et al., the recombinant form CRF63 02A6 was
first registered in the Novosibirsk region in 2006. [14].
After that, it actively spread to other territories of Sibe-
ria (Omsk, Altai, Tomsk, Krasnoyarsk, and Kemerovo),
displacing the A6 subtype and becoming the dominant
strain. By 2020, CRF63 02A6 was detected in 20 re-
gions of Russia and 6 countries of Central Asia. A study
by the authors showed that CRF63 02A6 is detected in
more than 80% of new HIV-1 cases in Siberia [14].

The aim of this study was to obtain a stabilized
trimer Env recombinant form CRF63_02A6 of HIV-1
SOSIP.664, including additional stabilizing modifica-
tions.

Materials and methods

Monoclonal antibodies, bacterial strains, cell lines

Monoclonal antibodies PGT126, 2G12, VRCO1
were obtained from the NIH HIV Reagent Program.

! UNAIDS Fact Sheet 2024. Global HIV statistics. 2024.
URL: https://www.unaids.org/sites/default/files/media_asset/
UNAIDS_ FactSheet ru.pdf (date of access: 28.09.2024).

2 HIV infection in the Russian Federation as of June 30, 2023. 2023.
URL: https:/files.antispidnn.ru/uploads/docs/spec/vich2023.pdf
(date of reference: 18.09.2024).

CHO-K1 cell line was taken from the Collection of Cell
Cultures of State Research Center of Virology and Bio-
technology "Vector".

Design of an Env stabilized trimer
of the recombinant form CRF63_02A6

The nucleotide sequence encoding the HIV-1 env
trimer was designed based on the env 22RUARI13 gene
of the recombinant form CRF63 02A6 (Collection of
bacteria, bacteriophages and fungi of FBUNC Vector,
Rospotrebnadzor, registration number P-124) using
the SnapGene v. 3.2.1 and BioEdit v. 7.2.5 programs.
Simulations were performed using Alphafold2 neural
network colab program?; visualized using RCSB PDB
website online tool, Mol*Plagin 3.43.1 3D Viewer
tool. After the design process, codon optimization of
the gene for expression in mammalian cells was car-
ried out using online Codon Adaptation Tool*. The syn-
thesis of the gene was carried out by DNA Synthesis.
The obtained gene was cloned as part of an integration
plasmid vector’. The integrity of the genetic construct
was confirmed by sequencing (SB RAS Genomics Core
Facility of the Institute of Chemical Biology and Fun-
damental Medicine).

Obtaining a stable producer of the trimer Env
recombinant form CRF63_02A6 SOSIP.664

A stable Env trimer producer was obtained from
the CHO-K1 cell line as described in [15]. After obtain-
ing a polyclonal cell pool, it was used to isolate mono-
clonal cell cultures. For this purpose, the polyclonal
cell culture was seeded in a 96-well plate at 1 cell per
well in 200 pl of complete DMEM/F12 growth medium
(Servicebio) containing 10% fetal bovine serum (Hi-
Media) and the antibiotic puromycin (Invivogen) at a
concentration of 10 pg/mL and grown until a monolay-
er was achieved within 7-14 days. After this time, the
grown monoclonal cultures were crossed into a 24-well
plate. After the monoclonal cell lines formed a mono-
layer, they were analyzed for transgene expression us-
ing dot-blot analysis.

The selected monoclonal culture was then used
for protein production. The monoclonal cell culture
CHO-K1-gp140.SOSIP.664.0pt was cultured in roller
vials for 7 days, then the culture medium was collec-
ted and centrifuged to remove cellular debris. A puri-

3 URL: https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2.ipynb

4 URL: https://www.jcat.de

> Patent No. 2800471 Russian Federation, MPK CI12N15/00
(2006.01), CO7K16/10 (2006.01), CI12N1/00 (2006.01),
CI2N15/63 (2006.01). Plasmid genetic construct pVEAL3-
10H10ch, recombinant cell line strain CHO-K1-10H10ch and
chimeric antibody 10H10ch against tick-borne encephalitis virus
produced by said cell line strain CHO-K1-10H10ch: 2022126714
applied. 13.10.2022: publ. 21.07.2023 / Shanshin D.V., Nesmey-
anova V.S., Shcherbakov D.N. et al. URL: https://patents.google.
com/patent/RU2800471C1/ru (date of reference: 18.09.2024).
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tPA gp120 RRRRRR ap41ccro 6xHis
H66R E47D 1165L A73C 1535M A561C
A316W N49E G429R A501C Q543N T605C
V65K K500R 1559P
E106T 432Q T605C
T i T T T

TD8 mutation complex

Trimer-stabilizing amino acid substitutions

Intermolecular disulfide bond

(numbering relative to HxB2 isolate)

Fig. 1. Design of the Env trimer gp140.SOSIP.664.0opt.

fication procedure was performed using IMAC Seplife
FF (Sunresin). The degree of purification of the tar-
get protein was assessed by polyacrylamide gel elec-
trophoresis (PAAG) under denaturing conditions in
the presence/absence of reducing agents followed by
Coomassie G250 staining. Fractions containing the
target protein were pooled and dialyzed against buffer
(75 mM NacCl, 10 mM Tris, pH 8.0); concentrated us-
ing a 100 kDa centrifuge concentrator (Jet Biofil). Af-
finity-purified proteins were then separated by exclu-
sion chromatography using a Chrom-LinXTM 16/1000
Tiderose GF200 column (Taidu Biotech) at a flow rate
of 1 min/mL.

Dot-blot and western blot analyses

Dot-blot and Western blot analyses were per-
formed according to standard methods using the SNAP
i.d. 2.0 system (Millipore) and bnAb PGT126. Goat
antibodies against human IgG conjugated with alkaline
phosphatase (Sigma) were used as secondary antibo-
dies. The immune complex was visualized by adding
NBT/BCIP solution (Sigma).

Enzyme immunoassay

Enzyme immunoassay was performed accord-
ing to standard methods. The primary antibodies used
were bnAbs PGT126, 2G12, VRCO1, and secondary
antibodies were horseradish peroxidase-labeled goat
anti-human IgG antibodies (Sigma). Tetramethylbenzi-
dine solution (Imtek) was used as a chromogenic sub-
strate. The reaction was stopped with 1 N hydrochloric
acid solution. The optical density was measured on a
Varioskan LUX instrument (Thermo Scientific) at a
wavelength of 450 nm.

Statistical processing of data was performed using
the GraphPad Prism 9 program (GraphPad Software
Inc.).

Results

In this study, the characterized env 22RUAR13
gene, which belongs to the current recombinant form

CRF63_02A6 of HIV-1 currently circulating in the Si-
berian region, was used for the design. To improve the
formation of soluble trimers, the construct contained
the following modifications compared to the natural
sequence: the natural signal peptide was replaced by
the tPA (tissue plasminogen activator signal peptide)
signal sequence; 2 cysteines were added to form the
gp120-gp41 disulfide bond (501C and 605C); added
stabilizing amino acid substitutions in gp41 (/559P,
HO66R and A316W); added amino acid substitutions
in gp4l (/535M and Q543N) and TD8 mutation com-
plex (E47D, N49E, V65K, E106T, 1165L, G429R and
K500R; 4320Q); to enhance cleavage, the REKR mo-
tif in gp120 was replaced with RRRRRR (R6); the
MPER region, transmembrane and cytoplasmic do-
mains were also deleted for better expression of the
designed protein; after amino acid residue 664 at the
C-terminus, 6xHis was added for further purification
[6] (Fig. 1). The resulting Env trimer variant of the
recombinant form CRF63 02A6 was designated as
gp140.SOSIP.664.0pt.

Spatial structure modeling showed that the de-
signed amino acid sequence was capable of forming
specific monomers and trimeric complexes (Fig. 2).

Furthermore, a polyclonal cell culture CHO-K1-
gp140.SOSIP.664.0pt was obtained by transfection of

a b

Fig. 2. Structure model of the monomer (a) and trimer (b)
of gp140.SOSIP.664.0pt.
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C-

Fig. 3. Dot blot analysis of the culture medium collected from
monoclonal cell cultures CHO-K1-gp140.SOSIP.664.0opt.

Recombinant Env trimer CRF63_02A6 was used as C+,
and culture medium collected from non-transformed CHO-K1
cells was used as C-.

the CHO-K1 cell line, which was used to isolate mono-
clonal cell lines by the limiting dilution method. As a
result, 24 monoclonal cultures were obtained and ex-
amined for their ability to produce the target protein
into the culture medium using dot-blot analysis. As a
result, a monoclonal culture (No. 11) with high trans-
gene expression was identified (Fig. 3), which was used
for further research.
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For preparative production of the target protein,
monoclonal cell culture of CHO-K1-gp140.SOSIP.664.
opt was cultured in roller bottles followed by purifica-
tion of the recombinant Env trimer. At the end of culti-
vation, the culture medium was collected, and the target
protein was purified by metal-chelate affinity chroma-
tography, dialysis and subsequent gel filtration. The
protein production was about 15 mg/L.

The purified Env protein product was characte-
rized by PAGE electrophoresis in the presence or ab-
sence of B-mercaptoethanol. Based on the amino acid
sequence of recombinant Env CRF63 02A6 (683 a.a.),
the theoretically calculated molecular mass of the
monomer should be 76.8 kDa. However, it is known
that in eukaryotic cells the Env HIV-1 protein is high-
ly glycosylated and about 50% of its molecular mass
can be made up of glycans [16, 17], resulting in an in-
crease in the mass of the monomer to 140 kDa. In the
eukaryotic cell culture, glycosylation of Env protein
may be incomplete and there may be glycosylation
intermediates. For this reason, in the case of electro-
phoresis under denaturing conditions (in the presence
of B-mercaptoethanol), 2 bands in PAGE are observed
(Fig. 4, a), differing by approximately 10-20 kDa,
which represent monomers of the recombinant Env

b
kDa ]
250 'II;rllmers
150 imers
100
75
50
37
25
20
mAU
300
250
63,40 200
150
77,62 100
« Dimers 50
0
80 100 120

Fig. 4. Characterization of the Env protein.

a — electropherogram of separation of recombinant Env trimer gp140.SOSIP.664.opt in 12% PAGE: 7 — molecular weight marker of proteins
Precision Plus Dual Color Standards (Bio-Rad, USA); 2 — in the presence of 3-mercaptoethanol; 3 — in the absence of 3-mercaptoethanol.
b — immunoblotting of Env trimer gp140.SOSIP.664.opt with monoclonal antibody PGT126: 1 — molecular weight marker of proteins
Precision Plus Dual Color Standards (Bio-Rad, USA); 2 — in the presence of 3-mercaptoethanol; 3 — in the absence of 3-mercaptoethanol;
¢ — profile of size-exclusion chromatography of Env trimer gp140.SOSIP.664.opt on a Chrom-LinXTM 16/1000 Tiderose GF200 column.
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EC,, values calculated for gp140.SOSIP.664.0opt compared with literature data

EC,, ug/mL
bnAbs
gp140.S0SIP.664.0pt (CRF63_02A6) BG505 (A) JR-FL (B) B41 (B)
PGT126 0,019 0,026-0,06 [18, 19] N. d. N. d.
2G12 0,313 0,027-0,07 [18, 19] 0,21[19] 0,13 [19]
VRCO1 0,098 0,163-1,35[18, 19] 0,67 [19] 5,20 [19]
Note. N. d. — no data.
4 Discussion
10 Env trimers of various HIV-1 subtypes have been
E 2,5 £ actively investigated worldwide in terms of both struc-
e 0.625 S tural and antigenic features and immunogenic proper-
5 3 %r: ties [6—8, 11]. Thus, native Env trimers of clades A, B,
S 0,156 < C, and G [20-26], as well as Env trimers based on the
3 = consensus sequence of clade C [27] and group M [6],
2 0,039 @ ivelv. h h . . 1 usi
S k5 respectively, have been characterized in detail using
2 0,0009 2 - biochemical and structural approaches.
3 0.002 2 Predominantly, studies have focused on subtypes
g " o A, B, and C, with virtually no data on various CRFs
0,0006 1 [28], in particular the recombinant form CRF63 02A6,
which is rapidly spreading in Russian regions and is
&,\q? ¥ S Q\@ currently dominant in the Siberian Federal District
o v"q' Sy [12-14].
X K O&§@'° We previously obtained an Env trimer of the re-
© s combinant form CRF63 02A6 HIV-1, the nucleotide

Fig. 5. Specific activity of monoclonal broadly neutralizing
antibodies against Env trimer of the recombinant form
CRF63_02A6 gp140.SOSIP.664.0pt (presented as a heat
map). The amount of absorbed antigen was 100 ng/well.

trimer with different degrees of glycosylation. Both
are recognized by the monoclonal antibody PGT126
(Fig. 4, b).

In the absence of B-mercaptoethanol (Fig. 4, a,
band 3), monomeric forms of protein are absent in
PAGE, and higher order oligomers (more than 250
kDa) are detected.

Using gel filtration on a pre-calibrated Chrom-
LinXTM 16/1000 Tiderose GF200 column (Taidu Bio-
tech), it was found that the main peak of the target pro-
tein comes out in the region corresponding to the tri-
meric form (Fig. 4, ¢).

To study the antigenic properties of the Env tri-
mer, an enzyme immunoassay was performed using
bnAbs 2G12, VRCO1 and PGT126 targeting an epitope
including carbohydrate residues at positions 295, 332
and 392, a CD4-binding site and a V3-loop on the sur-
face of gp120, respectively. The resulting Env gp140.
SOSIP.664 trimer.opt was found to be efficiently rec-
ognized by monoclonal broadly neutralizing antibodies
(Fig. 5), which may indicate that the Env trimer syn-
thesized in the producer cells is properly stacked and
maintains its conformation. The EC, values for bnAbs
2G12, VRCO1 and PGTI126 were 0.313, 0.098 and
0.019 pg/mL, respectively (Table).

sequence of the env gene of the recombinant form
CRF63 _02A6 HIV-1 and known modifications of SO-
SIP.664 were also used in the design of this trimer [29]:
Intermolecular disulfide bond (SOS, A501C-T605C)
for binding gp120 and gp41; improved furin cleavage
sitte (RRRRRR); point substitution of /559P, which
helps stabilize gp41 subunits in a pre-fusion confor-
mation; deletion of MPER region, transmembrane and
cytoplasmic domains for better expression; addition of
6xHis at the C-terminus for subsequent purification; the
signal peptide was left natural. Using immunoassays,
it is shown that CHO-K1 trimers synthesized in cells
are recognized by both monoclonal broadly neutraliz-
ing antibodies and sera from HIV-positive patients [15].

Later, high-resolution crystal structures of BG505
SOSIP were obtained, which made it possible to identi-
fy additional positions of amino acid residues involved
in trimer stabilization and contributing to the formation
of well-ordered, homogeneous, and highly stable solu-
ble trimers [6, 30]. The modified BG505 SOSIP.664-140
Env trimers obtained taking into account these data
demonstrated the ability to induce a specific humoral im-
mune response in laboratory animals. It was shown that
such SOSIP.664-140 complex is actively recognized by
neutralizing monoclonal antibodies, and, on the contrary,
non-neutralizing antibodies do not bind to it [18].

In this study, bioinformatic resources were used to
design an Env trimer gp140.SOSIP.664.0opt of recom-
binant form CRF63 02A6, in the structure of which,
along with the SOS disulfide bond (A501C-T605C) and
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the amino acid substitution 7559P, we introduced addi-
tional amino acid substitutions and the TD8 mutation
complex in gpl120, leading to additional stabilization
of the protein complex [6]. As a result, an optimized
stabilized trimer of Env CRF63 02A6 HIV-1 was ob-
tained. Computer modeling using Alphafold2 showed
that the designed amino acid sequence is able to fold
into monomers and trimeric complexes (Fig. 1, b).

Using PAGE electrophoresis and Western blot
analysis, we found that in the presence of B-mercap-
toethanol, the purified HIV-1 Env trimer CRF63_02A6
denatures to a monomer (molecular mass ~140 kDa;
Fig. 4, a) that is specifically recognized by bnAb
PGT126 (Fig. 4, b). In the absence of B-mercaptoetha-
nol, the monomer fraction is absent, indicating that the
protein tends to aggregate into larger structures (Fig. 4,
a). Gel filtration revealed that the protein in solution is
predominantly in trimeric form (Fig. 4, ¢).

When CHO-K1-gp140.SOSIP.664.0pt cells were
cultured, the Env trimer was detected in the culture me-

dium, indicating that it is soluble. The fact that the ob-
tained Env trimer is efficiently recognized by monoclo-
nal broadly neutralizing antibodies bnAbs 2G12, VRCO01
and PGT126 (Fig. 5), which recognize conformational
epitopes on the Env surface within the viral particle, tes-
tifies to its proper folding and preservation of conforma-
tion. It should be noted that the EC, values obtained for
the gp140.SOSIP.664.0pt Env trimer differ from the EC, |
values for Env trimers of other HIV-1 subtypes (Table).
This may indicate the presence of antigenic differences
between the above-mentioned HIV-1 strains.

Conclusion

An optimized stabilized trimer of Env HIV-1
gp140.SOSIP.664.0pt based on the actual circulating
genetic variant of the recombinant form CRF63 02A6
was created and characterized. The obtained data indi-
cate the prospect of further study of its structural fea-
tures, immunogenicity and the possibility of using it as
a vaccine antigen.
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Self-replicating recombinant virus-like particles of lentivirus
proliferating in glioblastoma cells and normal human macrophages
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Abstract

Introduction. Both attenuated and inactivated vaccines are used in disease control. Inactivated vaccines are very
diverse and include whole cell and acellular vaccines containing protein target antigens or nucleic acids encoding
target antigens. Immunity induced by inactivated vaccines is not believed to be long-lasting. It is very problematic
to develop a vaccine against viruses that integrate into the genome of the host cell, as well as against persistent
viruses that penetrate the central nervous system (CNS), which is typical for the human immunodeficiency virus
type 1 (HIV-1).

Aim of the study: to evaluate the possibility of forming HIV-1 recombinant virus-like particles (recVLPs) and
HIV-1B recombinant VLPs and simian immunodeficiency virus (SIV) — SHIV,, ., based on self-replicating RNAs
(srRNAs) producing target lentivirus antigens on the alphavirus replicon platform (Sindbis virus or Venezuelan
equine encephalomyelitis virus (VEEV)), and also to evaluate the ability of HIV-1B and SHIV VLPs to infect
glioblastoma cells and normal human macrophages.

Materials and methods. BHK-21 cells were transfected with the srRNA mixture by electroporation. Recombinant
virus-like particles (recVLP’s) in recVLP’s-infected cells were detected using the immunofluorescence assay
(ELISA) and electron microscopy. recVLP’s were used to infect glioblastoma cells and normal macrophages from
a healthy donor.

Results. Based on the genomic RNA of the alphavirus, the plasmids were created, transcription from which
makes it possible to obtain RNA that expresses lentiviral gene products in cells in quantities sufficient for the
formation of mature VLPs. In BHK-21 cells infected with recVLP’s, virus-specific antigens are detected only in
the cytoplasm, but not in the nucleus. Both glioblastoma cells (U87) and normal human macrophages containing
CD4 receptor and SSR5 and CXR4 co-receptors give infectious progeny of HIV-1B and SHIV,, . recVLP’s when
infected with supernatant obtained after transfection of BHK-21 cells with srRNA.

Discussion. The results obtained show the possibility of expressing lentivirus structural proteins in glioblastoma
cells (U87) and in normal human macrophages and can be used in the future to study the presentation of antigens
in native and functional conformations in appropriate model systems to study the possibility of suppressing HIV
infection in viral reservoirs in the CNS.
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Camopennnuupyowmeca peKomonHaHTHbIe BUPYCcOonogo6Hble
YacTuLbl IEHTUBUPYCOB, Pa3MHOXKaKoLWMecs B KNneTKax
rnno6nactombl 1 makpodarax yenoBeka

Mouwkos I[l.", Mowkos A.E.>3, Mowkos [].A." >3

'HayuHo-rccneioBaTeNbCKMin MHCTUTYT BAKLMH 1 CbIBOPOTOK nMeHun U./. MeuHnkoBa, MockBa, Poccus;
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AHHOMayus

BeepeHue. B 6opbbe ¢ 3aboneBaHnAMU NPUMEHSOTCA aTTEHYMPOBAHHbIE W MHAKTUBUMPOBAHHbIE BaKLUMHbI.
MHakTMBMpoBaHHblEe BaKLMHbI BECbMa pa3HOOOpasHbl 1 BKIOYAKOT LENbHOKIETOYHbIE U BEeCKNeToYHble BaKum-
Hbl, coaepxaline 6enkoBble LeneBble aHTUMEeHbl, UMW HYKIIEMHOBbBIE KUCMOTbI, KOAMPYHOLLME LieNeBblE aHTUMEHBI.
CunTaetcs, YTO UMMYHWUTET, UHAYLMPYEMbBIA MHAKTUBMPOBAHHBIMW BaKUMHaMu, He JONrocpoyeH. Becbma npo-
bnemaTtunyHa paspaboTka BakLMH NPOTMB BUPYCOB, MHTENPUPYIOLLMXCA B FEHOM KIETOK X03AMHa, a Takke NpoTuB
NepcUCTMPYIOLWLUX BUPYCOB, MPOHUKAIOLLMX B LIeHTpanbHyto HepBHyto cuctemy (LIHC), 4yto xapakTepHo ansi Bupy-

ca uMMmyHogeduumTa Yenoseka tuna 1 (BUY-1).

Llenb paboTbl: OLEeHUTb BO3MOXHOCTb 0Opa3oBaHMsa Ha ocHoBe camopennuuupytowmxcs PHK (cpPHK), npogy-
LUMPYIOLLMX LieNneBble aHTUreHbl NTIEHTUBUPYCa Ha nnatdopme anbgaBnpycHOro penninkoHa (supyc Cungobuc nnm
BMPYC BEHECYanbCKOro 3HuedanomuenuTa nowagen), peKoMOMHaHTHbIX BUpyconogobHbix YacTtuy (pekBI1Y)

BWY-1B n pekBIlM4Y BUY-1B n Bupyca nmmyHogedumumTa 06e3bsaH (SHIV
poBaTh KNeTku rmuobnactombl u Makpodaru Yenoseka.

89.6F’)

, @ TaKkKe NUX CNocoBHOCTb MHAULN-

MaTtepuanbl n metoabl. Knetkn noykn HoBopoxaéHHoro xomsika (BHK-21) tpaHcdumumposanu cpPHK ¢ no-
MOLLbIO 3nekTponopaumn; pekBlNY B MHMOUUMPOBAHHbLIX KreTKax BbISABMSNN C MOMOLLb MUKPOUMMYHONYO-
PEeCLIEHTHOro aHanusa v 3NeKTPOHHOW MUKPOCKOMMU U UCTIONb30Banv Ansi 3apaKeHus KNeTok rmmobrnactoMsl n

mMakpodaros 4enoseka.

Pe3ynbraTtbl. Ha ocHoBe reHomHon PHK anbasupyca cosgaHbl nnasmuabl, nossonstowme nonyunts cpPHK,
3KCMnpeccupyroLme B KIeTkax NPOAYKTbl FTEHOB NIEHTUBMPYCOB B KONMYECTBE, AOCTAaTOMHOM ANns dOpMUPOBAHMS
3penbix pekBlMN4Y. B knetkax BHK-21, TpaHcduumpoBaHHbix cpPHK, BupyccneundmnyHblie aHTUreHbl BbISIBIISIHOTCA
TOmMbKO B LUMTONNasmMe knetok. Knetku rmmobnactomel (U87), copnepxaiume peuentop CD4 n kopeuentopel CCR5

n CXR4, a Tarke makpodarv Yenoseka AarT MHdeKkumoHHoe notomcteo pekBIMY BUY-1B n SHIV,
LMpOBaHWM cynepHaTaHTOM, Nony4eHHbIM nocne TpaHcdekumm cpPHK knetok BHK-21.

89.6P

npv UHU-

3akntoueHue. MonyyeHHble pesynbTaThl NOKa3bIBAOT BO3MOXHOCTb SKCNPECCUN CTPYKTYPHbIX 6enkoB neHTu-
BMpYyca B kneTtkax rmmobnactombl (U87) n B Makpodarax yenoseka 1 MoryT GbiTb NCNONb30BaHbl B AanbHEN-
LeM AN8 U3yYeHns npeseHTaunm aHTUreHoB B HaTUBHOWN 1 DYHKLIMOHANbHOW KOH(OPMaLM B COOTBETCTBYIO-
LWMX MOAENbHbIX cucTemax AN UCCnefoBaHWs BO3MOXHOCTU nopasneHus nHdpekummn BUY B pesepsyapax

Bupyca B LUHC.

KnroyeBble cnoBa: camoperiiuyupyrouwuecs Briy, JieHmueupychbl, UeHmparsibHas HepeHas cucmema, supyc ee-

HecyanbCcKo20 3Hueganomuenuma nowadel, HelipOUH8a3UBHOCMb

BnazodapHocms. ABTOpbI BblpaxatoT bnarogapHocTb MoOCKOBCKOMY MpeanpusiTUio Mo NMpOM3BOACTBY GaKTepuiiHbIX
npenapatoB (Mocksa, Poccusi) — C.B. Anekceesy 1 W.3. 3aiueBy 3a noMoLLb, NogaepxKy, COBETbI, HAYYHOE pPyKOBOZ-
CTBO M (pMHAHCMpPOBaHWe HavanbHoW hasbl paspaboTkm; nabopatopum P.E. [IkoHCTOHa ¢hakynsTeTa Mukpobuonorum
1 ummyHornorumn YHusepcuteta CeepHoli KaponuHel (Yenen Xun, CLUA) — npodeccopam HaHeu Odasuc n Pobepty
[I>XOHCTOHY 3a MOMOLLb, NOAAEPXKKY, COBETHI U HAay4YHOe coTpyaHu4ecTBo; nabopatopum M.C. CanbBato n MHCTUTY-
Ty Bupyconorun MeguumHckon Lkonel YHuBepcuTeta witata Mapuneng (bantumop, CLUA) — npodpeccopam Mapuu
CanbBato 1 Pobepty Nanno 3a nomoLub, NOAAEPXKKY, COBETLI M HAy4YHOE COTPYAHUYECTBO; Nnpodheccopy Yapnbay Pavicy

3a NpefocTaBneHHbI pennunkoH SinRep5, NoAAEPXKKY M HAay4HOe COTPYAHUYECTEO.

HNcmoyHuk puHaHcupoeaHusi. ABTOpbI 3asBMAT 06 OTCYTCTBMWN BHELLUHEro (OMHAHCUPOBAHWUSA NpU NPoBEAEHUN 1C-

crnenoBaHuA.

KoHdpnnukm uHmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHLIX U NOTEHLMATbHBIX KOH(PIIMKTOB MHTEPECOB, CBSI-

3aHHbIX C Nybnukauunern HacTosILLEN CcTaTbu.
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Introduction

Despite the introduction of antiretroviral therapy
in 1996, patients with human immunodeficiency virus
(HIV) infection exhibit the cognitive impairment known
as HIV-associated neurocognitive disorders (HAND).
Current estimates indicate that HAND is identified in
50% of people with long-term HIV infection'?. The
mechanisms of HAND associated with HIV-1 are not
clear. The central nervous system (CNS) is highly com-
partmentalized and serves as a specific site of HIV-1
infection. HIV-1 replication in the CNS persists despite
long-term combination antiretroviral therapy due to the
inability of current antiretroviral drugs to penetrate and
cross the blood-brain barrier (BBB) [1]. As a result
of sustained HIV-1 replication in the CNS, even with
combination antiretroviral therapy, a high incidence of
HAND is observed [2, 3].

On the other hand, when analyzing the COVID-19
pandemic, there is increasing evidence that SARS-
CoV-2 affects not only the respiratory tract but also the
CNS, leading to neurological symptoms such as loss of
smell and taste, headache, fatigue, nausea and vomit-
ing, which are observed in more than one third of peo-
ple with COVID-19 [4, 5]; acute cerebrovascular symp-
toms have been noted and disorders of consciousness
have been reported [6]. Two strains of endemic SARS-
CoV-2 infiltrate and persist in the CNS, and viral RNA
has been detected in the brain and cerebrospinal fluid
[7-10].

Thus, both HIV-1 and SARS-CoV-2 can be at-
tributed to pantropic viruses, the neurotropicity of
which may be due to both ophthalmic and cellular path-
ways of penetration into the CNS and other, as yet un-
detected mechanisms [11].

Back in the 1990s, we proposed to use vector viral
systems that have lost their neurovirulence but retained
their neuroinvasiveness to create vaccines against such
pantropic viruses. Our analysis led us to the conclusion
that vaccine strains TC-83 and 15 of Venezuelan equine
encephalomyelitis virus (VEEV) are the most suitable
for this purpose. Model experiments have confirmed
that the use of a vaccine strain with these characteris-
tics protects animals even against intracerebral infec-
tion with a virulent strain [12—14].

In 1998, we demonstrated the possibility of immu-
nizing model animals by injecting self-replicating RNA
(sTRNA) of Sindbis virus carrying env and gag HIV-1B

Wenzel E.D. Mechanism of hiv-1 gp120 neurotoxicity: the role
of microtubules. A Dissertation submitted to the Faculty of the
Graduate School of Arts and Sciences of Georgetown University
in partial fulfillment of the requirements for the degree of Doctor
of Philosophy in Pharmacology. Washington; 2019.

Smith L.K. Role of neurotropism in hiv-1 gpl20 induced
oxidative stress and neurodegeneration. A Dissertation submitted
in partial fulfillment of the requirements for the Degree of Doctor
of Philosophy in Biochemistry and Neuroscience. Fairbanks;
2020.
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genes®, which was confirmed by A.J. Geal et al. in 2012
when using VEEV srRNA [15].

In 2000-2003, we created VEEV replicon plas-
mids expressing Gag/Pol proteins and Env (gpl160)
SHIV,, ., protein as part of the International AIDS
Control Organization, Vaccine Initiative, and National
Institute of Allergy and Infectious Diseases National
Institute of Health AIDS Vaccine Development Collab-
oration. The resulting plasmids were then used to study
the effect of rapid degradation on the expression of the
Gag portion of simian immunodeficiency virus (SIV)
in a single-cycle vector. It was found that VEEV VLPs
incapable of self-replication are more efficient in pre-
senting the target antigen when the recombinant repli-
con is packaged into VLPs carrying spikes of wild-type
VEEV glycoprotein [16].

Later, C.K. Jurgens et al. using the VEEV repli-
con plasmids created by D.A. Moshkoff and express-
ing SHIV, . Gag and SHIV . Env (gp160) antigens,
studied the expression of these proteins in monkey
cells [17]. They found that expression of Gag and Env
proteins on the VEEV RNA platform in primate cells
resulted in the assembly of particles that morphologi-
cally and functionally resembled lentivirus virions and
included an alphavirus replicon. Infection of CD4* cells
with chimeric lentivirus-like particles was specific and
productive, leading to RNA replication, expression of
Gag and Env, and formation of daughter chimeric par-
ticles. Further genome modifications to enhance encap-
sidation of the chimeric virus genome and expression
of attenuated SIV protease for particle maturation im-
proved the ability of chimeric lentivirus-like particles
to proliferate in cell culture. The ability to present len-
tivirus immunogens in native and functional conforma-
tion was demonstrated [17].

A review conducted by the 48" Central Research
Institute of the Ministry of Defense examined the use
of alphavirus vectors for the development of vaccines
against a wide range of viruses [18]. It is emphasized
that alphavirus RNA replicons combine the safety of
inactivated and immunogenicity of live attenuated vac-
cines. Such constructs are suitable for the express de-
velopment of vaccines for specific prevention of viral
infectious diseases, and the presence of the TC-83 strain
of VEEV suitable for human immunization determines
the prospects for the creation of RNA replicons based
on the genome of this pathogen [18]. Kazakh research-
ers integrated the gene of green fluorescent protein into
the genome of VEEV under the control of a synthetic
copy of the viral promoter of 26S subgenomic RNA.
The RNA transcript of recombinant virus was transfect-
ed into BHK-21 cell culture. By 36 h after transfection,

* Moshkov D.A. Cloning and expression of the GAG and ENV
genes of the human immunodeficiency virus in vector systems
based on the genome of the Sindbis virus: Thesis Cand. Sci.
(Biol.): 03.00.15. Moscow; 1998.
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almost all cells in culture showed bright fluorescence of
the marker protein [19]. Thus, the data obtained in the
last 3 decades confirm the prospects of our chosen line
of research.

The aim of this study is to evaluate the possibility
of formation of HIV-1B and recombinant HIV-1B and
SHIV,, ., VLPs based on srRNAs producing targeted
lentivirus antigens on the alphavirus replicon platform,
as well as the ability of HIV-1B and SHIV__ VLPs to

89.6
infect human glioblastoma cells and rnacrophl;lges.

Materials and methods

Plasmids expressing VEEV replicon RNA
and chimeric viral genomes

The plasmids of recombinant VEEV replicon ob-
tained by D.A. Moshkoff and used in the studies earlier
are described in the corresponding papers [16, 17], the
schematic representation of the plasmids is presented
in Fig. 1.

Replicon particle production and titration

Linearized plasmids encoding target proteins
served as a matrix for the synthesis of capped RNAs
using the mMessage Machine T7 kit (Ambion). Sub-
confluent (80%) cells were harvested and prepared for
electroporation. Cells were precipitated by centrifuga-
tion at 800g for 10 min, washed with phosphate buffer
solution containing no ribonuclease, and resuspended
to a concentration of 1.5 x 107 cells/mL in phosphate
buffer solution containing no ribonuclease.

The in vitro synthesized srRNA (1 pg) was trans-
fected into BHK-21 cells by electroporation using a
BioRAD GenePulser (Bio-Rad). Cells were pulsed
three times at a voltage of 850 V and a capacitance of
25 uF.

Recombinant VLPs (recVLPs) were collected and
purified by precipitation through a sucrose solution pad.

a

Ampicillin

Xhol SP6 Promoter
Linearization site:
Poly A37 nt -

P N

ENV_/
( | SinRep5 Amp HIV1 DM\‘

| 17819 bp

— nsP1-4 PRT Sind

26S Promoter

Linearization site Not | 35

ENV SHIV 89.6P

2nd 26S promoter, L Y

The recVLPs were titrated by infecting U87.CD4-
CCRS5 and U87.CD4-CXCR4 glioblastoma cells with
serial dilutions of purified recVLPs for 16 h at 37°C
followed by 10-min fixation with methanol at 4°C. The
fixed cells were rehydrated in phosphate-salt buffer pH
7.2 and incubated with the appropriate antiserum at a
dilution of 1 : 100 for 1 h at room temperature. An-
tiserums to lentivirus proteins were obtained from Dr.
D.C. Montefiore at the AIDS Reagent Receipt Program
(Division of AIDS, National Institute of Allergy and
Infectious Diseases, National Institutes of Health). The
evaluation of these neutralizing antibodies against HIV,
SIV and SHIV is reported in [20]. Cells were washed and
incubated with biotinylated anti-mouse IgG antibodies
followed by streptavidin conjugated to Alexaflour Texas
Red. RecVLP-infected cells were evaluated under the
microscope by fluorescence under UV illumination.

Cells

All cells were obtained from the AIDS Reagent
Receipt Program (Division of AIDS, National Institute
of Allergy and Infectious Diseases, National Institutes
of Health).

Newborn hamster kidney cells (BHK-21) were
maintained in minimal essential alpha medium supple-
mented with 10% phosphate-salt buffer, 2 mM L-gluta-
mine, and 100 units/mL penicillin and streptomycin at
37°C in a CO, incubator [17].

US87 cells stably expressing CD4 and wild-
type CCR5 co-receptor (U87.CD4*CCRS5* and US87.
CD47X4") were cultured in Dulbecco's modified Iscov's
medium (Termo Fischer Scientific) supplemented with
10% fetal bovine serum, L-glutamine and penicillin/
streptomycin (10 pg/mL) [21].

Commercial macrophage cultures were obtained
from CD14* human peripheral blood monocytes (purity
> 90%). Macrophages were cultured from monocytes
in thM-CSF-containing medium for several days and

b
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Fig. 1. Schematic representation of plasmids, transcribed RNA from which leads to translation of proteins capable
of forming VLPs.

a — on the Sindbis virus replicon platform; b — on the VEEV replicon platform.
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ready for use. Human macrophages were isolated from
a healthy adult donor. Macrophages were characterized
using antibodies specific for CD14, CD11b. Commer-
cial macrophages are negative for HIV-1, hepatitis B
and C virus, mycoplasma, bacteria, yeast and fungi.

Microimmunofluorescence assay

To monitor transfection (electroporation) and de-
termine the titer of recVLPs by microimmunofluores-
cence assay, BHK-21 cells were grown on 4- or 8-well
LabTek slides (Nalge Nunc International) in a CO, in-
cubator at 37°C. 24 h after infection, slides were fixed
in acetone-methanol (1 : 1) at 4°C for at least 1 h. For
the transfected cell assay, approximately 10° electropo-
rated cells were seeded onto 4- or 8-well slides, incu-
bated and fixed as described above. Fixed cells were
rehydrated in phosphate-salt buffer solution pH 7.2 and
incubated with a 1 : 100 dilution of appropriate antise-
rums to Gag and Env obtained from Dr. D.C. Montefio-
re for 1 h at room temperature, as well as with mouse
anti-HIV pl7 monoclonal antibodies and serum from
an HIV™ patient. After 3 washes in phosphate-salt buf-
fer, goat anti-human or goat anti-mouse IgG-isothiocy-
anate fluorescein conjugate (Sigma) was added at a di-
lution of 1 : 100, and the slide was incubated for 30 min
at room temperature followed by 3 additional washes.
Slides were examined and photographed under a Zeiss
LSM110 confocal fluorescence microscope (Carl Zeiss
SMT, Inc.). Images were digitized and analyzed using
Photoshop software (Adobe Systems Inc.).

Electron microscopy

Cell monolayers were washed briefly with se-
rum-free medium and fixed with 4% glutaraldehyde in
0.15 M sodium phosphate buffer pH 7.4 overnight. The
next 3 washes were made with phosphate buffer and
monolayers were fixed for 1 h in a mixture of 1% OsO,
and 1.25% potassium ferricyanide in 0.15 M sodium
phosphate buffer. Cells were then washed with deioni-
zed water and dehydrated by increasing concentrations
of ethanol (30, 50, 75 and 100%, 5 min each). Cells
were infiltrated with two concentrations of Polybed 812
epoxy resin (Composition 1A : 2B, Polysciences, Inc.)
for several hours at each change, polymerized for 24 h at
60°C in pouring molds where they were separated from
plates before sectioning. Ultrathin sections (70 nm)
were cut with a Diatome diamond knife; sections were
mounted on copper grids (200 cells) and stained with
4% aqueous uranyl acetate solution for 15 min, fol-
lowed by Reynolds lead citrate for 7 min. Sections
were photographed using a LEO EM910 transmission
electron microscope (Carl Zeiss SMT, Inc.) at 80 kV.

Results
The prototype chimeric viral vaccine construct uti-
lizes an incomplete alphavirus RNA genome (Sindbis
or VEEV) containing gag/pol and env genes expressing

ORIGINAL RESEARCHES

the corresponding lentivirus proteins. Electroporation
of cells with srRNAs transcribed from these plasmids
results in the self-assembly of lentivirus-like particles.

DNA sequences encoding Gag/Pol and Env gp160
proteins of lentiviruses (HIV-1B and SHIV,, ) were
obtained by standard genetic engineering methods.
A plasmid containing DNA encoding HIV-1B proteins
was constructed on the Sindbis virus replicon plat-
form (Fig. 1, a). A plasmid containing DNA encoding
SHIV,, ., proteins on the VEEV replicon platform was
constructed from the SHIV,, . KB9 molecular clone
(GenBank # U89134) (Fig. 1, b).

In plasmid SHIV ., the 5'-primer contained the
26S subgenomic promoter sequences, and the 3'-primer
contained the stop codon and Ascl site for cloning in-
to the VEEV replicon plasmid. The C-terminus of the
NSP4 and 26S promoter sequences were amplified by
polymerase chain reaction (PCR) and used in an overlap-
ping elongation PCR with a fragment containing struc-
tural genes with the 26S replicon promoter for PCR. The
fragment containing the C-terminus of NSP4, the com-
plete VEEV 26S subgenomic promoter, the SHIV .
structural gene, and the Ascl restriction site was intro-
duced into the Zero Blunt PCR cloning vector (Invitro-
gen) and the nucleotide sequence was determined. The
26S-Gag fragment was ligated to pVR100 SHIV,, ., Env.
The 26S-Env fragment was ligated to pVR21 SHIV,
Gag. Positive clones were identified by restriction
analysis and confirmed by sequencing. The preparation
of these plasmids and their further modification have
been described in more detail previously [16, 17].

BHK-21 cells were transcribed from synthesized
plasmids with recombinant srRNAs (1 ug each) ex-
pressing structural proteins of alphaviruses. The result-
ing VLPs were examined by electron microscopy. It
was found that transfection of cells with both Sindbis
virus recRNA (expressing HIV-1B structural proteins)
and VEEV reVLPs (expressing SHIV, . structural pro-
teins) resulted in VLP formation. The titers of VEEV
recVLPs produced on the VEEV platform were 10°-10°
infectious units per 1 ml, which coincides with the data
of other authors who used plasmids obtained by us [17].

Thus, we created constructs expressing the pro-
ducts of HIV-1B and SHIV  , genes in an amount suf-
ficient for the formation of mature recVLPs (Fig. 2).

During the microimmunofluorescence assay,
SHIV,, ., structural proteins were detected only in the
cytoplasm of transfected cells (Fig. 3). The titers of
recVLPs ranged from 10-10° infectious units per 1 ml.

CCR5 and CXCR4 are two major co-receptors re-
quired for HIV entry. The glioblastoma cell lines U87.
CD4.CCR5 and U87.CD4.CXCR4 reliably support
HIV-1 infection of various laboratory-adapted strains
and primary isolates with different co-receptor utiliza-
tion (RS, X4 and R5/X4), allowing us to investigate the
antiviral efficacy of combined CCRS5 and CXCR4 an-
tagonist blockade [22].
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Infection of these U87 cell lines with CD4 recep-
tor and CCRS and X4 co-receptors and human macro-
phages with chimeric lentivirus-like particles was spe-
cific and productive and resulted in sTRNA replication,
expression and processing of gag/pol and env HIV-1B,

a b

1 T

P

and SHIV

20.6p Z€N€E products, and generation of daugh-

ter chimeric recVLPs capable of producing infectious
progeny. Infection of human macrophages resulted in
syncytium formation in both HIV-1B and SHIV
recVLP infections (Fig. 4).

89.6P

Fig. 2. Electron microscopic photographs of lentiviral VLPs.

aand b — HIV-1B VLPs; ¢ — VLP SHIV

VLPs.

89.6P

Fig. 3. ELISA, srRNA replication in the cytoplasm of BHK-21 cells and protein expression of the gag gene (a)

and env gene (b) of SHIV,

89.6P"

Fig. 4. Formation of syncytium on human macrophages infected with lentivirus recVLPs.

a — negative control, x20; b, ¢ — formed syncytium, x40: HIV-1B recVLPs (b) and SHIV

recVLPs (c).
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Thus, self-replicating lentivirus VLPs are able to
replicate in glioblastoma cells and induce fusion of nor-
mal human macrophages.

Discussion

HIV vaccines has been in development for more
than 30 years, but despite all the progress made, little
success has been achieved. One of the reasons is the
presence of a reservoir of HIV variants evading the im-
mune system in the CNS. The solution to this problem
could be the use of attenuated alphavirus vectors with
lost neurovirulence but preserved neuroinvasiveness
[12,13,23].

We have constructed plasmids that allow tran-
scribing strRNAs, transfection of cells with these plas-
mids allows not only expression of target proteins, but
also leads to the formation of infectious recVLPs. Ap-
parently, these recVLPs can present antigen to cells of
the immune system in conformations close to native
ones [24-26]. When srRNA enters the cell, replication
occurs and the srRNA is packaged into such chimeric
particles. When the replicon genome is then released
into the cytoplasm following entry of the chimeric par-
ticles into susceptible cells, the chimeric particles can
potentially replicate and function as a live viral vaccine.
Using engineered constructs, it was shown that expres-
sion of the gag and env genes of recombinant VEEV
RNA in primate cells resulted in the assembly of par-
ticles that were morphologically and functionally VLP
lentivirus and included recombinant alphavirus RNA
that enables VLP self-assembly. Thus, HIV-1B and
SHIV, ., enveloped recVLPs are essentially recombi-
nant viruses, which may help circumvent the complexi-
ties typically associated with noninfectious VLPs.

Infection of cells with CD4 receptor and CCRS5
and X4 co-receptors with chimeric lentivirus-like par-
ticles was specific and productive and resulted in RNA
replication, expression and processing of HIV gag/pol
and env gene products, and generation of daughter
chimeric particles. Further modifications of plasmids
encoding SHIV,, ., proteins (Fig. 1, c), performed by
other researchers and aimed at enhancing encapsula-
tion of the chimeric virus genome and expression of the
SHIV, ., protease for particle maturation, improved the
ability of chimeric lentivirus-like particles to proliferate
in cell culture [17].

The studies performed here and previously led to
RNAs capable of self-reproduction, and upon transfec-
tion with these RNAs, recVLPs are formed. Expression
of lentivirus antigens by these recVLPs is observed on-
ly in the cytoplasm. Because there is no integration into
the host genome, vaccination with these VLPs should
not result in persistent or chronic infection. Alphavi-
ruses are sensitive to interferon. Therefore, attenuat-
ing mutations can be incorporated into the genome to
increase sensitivity to interferon [22, 23]. The VEEV
vaccine strain approved for use in high-risk groups is

ORIGINAL RESEARCHES

able to penetrate the CNS of model animals through the
BBB [12, 13, 27]. In our opinion, the data presented in
the present study and those obtained earlier, as well as
the analysis of published studies, allow us to believe
that further research on the improvement of such vac-
cines is justified and should include, first of all, the use
of adequate animal models, the study of the intensity of
induced immunity and the evaluation of the safety of
such vaccines.

In the case of sTRNA production, the stage of ob-
taining viral progeny for subsequent immunization is
not required. This seems to allow the use of mucosal
or intradermal (ID) immunization methods, which are
more effective, economical and immunogenic com-
pared to intramuscular infection [28-30].

Our study and the data of the authors who used
plasmids created by D.A. Moshkoff [17] provide evi-
dence of the ability of our chimeric constructs to ex-
press structural proteins of lentivirus and to assemble
into infectious particles to present lentivirus immuno-
gens in their native and functional conformation.

HIV is capable of infiltrating the CNS, infecting
immunocompetent cells that are able to cross the BBB.
In this manner, HIV can infiltrate by circumventing the
biological barrier that limits the entry of most other
foreign molecules. Antiretroviral drugs are generally
unable to effectively penetrate the BBB or are rapidly
eliminated from the brain parenchyma, resulting in inef-
ficient elimination of HIV from the brain and formation
of viral reservoirs. Heterogeneous cellular reservoirs
exist in the brain that can contain resting HIV. Such ac-
cumulation in the CNS can lead to virus rebound and
recurrence of infection. There is a paradox in that for-
eign viral components cross the BBB and are transmit-
ted to the CNS, while essential therapeutic drugs cannot
penetrate it [3].

In both nonhuman primates and cats, neurovir-
ulent variants have been isolated from CNS tissue or
cerebrospinal fluid [31, 32], causing more rapid dis-
ruption of behavioral reactions and accelerated death.
The isolation and cloning of lentivirus variants that
cause death of animals in a short period of time opens
the possibility of rapid testing of the effectiveness of
protective drugs. SIVsmmPBj14 isolate (SIV-PBjl14)
is one of the most virulent known primate lentiviruses
which causes acute disease and death within 6—10 days
after intravenous inoculation into pig-tailed macaques
[33, 34]. SIV-PBj14 replicated more efficiently than the
initial virus pool in human peripheral blood mononu-
clear cells (PBMC) and also replicated in chimpanzee
PBMC. Normal macaque PBMCs infected in vitro with
SIV-PBjl14 formed syncytia with human T-lympho-
blasts from human lymphoma (Sup-T1), whereas the
initial virus pool did not result in syncytia formation
with these cells [36]. Infection of normal macrophages
with SHIV _ VLPs also resulted in syncytia forma-
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further development of a vaccine capable of suppress-
ing HIV neuroinfection.

The increased reactogenicity of the TC-83 strain,
usually regarded as an undesirable trait [35], in the case
of controlling the inevitable entry of HIV into the CNS
will apparently be a positive property. It is pertinent to
recall the situation with fixed rabies virus, where high
and rapid virus accumulation in the CNS and neuro-
nal destruction, which is not observed in infection of
rodents with the wild strain, involves inflammatory
and immune responses, leading to the establishment
of a distinct and robust defense [36]. The aim of the
US studies was apparently to obtain attenuated variants
of VEEV that had lost their ability to be transmitted
by mosquitoes and were suitable for immunization of
horses and were unable to revert to the wild type [37],
as periodic outbreaks of VEEV resulted in the deaths
of tens of thousands of horses [38]. Introduction of
additional attenuating mutations into the TC-83 strain
of VEEV resulted in variants with reduced cytopath-
ic effects. Viremia was not detected in adult mice, and
viremia in suckling mice, if detected, was low. Fail-
ure to induce viremia had a negative effect on the ti-
ters induced by neutralizing antibodies. They became
10 times lower than when immunized with the TC-83
strain. When the mutated nucleocapsid protein was
placed under the control of the internal ribosome land-
ing site of mouse encephalomyocarditis virus, although
the variant became less virulent to suckling mice, it was
less effective in inducing neutralizing antibodies. It did
not induce viremia and did not penetrate the brains of
adult mice [40]. The inactivated vaccine based on the
highly attenuated TC-83 strain 230 did not protect ani-
mals from aerogenic infection, in which virulent strains
casily penetrate into the brain. At the same time, a strain
similar in characteristics to the TC-83 strain (with lost
neurovirulence but preserved neuroinvasiveness) pro-
tected even against intracerebral infection with enceph-
alitogenic strain of VEEV [12]. The conclusion that it
is advisable to use vectors based on the VEEV platform
for advanced CNS protection and that the TC-83 strain
is the most suitable for the creation of a candidate vac-
cine [1] seems to be true at present. The feasibility of
using the VEEV replicon to create effective vaccine
candidates against a number of viruses is discussed in a
review by A.A. Petrov et al. [18].

The authors of this article are aware of the com-
plexities of the problem at hand-like any new technolo-
gy, the use of srRNA has its pros and cons. In a review
published in 2021 [39], A.V. Blagov et al. correctly note
that the main advantage of RNA vaccines is the speed
of their development and production. Especially since
new efficient methods of cell-free synthesis of circular
DNA are emerging. Minimizing the use of live bacte-
rial cultures and viruses in vaccine production reduces
the risks of contamination and makes production even
faster and safer. The authors of the review also point

out that the instability of RNA can be both a disadvan-
tage because of the risk of degradation of the molecule
and the development of too strong an inflammatory
response, and an advantage because the mRNA itself
can act as an adjuvant. Instability also affects the stor-
age conditions of mRNA vaccines (—80°C to —20°C),
forcing the maintenance of a cold chain or the use of
lipid nanoparticles to increase the thermostability of
mRNA vaccines [39]. The method of producing the
srRNAs described in this study seems to be scalable,
and the recVLPs themselves are produced in rodent
and primate cells and are characterized by high im-
munogenicity. Recombinant VLPs on the VEEV plat-
form have been well characterized both qualitatively
and quantitatively; moreover, their efficacy against
the highly virulent SIV strain for monkeys has been
demonstrated [16, 17, 40].

At present, conditions appear to have been created
for research to explore the possibility of creating an ef-
fective vaccine against HIV eluding immunity in CNS
reservoirs. At the intermediate stage of research, the
constructs developed by Kazakh researchers based on
the TC-83 vaccine strain of VEEV [19] can be applied
for subcutaneous infection of model animals (mice or
rabbits). If this recombinant virus retained the ability to
penetrate the BBB, a green fluorescent protein would
presumably be expressed in the brains of infected ani-
mals. Since self-replicating VLPs can infect both CNS
cells (glioblastoma) and macrophages, it is reason-
able to introduce a fluorescent marker protein into the
construct and study its expression as part of SHIV,
recVLPs in the CNS of primates. If the marker protein
is expressed, it will be possible to proceed to the final
stage of testing the efficacy of recVLPs expressing Env
and Gag proteins on the SIV model, primates, or on the
cat model, a variant of feline immunodeficiency virus
that causes rapid death of animals.

Thus, the results obtained by us and other re-
searchers make it possible to obtain recVLPs. These
VLPs induce antigen production in monkey cells [17],
are able to replicate in human CNS cells, and induce
syncytium formation in human macrophages. In this
study, lentivirus proteins and recRNAs are synthesized
with srRNAs to form complete viral particles capable
of infecting a susceptible cell line and producing virion
progeny. Therefore, the VLPs obtained in this way are
more correctly referred to as recVLPs. Once again, we
draw attention to the fact that recVLPs infect human
macrophages, which means that there is a system ca-
pable of both delivering target antigens to the CNS and
presenting them to immunocompetent cells.

All of this allows us to consider that it is possible
to present antigens in native and functional conforma-
tion to the CNS. Therefore, we can speak about the fea-
sibility of using such constructs in further studies aimed
at obtaining a candidate vaccine for HIV suppression in
CNS reservoirs.
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This study is part of the research on the develop-
ment of an HIV vaccine capable of elimination of the
virus from the CNS. Naturally, further work should be
carried out under conditions of increased biological
protection.

Conclusion

1. Plasmids containing genes encoding HIV Gag
and Env proteins (Sindbis virus replicon) and Gag and
Env proteins of SIV and HIV-1B recombinant SHIV,, .,
(VEEV replicon) were constructed using the alphavirus
replicon platform.

2. RNA transcribed from these plasmids results in
VLPs when cells are transfected.

3. SHIV,, ., recVLPs are capable of infecting hu-
man CNS cells (U87 CD4*CCRS5* and U87 CD4"X4*
glioblastoma cell lines) and macrophages of a healthy
donor.

4. Syncytium formation has been observed
during infection of human macrophages with SHIV
recVLPs.

5. The data obtained during the study of SHIV ,
recVLPs by the authors and other researchers indicate
that presentation of lentivirus immunogens is possible
in native and functional conformation (induction of
specific antibodies, binding to appropriate receptors on
CNS cells, syncytium formation in macrophages), and
support the feasibility of using such constructs in fur-
ther development of a vaccine to suppress HIV in CNS
Teservoirs.
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Production of recombinant norovirus VP1 protein and its antigenic

and immunogenic properties
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Abstract

Introduction. The importance of noroviruses in human infectious pathology and the danger of large epidemic

outbreaks in organized groups determine the need to develop means of specific prevention of infection.

The aim of the study was to obtain recombinant norovirus VP1 protein and analyze its immunogenic and antigenic

properties .

Materials and methods. Computer analysis of nucleotide and amino acid sequences, molecular cloning,
polymerase chain reaction, electrophoresis of nucleic acids in agarose gel and proteins in polacrylamide gel,

affinity chromatography, enzyme immunoassay.

Results and discussion. A genetic construct encoding recombinant VP1 of the Gll genotype norovirus with
codons optimized for highly effective expression in Escherichia coli has been created. The strain of E. coli Rosetta
2 (DE3) has been transformed by genetic construct. VP1 expression was carried out in E. coli cells, conditions
for its production, purification and renaturation were optimized. A purified soluble recombinant VP1 protein forms
virus-like particles with a diameter of 30—50 nm. Immunization of BALB/c mice by protein lead to antibodies
production with a titer greater than 1 : 1000. When evaluating antigenic properties, it was shown that human
IgG, IgM, and IgA antibodies interact with recombinant VP1. The total antibody detection rate was 47,4%. The
results indicate the possibility of using recombinant VP1 for development of domestic vaccine for the prevention

of norovirus infection.
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MNonyuyeHune pekom6bmHaHTHOro 6enka VP1 HopoBupyca
N ero aHTUreHHble U UMMYHOTreHHble CBOMCTBa

JNanuH B.A., HoBukos [1.B., MoxoHoBa E.B., MeneHTtbeB [.A., LbiraHosa M.I.,
3aiues [O.E., Hosukos B.B.”

Huxeropogckuin HayuyHo-MCCefoBaTeNIbCKU MHCTUTYT SNMUAEMMUOSIOTN 1 MUKPOOMONOrnm
nmeHn akagemuka W.H. brnoxunnon, HuxHun Hosropog, Poccusa

AHHOMauyusi

BBeneHue. 3HaUMMOCTb HOPOBUPYCOB B WH(EKLMOHHOW MaToONormm 4YernoBeka M OMacHOCTb BO3HUKHOBEHUA
KPYMNHbIX 3NMAEMUYECKMX BCMbILLEK B OPraHM30BaHHbIX KOMNMEKTUBax 060CHOBLIBaOT He06xoanMMOCTb paspaboT-
K1 cpeacts crneumduyeckon NpomnakTuknm NHgeKLmm.

Lenb pabotel — nonyyeHne pekombuHaHTHOro 6enka VP1 Hoposupyca 1 aHanua ero MUMMYHOTEHHbIX U aHTK-
rEHHbIX CBONCTB.

MaTepuanbi n Mmetoabl. [poBeaeHbl KOMMBIOTEPHBIN aHaNM3 HYKNEOTUAHBIX Y aMUHOKMCITOTHBIX NOCNeaoBaTenb-
HOCTeln, MOMEeKynApHOe KNOHMPOBaHUe, nonmmepasHas uenHas peakums, anekrpodopes HyKNenHoBbIX KUCNOT B
arapo3HoM refe 1 6enkoB B nonuakpunaMmugHom rene, aduHHas xpomatorpadusi, UMMYHOMDEPMEHTHbI aHanu3.
PesynbraTtbl. Co3gaHa reHeTnyeckas KOHCTPYKLUUS, KOAupyloLas pekoMbuHaHTHbIM VP 1 HopoBuMpyca reHoTu-
na Gll ¢ kogoHamn, oNTUMM3NPOBaHHBLIMK ANS BbICOKO3IEKTMBHOW akcnpeccun B Escherichia coli. leHeTtn-
YeCKOW KOHCTpYyKLUMen TpaHcopmmpoBaH wrtamm E. coli Rosetta 2 (DE3). OcywecteneHa akcnpeccus VP1 B
kneTkax E. coli, onTMMn3nMpoBaHbl yCroBusi A ero NpoayKUmMn, O4YUCTKN U peHaTypauun. [onyyeH oYnLweHHbIN
pacTBOpUMbIN pekoMBuHaHTHbIN 6enok VP 1, dhopmupytowmnin BupyconogobHsle yactuubl gnametpoM 30-50 Hm.
MMMyHu3auus 6enkom mbiweli BALB/c BbidbiBana o6pasoBaHue aHTuten ¢ Tutpom 6onee 1 : 1000. MNpu ouen-
K€ aHTUIEeHHbIX CBOMCTB MOKa3aHO, YTO B KPOBM BOSIOHTEPOB MPUCYTCTBYIOT aHTUTena knaccos IgG, IgM, IgA,
B3anmMopencTeyoLme ¢ pekoMbuHaHTHeiM VP 1. CymmapHas yactota obHapyxeHus anTuten coctasuna 47,4%.
3aknto4yeHue. Pe3ynsratbl 060CHOBLIBAOT BO3MOXHOCTbL UCMONb30BaHUs pekombuHaHTHoro VP 1 ans cospanus
OTEeYeCTBEHHOW BaKUMHbI AN NPOMUNakTUKM HOPOBMPYCHOWM MHMeKLMU.

Knroueenle crioea: Hoposupyc, VP1, aupyconodobHble Yacmuubl, 8aKyuHa

Amuyeckoe ymeepxdeHue. ABTOpbl NoATBEPXAAIOT cobnoaeHne MHCTUTYLMOHABHBIX U HALMOHanNbHbLIX CTaHaap-
TOB M0 MCMOMb30BaHNIO NTabopaToOpPHbIX XUBOTHBLIX B cOOTBETCTBUM C «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). MNpotokon uccnepnoBaHns ogobpeH pelueHnem JlokanbHoro atudeckoro komuteta HHUMOM
um. akag. N.H. brnoxuHon (Ne 4 ot 25.11.2021).

BnazodapHocmb. ABTOPLI BbipaxatoT bnarogapHocTb H.A. HoBVKOBOW 3a NpefocTaBneHve WraMmMa HopoBupyca v
A10. KalHnkoBy 3a NOMOLLb B MPOBEAEHUN 3NEKTPOHHON MUKPOCKOMUM.

UcmoyHuk ¢huHaHcupoeaHus. ABTOpPbI 3asiBNSAOT 06 OTCYTCTBUM BHELLHEro hMHaHCUPOBaHWS Npyu NPOBeAEHNN 1C-
crnenoBaHus.

KoHgbnnukm uHmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
3aHHbIX C NMyGnuKaLmeit HacTosILLei CTaTbu.

Ans yumupoeanusi: Nanux B.A., Hosukos [.B., MoxoHoBa E.B., MeneHntbeB [.A., UpiraHoa M.W., 3anues [.E.,
Hoswukos B.B. MNonyyeHne pekombuHaHTHoro 6enka VP1 HopoBupyca 1 ero aHTUreHHble ¥ UMMYHOTeHHbIe CBOMCTBA.
XKypHan mukpobuornozuu, anudemuonoauu u ummyHobuomnoauu. 2024;101(5):661-667.
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Introduction

In the etiologic structure of viral acute intestinal
infections, noroviruses (NV; Caliciviridae family, Nor-
ovirus genus) rank second after rotaviruses. In coun-
tries that vaccinate against rotaviruses, NVs have taken
the 1* place [1, 2]. The risk groups for NV infection in-
clude children, young and elderly people. Outbreaks of
NV infection are reported throughout the year with an
increase in incidence in the spring and summer months.

Human NV is an non-enveloped icosahedral vi-
rus, and has a genome in the form of a single-stranded
positive-sense RNA approximately 7.5-7.7 kb long, en-
coding 3 open reading frames. ORF1 encodes a large
polyprotein, the precursor of 6 non-structural proteins
(NS1/2-NS7), ORF2 encodes the major structural cap-
sid protein, and ORF3 encodes the minor structural
capsid protein VP2, which is located within the viral
particle. The virus capsid is constructed of an outer
(VP1) and an inner (VP2) protein. VP1 is capable of
self-assembling into virus-like particles that are virtual-
ly indistinguishable from native virions and have pro-
nounced immunogenic properties.

Ten genogroups are known for NV, and 48 gen-
otypes have been identified based on amino acid se-
quence analysis of the external capsid protein VP1. The
most common NV genogroup is GII, which accounts for
the majority of cases of N'V-gastroenteritis of children in
the first years of life in Russia. Thus, in the Sverdlovsk
region in 2022, the most common occurring genotypic
structure of circulating NVs was a norovirus belonging
to the GII genogroup (58%). Similar data were obtained
during molecular epidemiologic analysis of genetic vari-
ants of NVs in a number of other European countries,
Japan and China. In certain years, GII genogroup ac-
counted for up to 80-90% of cases of pediatric NV-gas-
troenteritis. The dominant virus variants of this geno-
group include NV GIL.4 [3, 4]. The importance of NV
in human infectious pathology and the danger of large
epidemic outbreaks in organized groups determine the
need to develop means of specific prophylaxis of infec-
tion. The example of successful introduction of rotavirus
vaccine shows that vaccination programs can signifi-
cantly reduce the number of cases of gastroenteritis [5].
Based on NV proteins, several candidate NV vaccines
are also being developed worldwide, two of which are
currently in phase II/III clinical trials for the prevention
of NV infection in children and adults [6, 7].

The aim of the study was to obtain recombinant
NV VP1 protein and analyze its immunogenic and an-
tigenic properties.

Materials and methods

Nucleotide sequence analysis, oligonucleotide de-
sign, gene construction, calculation of protein molecular
weight, isoelectric point and extinction coefficient were
performed using the Lasergene 7.1.0 software package
(Dnastar, Inc.). Codon optimization was performed us-

ing the Codonusage database'. The nucleotide sequence
of VP1 of the epidemic variant of NV with genotype
GIL.4, prevalent in the territory of Nizhny Novgorod re-
gion, was used. Nucleotide sequences were sequenced
using the ABI Prism 310 genetic analyzer (Thermo
Fisher Scientific).

Escherichia coli cells, strain Rosetta 2 (DE3),
transformed with the obtained genetic construct based
on plasmid pET22b and encoding VP1 NV, were
grown in LB-Miller medium, pH 7.0. Induction of
protein synthesis was performed by adding isopro-
pyl-B-D-1-thiogalactopyranoside to a final concentra-
tion of 0.5 mM to each culture. Cell biomasses were
obtained by centrifugation, lysed in a solution con-
taining 25 mM HEPES (pH 7.5), 1 M NaCl, 10% glyc-
erol, 1% Triton X-100, DNase I (10 ug/mL), RNaseA
(10 pg/mL), lysozyme (50 pg/mL), and 0.2 mM
phenylmethylsulfonyl fluoride, disintegrated by ultra-
sound using a QSonica Q55 (QSonica sonicators),
a centrifuged and washed buffer containing 25 mM
HEPES pH 7.5, 1 M NacCl, 10% glycerol, 1 M urea was
added, followed by centrifugation.

The recombinant norovirus VP1 protein was pu-
rified by metal chelate chromatography under dena-
turing conditions using Ni-NTA Superflow sorbent
(GEHealthcare). Renaturation of VP1 was performed
by dialysis. Protein electrophoresis in 12% polyacryl-
amide gel in the presence of sodium dodecyl sulfate
was carried out by the conventional method, immuno-
blotting was performed using human serum antibodies
against NV VP1 and horseradish peroxidase-conjugat-
ed monoclonal antibodies to human IgG Hytest. After
transfer, proteins on the membrane were stained in
Super Signal West Dura Extended Duration Substrate
solution (Thermo Scientific) and chemical lumines-
cence was measured using a C-DiGit Blot Scanner (Li-
Cog). Microphotographs of virus-like particles formed
by NV VP1 were obtained using an NT7700 electron
microscope (Hitachi). Female BALB/c mice 8 weeks
old and weighing 16-18 g were used for immuniza-
tion. Animals were kept in vivarium conditions in ac-
cordance with interstate standards GOST 33216-2014
and GOST 33215-2014. Biomaterial for the study was
taken from mice in compliance with the principles of
humanity set forth in the European Community direc-
tives (86/609/EC).

The studies were conducted according to the bio-
ethical and ethical principles established by the Decla-
ration of Helsinki (adopted in June 1964 and revised
in October 2013). To evaluate the antigenic properties
of recombinant proteins, we used 637 blood plasma
samples obtained from the Hemohelp diagnostic cen-
ter (TTAS LOTUS LLC) from individuals aged 19—44
years who applied for diagnostic studies and gave writ-
ten consent for the use of their biomaterial in the study.

! URL: http://www.kazusa.or.jp/codon/
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Antibodies to NV VP1 was determined by so-
lid-phase enzyme-linked immunosorbent assay. VP1
was sorbed into wells of plates at a concentration of
1 pg/mL for 18 h at 20°C. Mouse serum to be tested
was diluted in increments of 2, and volunteer plasma
was diluted before testing in increments of 10. Serum
from unimmunized mice was used as a negative con-
trol. When antibodies were determined in the blood of
laboratory animals, rabbit antibodies against mouse im-
munoglobulins conjugated with horseradish peroxidase
were used. When determining human antibodies, horse-
radish peroxidase-conjugated rabbit antibodies against
immunoglobulins of classes G, M and A were used. The
value of optical density greater than the average value
of the negative control multiplied by three was taken as
a cut-off for reactivity.

The obtained data were analyzed using Microsoft
Excel software (Microsoft). Statistical processing of
data was performed using the Graph Pad Prism 8 pro-
gram (Graph Pad Software). Differences in data were
considered statistically significant at p < 0.05.

Results

A site for the Ndel restriction endonuclease was
added to the beginning of the nucleotide sequence en-
coding the VP1 protein of the epidemically significant
strain of NV genotype GII.4. To the sequence encod-
ing the C-terminal part of the protein, a nucleotide se-
quence encoding 6 histidines, a stop codon (TAA), and
a site for the Xhol restriction endonuclease was added
and used for subsequent molecular cloning. The sche-
matic structure of the gene is shown in Figure 1. The
resulting sequence was synthesized at Eurogen. The se-
quence encoding VP1 was transferred to the plasmid
pET22b (Thermo Fisher Scientific), which allows high
efficiency expression of recombinant proteins in E. coli
strains containing DE3 lysogen in the genome [8].

The obtained genetic construct encoding NV
VP1 was transformed into E. coli cells, Rosetta 2
strain (DE3). The efficiency of protein production was
evaluated, which amounted to 20—40 mg of protein per
1 liter of cell culture. The protein formed inclusion bod-
ies. The optimal medium composition and culture con-
ditions for transformed E. coli cells were determined.
The maximum cell culture density (OD,, = 2.8) cor-
responded to 5 g of biomass per 1 L of culture in LB
medium containing 0.5% glycerol and 25 mM phos-
phate buffer pH 7.4. The optimal concentration of iso-
propyl-p-D-1-thiogalactopyranoside was 0.5 mM, the
optimal temperature for protein expression was 30°C,
and the induction time was 4-8 h.

Subsequent purification by metal-chelate chroma-
tography in the presence of 8 M urea and refolding by
dialysis against a solution containing 25 mM HEPES
pH 7.5, 150 mM NaCl, and 5% glucose resulted in a
soluble protein consisting of 560 amino acids, having
a calculated molecular mass of 60.6 kDa, an isoelectric

ORIGINAL RESEARCHES
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Fig. 1. Schematic representation of the genetic construct
encoding VP1 of norovirus in pET22b.
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Fig. 2. Characteristics of the recombinant VP1 protein.

a — electrophoregram of purified norovirus VP1 protein;

b — Western-blot of purified norovirus VP1 protein; 1 — VP1;
2 — molecular weight marker; ¢ — electron microscopic
photographs of virus-like particles formed by recombinant
norovirus VP1. Contrast with 3% uranyl acetate, pH 4.6.

Antibody titres

1:15,000 -
1:5000 —
0
1 2

Fig. 3. Antibody titers in mice immunized with recombinant
norovirus VP1.

1 — without aluminum hydroxide; 2 — with aluminum hydroxide.
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Fig. 4. Detection rate of antibodies of different classes
to recombinant norovirus VP1 in the blood of healthy
volunteers.

point equal to 6.15 and an extinction coefficient of 1.04
(Fig. 2, a).

The protein was produced in preparative quan-
tities and used to assess the ability to form virus-like
particles and for immunization of laboratory mice.
Fig. 2, b shows an electron microscopic photograph in-
dicating the ability of recombinant VP1 protein to form
virus-like particles with a diameter of 30-50 nm, which
is consistent with the data of other authors [9]. At the
same time, western blot (Fig. 2, ¢) showed the ability of
recombinant VP1 to interact with serum antibodies of
seropositive individuals.

Two intraperitoneal immunizations of 10 labora-
tory mice with an interval of 2 weeks and subsequent
obtaining of blood serum 3 weeks after the second im-
munization at a dose of 10 ug (0.5 ml) resulted in the
formation of antibodies against NV VP1 in the blood of
animals. Antibodies in the blood of animals were de-
tected in titers from 1 : 1024 to 1 : 4096, the average
titer was 1 : 1536. Immunization of animals with the
same dose of protein according to the same scheme,
but mixed with 100 mg of aluminum hydroxide caused
the appearance of antibodies against NV VP1 in titers
up to 1 : 32,768. On average, the antibodies titer was
1 : 13,720, which was almost an order of magnitude
higher than the antibodies titers in animals immunized
without aluminum hydroxide (Fig. 3). Thus, it was
shown that the obtained recombinant protein is able to
induce a pronounced antisense response, which signifi-
cantly increases in the presence of the used adjuvant.

Since NV is widely circulating among the popu-
lation, it is natural to expect the presence of antibodies
to its proteins in human blood. We evaluated the pres-
ence of antibodies of different classes to the obtained

recombinant protein in the blood of individuals living
in the middle belt of Russia. The frequency of detection
of antibodies to VP1 in blood plasma samples of 637
volunteers was determined. As shown in Fig. 4, IgG
antibodies were detected in 14.8% of volunteers, IgM
antibodies — in 7.1%, IgA antibodies — in 38.5%. The
cumulative occurrence of antibodies was 47.4%.

The results indicate that the epitopes of the re-
combinant VP1 protein of NV GII.4 obtained by us
are recognized by antibodies present in human blood.
However, IgG antibodiy titers were mostly low and ex-
ceeded a value of 1 : 1000 or more in seropositive vol-
unteers only in 4.3% of cases (4 of 94), indicating that
these individuals had a long history of NV exposure.
In volunteers who had IgA antibodies to NV VP1, high
titers (equal to 1 : 1000 or more) were detected with
similar frequency (4.9% of cases). In contrast, of the 25
volunteers who had IgM antibodies to NV VPI, titers
equal to 1 : 1000 or more were detected in 16% of cas-
es. It is likely that these individuals had recent exposure
to the virus.

Discussion

The data obtained on the frequency of antibodies
against the recombinant VP1 protein of NV GII.4 and
their titers are consistent with the results found by other
authors. A wide variation in the frequency of antibod-
ies detection and their titers in individuals of different
ages living in different countries has been reported.
The cumulative detection rate ranges from 25 to 95%.
Cross-reactivity with NV of other genogroups is ob-
served [10, 11].

The NV VPI protein consists of 2 domains in-
volved in the self-assembly of virus-like particles [12].
The ability of NV VPI to self-assemble can be used
to obtain chimeric proteins forming virus-like particles,
consisting of the S-domain of NV VP1 and fragments
of other proteins acting as antigen. That is, there is a
possibility of decorating virus-like particles of NV with
different antigens, which has been demonstrated in the
works of a number of authors [ 13—15]. The genetic con-
struct encoding the recombinant protein we obtained
can be used as a molecular platform for the creation of
chimeric virus-like particles based on NV VPI.

Conclusion

The recombinant NV VP1 protein expressed in .
coli obtained by us is capable of forming virus-like par-
ticles, shows immunogenicity in mice in the absence
and presence of adjuvant, and is recognized by human
antibodies of IgG, IgM and IgA classes. The results of
this work indicate the possibility of using recombinant
VP1 as an antigen in the design of a vaccine for the pre-
vention of NV infection based on virus-like particles.



666

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(5)

DOI: https://doi.org/10.36233/0372-9311-552

CIIMCOK UCTOYHHUKOB | REFERENCES

1. Black R.E., Perin J., Yeung D., et al. Estimated global and
regional causes of deaths from diarrhoea in children younger than
5 years during 2000-21: a systematic review and Bayesian mul-
tinomial analysis. Lancet Glob. Health. 2024;12(6):¢919-28.
DOI: https://doi.org/10.1016/S2214-109X(24)00078-0
2. JeonK.,LeeS.K.,JeongS., etal. Trends in the detection of viruses
causing gastroenteritis over a 10-year period and impact of non-
pharmaceutical interventions. J. Clin. Virol. 2024;172:105676.
DOTI: https://doi.org/10.1016/j.jcv.2024.105676
3. van Beek J., de Graaf M., Al-Hello H., et al. Molecular sur-
veillance of norovirus, 2005—16: an epidemiological analysis of
data collected from the NoroNet network. Lancet Infect. Dis.
2018;18(5):545-53.
DOI: https://doi.org/10.1016/s1473-3099(18)30059-8
4. beikoBP.O., Cxpsiouna C.B., Kuisrunaa A.C. v ip. MonekynsipHO-
TEHETHYeCKash  XapaKTepHCTUKa ¥ (DUIOTCHETHYECKHi
aHanmu3 BO30ymuTenel HOPOBUPYCHOW HHGEKIMH YeIOBEKa
OTHCIBHBIX MyHUIHUNANUTeToB B CBepIUIOBCKOil o0nacTu
3a 2022 ron. JKypHan muxpobuonocuu, 3nuUOeMUOLO2UU U
ummyrnobuonozuu. 2023;100(4):306-313. Bykov R.O., Scria-
bina S.V., Kilyachina A.S., et al. Genetic characterization and
phylogenetic analysis of human norovirus infection in indi-
vidual municipalities of the Sverdlovsk region in 2022. Jour-
nal of Microbiology, Epidemiology and Immunobiology. 2023;
100(4):306—13. DOI: https://doi.org/10.36233/0372-9311-402
EDN: https://elibrary.ru/qichre
. Burnett E., Parashar U., Tate J. Rotavirus vaccines: effectiveness,
safety, and future directions. Paediatric Drugs. 2018;20:223—
33. DOLI: https://doi.org/10.1007/s40272-018-0283-3
. Treanor J., Sherwood J., Cramer J.P., et al. A phase 2 study of the
bivalent VLP norovirus vaccine candidate in older adults; impact
of MPL adjuvant or a second dose. Vaccine. 2020;38(36):5842—
50. DOL: https://doi.org/10.1016/j.vaccine.2020.06.011
. Lopez P.,Lopez-Medina E., Saez-Llorens X., et al. Immunogeni-
city and tolerability of a bivalent virus-like particle norovirus
vaccine candidate in children from 6 months up to 4 years of
age: a phase 2 randomized, double-blind trial. Hum. Vaccin. Im-
munother. 2023;19(1):2204787.
DOI: https://doi.org/10.1080/21645515.2023.2204787

8.

10.

11.

12.

14.

ORIGINAL RESEARCHES

Mokhonov V.V., Vasilenko E.A., Gorshkova E.N., et al.
SlyD-deficient Escherichia coli strains: a highway to contami-
nant-free protein extraction. Biochem. Biophys. Res. Commun.
2018;499(4):967-72.

DOI: https://doi.org/10.1016/j.bbrc.2018.04.029

. Lampinen V., Grohn S., Soppela S., et al. SpyTag/SpyCatcher

display of influenza M2e peptide on norovirus-like particle pro-
vides stronger immunization than direct genetic fusion. Front.
Cell Infect. Microbiol. 2023;13:1216364.

DOI: https://doi.org/10.3389/fcimb.2023.1216364

Kobayashi S., Fujiwara N., Rockx B., et al. Characterization
of the homo- and heterotypic immune responses after natural
norovirus infection. J. Med. Virol. 2005;77:439-46.

DOI: https://doi.org/10.1002/jmv.20473

Takeda N., Minagawa H. Seroepidemiological study of noro-
virus infection in Aichi Prefecture, Japan. Microbiol. Immunol.
2009;53:356-9.

DOI: https://doi.org/10.1111/j.1348-0421.2009.00132.x

Tan M., Fang P., Chachiyo T., et al. Noroviral particle: structure,
function and applications in virus-host interaction. Virology.
2008;382:115-23.

DOI: https://doi.org/10.1016/.virol.2008.08.047

. HoBukoB/I.B.,MenentoeB/l.A.,MoxonosB.B.,unp.ITonyuenue

BHPYCOIOMOOHBIX YaCTHIl HOpOBHpYcCa, coaepxamux VP1
axoBupyca 30. Bonpocwr eupyconocuu. 2021;66(5):383-9.
Novikov D.V., Melentev D.A., Mokhonov V.V., et al. Con-
struction of norovirus (Caliciviridae: Norovirus) virus-like
particles containing VP1 of the Echovirus 30 (Piconaviri-
dae: Enterovirus: Enterovirus B). Problems of Virology.
2021;66(5):383-9.

DOI: https://doi.org/10.36233/0507-4088-79

EDN: https://elibrary.ru/mkbqet

Tamminen K., Heiniméki S., Vesikari T., Blazevic V. Rotavirus
VP6 adjuvant effect on norovirus GII.4 virus-like particle up-
take and presentation by bone marrow-derived dendritic cells in
vitro and in vivo. J. Immunol. Res. 2020;2020:3194704.

DOI: https://doi.org/10.1155/2020/3194704

. Boonyakida J., Khoris I.M., Nasrin F., Park E.Y. Improvement

of modular protein display efficiency in SpyTag-implemen-
ted norovirus-like particles. Biomacromolecules. 2023;24(1):
308-18. DOLI: https://doi.org/10.1021/acs.biomac.2c01150



KYPHAJ1 MUKPOBNONOTUW, SNMUAEMMNONOTUUA N UMMYHOBWUOJTOTUN. 2024; 101(5) 667

DOI: https://doi.org/10.36233/0372-9311-552

OPUTVHANbBbHbBIE NCCITIEAOBAHNA

Information about the authors

Vladislav A. Lapin — junior researcher, Laboratory of immuno-
chemistry, Academician I.N. Blokhina Nizhny Novgorod Scientific Re-
search Institute of Epidemiology and Microbiology, Nizhny Novgorod,
Russia, https://orcid.org/0000-0002-5905-5722

Dmitry V. Novikov — Cand. Sci. (Biol.), leading researcher, Laborato-
ry of immunochemistry, Academician |.N. Blokhina Nizhny Novgorod
Scientific Research Institute of Epidemiology and Microbiology,
Nizhny Novgorod, Russia, https://orcid.org/0000-0001-7049-6935

Ekaterina V. Mokhonova — researcher, Laboratory of immunoch-
emistry, Academician |.N. Blokhina Nizhny Novgorod Scientific Re-
search Institute of Epidemiology and Microbiology, Nizhny Novgorod,
Russia, https://orcid.org/0000-0002-9742-7646

Dmitry A. Melentyev — junior researcher, Laboratory of immu-
nochemistry, Academician |.N. Blokhina Nizhny Novgorod Scien-
tific Research Institute of Epidemiology and Microbiology, Nizhny
Novgorod, Russia, https://orcid.org/0000-0002-2441-6874

Maria I. Tsyganova — Cand. Sci. (Biol.), leading researcher, Labo-
ratory of immunochemistry, Academician I.N. Blokhina Nizhny
Novgorod Scientific Research Institute of Epidemiology and Microbio-
logy, Nizhny Novgorod, Russia,
https://orcid.org/0000-0002-2811-6844

Dmitry E. Zaitsev — senior laboratory assistant, Laboratory of im-
munochemistry, Academician |.N. Blokhina Nizhny Novgorod Sci-
entific Research Institute of Epidemiology and Microbiology, Nizhny
Novgorod, Russia, https://orcid.org/0000-0002-7663-6924

Viktor V. Novikov®™ — D. Sci. (Biol.), Professor, Head, Laboratory of
immunochemistry, Academician I.N. Blokhina Nizhny Novgorod Sci-
entific Research Institute of Epidemiology and Microbiology, Nizhny
Novgorod, Russia, mbre@mail.ru,
https://orcid.org/0000-0002-2449-7213

Author contribution: Lapin V.A. — conducting experiments, writing
and formatting the manuscript; Novikov D.V. — research design,
analysis of literature and experimental data; Mokhonova E.V.,
Melentyev D.A., Zaitsev D.E. — conducting experiments,
Tsyganova M.l. — editing the manuscript; Novikov V.V. — concept
and design of the study, editing the manuscript, manual. All authors
confirm that they meet the International Committee of Medical Journal
Editors criteria for authorship, made a substantial contribution to the
conception of the article, acquisition, analysis, interpretation of data
for the article, drafting and revising the article, final approval of the
version to be published.
The article was submitted 14.06.2024;
accepted for publication 06.09.2024;
published 29.10.2024

HHpopmayusi 06 asmopax

JlanuH Bnaducnas AnekcaHOpogu4Y — M. H. C. nab. MMMYyHOXUMUK
HHUN3AM um. akaag. N.H. BnoxmHon, HwkHun Hosropoa, Poccus,
https://orcid.org/0000-0002-5905-5722

Hoeukoe Amumpuli Bukmoposu4y — K. 6. H., B. H. ¢. nab. UMMyHoO-
xummm HHUM3OM um. akag. W.H. BnoxuHon, HwxkHun Hosropog,
Poccus, https://orcid.org/0000-0001-7049-6935

MoxoHosa EkamepuHa BanepbeeHa — H. c. nab. UMMyHOXVMUK
HHUN3OM um. akag. N.H. BnoxuHon, HwkHuin Hosropoa, Poccus,
https://orcid.org/0000-0002-9742-7646

MeneHmbes [mumpuli AnekcaHOpogu4d — M. H. C. nab. UMMyHO-
xummn HHAMOM um. akag. W.H. BrnoxuHon, HwkHuin Hosropoga,
Poccus, https://orcid.org/0000-0002-2441-6874

LipleaHosa Mapusi MleopesHa — K. 6. H., B. H. C. nab. UMMyHOXUMUK
HHUN3OM um. akag. N.H. BnoxuHon, HwkHuin Hosropoa, Poccus,
https://orcid.org/0000-0002-2811-6844

Baliyes Amumpuli EseeHbesuy — cTapluunii nabopaHTt nab. nmmy-
HoxuMmun HHUMIOM wmm. akag. W.H. BrnoxuHon, HwxHuin Hosropog,
Poccus, https://orcid.org/0000-0002-7663-6924

Hosukoe Bukmop Briadumuposus™ — g. 6. H., npod., 3aB. nab. nm-
MyHoxumun HHUN3IM unm. akag. W.H. BrnoxuHon, HuwkHuii Hosropoga,
Poccusa, mbre@mail.ru, https://orcid.org/0000-0002-2449-7213

Yyactne aBtopoB: JlanuH B.A. — npoBefeHne 3KCMEPUMEHTOB,
HanucaHue un odopmMneHune pykonucu; Hosukoe [.B. — ansaviH nc-
crnefoBaHWs, aHanu3 nNUTepaTypbl U 3KCMEPMMEHTaNbHbIX OaHHbIX;
MoxoHosa E.B., MeneHmeses [].A., 3aliyes [].E. — npoBeneHue aKc-
nepumMeHToB; LibleaHoga M./. — pepakTtupoBaHue pykonucu; Hoesu-
ko8 B.B. — KoHUenuus 1 An3anH UCccnefoBaHns, pegakTupoBaHue
pyKkonucu, pykoBoACTBO. Bce aBTOpblI NOATBEPXKAAIOT COOTBETCTBME
CBOEro aBToOpCTBa Kputepmam MexayHapogHOro komuteta pefakTo-
POB MELMLMHCKUX XXYPHaroB, BHECNM CyLLECTBEHHbIV BKNaj B Mpo-
BefeHVe MOUCKOBO-aHanMTM4eckon paboTbl 1 MOArOTOBKY CTaTbW,
npoynu n ogodbpunu puHaneHy Bepcuo Ao nybnukaumn.
Cratbsi noctynuna B pepakumio 14.06.2024;
npvHsTa k nyénukauum 06.09.2024;
ony6nukosaHa 29.10.2024



668 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(5)
DOI: https://doi.org/10.36233/0372-9311-564

ORIGINAL RESEARCHES

Original Study Article
https://doi.org/10.36233/0372-9311-564

Detection of genetic determinants of potentially oncogenic
representatives of the intestinal microbiota as biomarkers

of colorectal cancer
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Abstract

Relevance. Colorectal cancer (CRC) is the second leading cause of cancer mortality worldwide. Non-invasive
diagnostic methods based on the determination of hidden blood in the stool (fecal immunochemical test, guaiac
test), which have been proven to be effective in clinical studies, are used for CRC screening. However, a significant
disadvantage of the available non-invasive diagnostic methods is the low sensitivity in detecting the oncological
process at the early stages. A number of recent studies discuss the relationship between the disease and various
potentially oncogenic microorganisms in the human intestinal tract, which can be used to expand the arsenal of
non-invasive methods for diagnosing CRC based on molecular genetic examination of a stool sample to identify
oncogenic microorganisms.

The aim of this study was to evaluate the possibility of using genetic determinants of potentially oncogenic
microorganisms as markers for colorectal cancer, based on a comparison of their prevalence in groups of patients
with colorectal cancer, facultative precancerous diseases and patients without intestinal pathology.

Materials and methods. 215 participants were included in the "case—control" study: 70 patients with newly
diagnosed colorectal cancer, 70 patients with inflammatory bowel disease, 75 participants without diagnosed
intestinal pathology. Polymerase chain reaction (PCR) was used to identify and detect genes of potentially
oncogenic microorganisms.

Results and discussion. An association was found between CRC and the presence of the Bacteroides fragilis
fragilisin gene (OR 7.00; 95% CI: 2.55-22.50; p < 0.001), species-specific genes of the periodontal pathogenic
microorganisms Fusobacterium nucleatum (OR 5.61; 95% CI: 2.87-11.30; p < 0.001) and Porphyromonas
gingivalis (OR 16.3; 95% Cl: 4.33-106.00; p < 0.001), the c/lbB gene of pks pathogenicity island of the enterobacteria
(OR 3.44; 95% CI: 1.39-8.51; p = 0.010).

Conclusion. The presence of genetic markers of potentially oncogenic bacterial species and genotypes in the gut
microbiome is associated with colorectal cancer. The results obtained support the possibility of using molecular
genetic detection of the studied potentially oncogenic microorganisms as a method for non-invasive diagnosis of
CRC.

Keywords: colorectal cancer, microbiota, microbial markers, potentially oncogenic microorganisms, non-invasive
diagnosis, screening
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OpuirnHanbHoe nccnefoBaHne
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JleTeKumna reHeTNYeCKNX AeTepMUHAHT NOTEHLUANbHO
OHKOreHHbIX NpeAcTaBuTeNell MUKPOOGMOTbI KNLLEeYHMKa
B KauecTBe 6110MapKepoB KONIOPEeKTa/IbHOro paka

Llymunoa B.H.™, ToHuapoB A.E."2, AsapoB [1.B."2, CutknH C.1."*3, Natapus 3.J1.),
AcnaHoB b.W.',bo6pakos M.A.!, Tony3sos P.3."

'CeBepo-3anagHblii rOCYyAapCTBEHHDBIV MEAULIMHCKII YHUBepcuTeT umeHn U.W. MeuHnkoBa, CaHkT-MNeTepbypr, Poccns;

2NHCTUTYT SKCNepUMeHTanbHo MeauumHbl, CaHkT-MNeTepbypr, Poccns;
3HaynoHanbHbI MEAULIMHCKWIA NCCefoBaTeNbCKUiA LeHTP nmeHn B.A. AnmasoBa, CaHkT-lMeTepbypr, Poccun

AHHOMauus

BeeaeHue. KonopektanbHbii pak (KPP) siBnseTca BTOpow NO 3HAYMMOCTW MPUYMHON CMEPTHOCTM OT paka B
mupe. [na ckpuHuHra KPP npumMeHsioTcst HeMHBa3BHbIE METOAbI AMArHOCTUKWN, OCHOBaHHbIE Ha onpeaeneHun
CKpbITON KPOBM B CTyrne (dhekanbHbIn UMMYHOXUMWUYECKUIA TECT, rBasikOBbIN TECT), XOPOLLO 3apeKoMeHA0BaBLUIMe
cebs B knuHuM4ecknx ncenegosaHnsax. OgHako CylecTBEHHbIM HEAOCTATKOM HEWHBA3WBHbLIX METOAO0B AMarHo-
CTUKW SIBMISIETCA HEBbICOKAsi YyBCTBUTENbHOCTb NPW BbISIBIEHUM OHKOIOrMYECKOro npouecca Ha paHHUX CTaausix.
B psge coBpemeHHbIx paboT obcyxaaeTcs cBs3b 3aboneBaHns C PasnMyHbIMU MOTEHLUMANbHO OHKOTeHHbIMU
MukpoopraHnsmamu (MO) B kMLEYHOM TPaKTe YernoBeka, KoTopble MOryT BbiTb MCMOMNb30BaHb! AN pacluMpeHns
apceHana HevHBa3uBHbIX MeTofoB AnarHocTukn KPP Ha ocHoBe MOMeKynspHO-reHeTUYECKOro nccregoBaHus

obpasua kana ana naeHTUduKaumm oHkoreHHbix MO.

Llenb nccnegoBaHnsa — oueHKa BO3MOXHOCTU UCMONb30BaHUSA FEHETUYECKMX OETEPMUHAHT NOTEHUMANbHO OH-
koreHHbIx MO B kadectBe MapkepoB KPP, ocHoBaHHas Ha COMOCTaBlEHUN UX PacnpoCTPaHEHHOCTU B rpynnax
naumeHToB ¢ KPP, dhakynbsTaTuBHbIMI NpeapakoBbiMU COCTOSAHUAMU M MAUMEHTOB 6€3 NaToNormm KULWEeYHUKa.

Matepuansi u metoabl. B nccnegosaHme, opraHnsoBaHHOE NoO An3aviHy «Cy4an—KOHTPOrb», ObINO BKNIOYEHO
215 yyacTHukoB: 70 naumeHToB ¢ BnepBsble BbisiBNeHHbIM KPP, 70 nauneHToB ¢ BocnanuTenbHbiMy 3aboneBaHus-
MM KMLLIEYHMKA, 75 y4acTHNKOB 6e3 AMarHOCTMPOBaHHOM NAToNorMm KuwevHuka. [JeTekumno reHoB NoTeHumnansHo

OHKoreHHbIx MO ocyLuecTBnAny ¢ NOMOLLBIO MeToAa MNONIMMEPA3HOW LIENHON peakLmn.

Pe3ynbraTbl n obcyxaeHue. YctaHoBneHa cBsasb mexay KPP v Hannumvem reHa dparunusmHa Bacteroides
fragilis (OW = 7,00; 95% OW 2,55-22,50; p < 0,001), Bugocneundunyeckux reHoB MapOAOHTONATOrEHHbIX
MO Fusobacterium nucleatum (OWl = 5,61; 95% AW 2,87-11,30; p < 0,001) n Porphyromonas gingivalis
(Ol =16,3; 95% AW 4,33-106,00; p < 0,001), reHa c/bB ocTpoBa natoreHHoCTH pks aHTepobakTepuii (OLL = 3,44;

95% AW 1,39-8,51; p = 0,010).

3aknrouyeHue. Hanvuve B coctaBe KULLIEYHOTO Mvn(po6moma reHeTU4eCKMX MapKkepoB NnoTeHunanbHO OHKOreH-
HbIX BMOOB 68KTeleﬁ accoumnpoBaHo C KPP. nOJ'Iy‘-IEHHbIe pesynbratbl 060CHOBLIBAOT BO3MOXXHOCTb npumMme-
HEeHWNA MOJ'IeKyJ'IFIpHO-FeHeTI/NeCKOVI AeTekumnm N3y4YeHHbIX noTeHunanbHO OHKOreHHbIX MO B kadecTBe mMeToaa

HenHBasnBHOW anarHocTukn KPP.

KnioueBble crioBa: KoslopekmarsbHbIl pak, MUkpobuoma, MUKpobHbie MapKepbl, MOMeHYUanbHO OHKO2EeHHbIe

MUKpPOOp2aHU3Mbl, HeUH8a3ugHasi duazHOCMUKa, CKPUHUH2

Amuyeckoe ymeepxdeHue. VccrneqoBaHne npoBoAMIoch nNpu Ao6poBObHOM MHPOPMUPOBAHHOM Corflacum nauu-
eHTOB 1 6bino ogobpeHo Ha 3acefaHun JlokanbHoro atuyeckoro komuteta C3rMY um. U.U. MeyHnkoBa (npoTtokon

Ne 10 ot 03.11.2021).

HUcmoyHuk d)uuchupoeaHun. ABTOpr 3asaBnaT 06 OTCYTCTBUM BHeLUHEero d)I/IHaHCI/IpOBaHVIﬂ npun npoesegeHun

nccnenoBsaHuA.

KoHgbnukm uHmepecos. ABTOPbI AeKNapupyoT OTCYTCTBUE SIBHLIX U NOTEHUMAmNbHbIX KOHMUKTOB MHTEPECOB, CBSI-

3aHHbIX C NyGnunkaumen HacTosLLen cTaTbu.

Ansi yumupoeaHus: lWymunosa B.H., l'oHyapos A.E., Asapos [O.B., Cutkun C.W., Nartapua 3.J1., AcnaHos B.U.,
Bobpakos M.A., Tony3os P.3. [leTekums reHeTU4eCKX AETEPMUHAHT NOTEHLMANBHO OHKOTEHHbIX MPeAcTaBmTenen Mu-
KpOOMOTbI KMLLEYHUKA B Ka4ecTBe BMomMapKepoB KoNopekTanbHOro paka. XKypHan mukpobuonozauu, anudemuonoauu u

ummyHobuonoauu. 2024;101(5):668—678.
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Introduction

Colorectal cancer (CRC) is the 3rd most common
type of cancer and the 2nd leading cause of cancer mor-
tality in the world [1]. It is noteworthy that the inci-
dence of colorectal cancer is increasing among people
under 50 years of age [2]. Noninvasive (stool blood
test, guaiac test and fecal immunochemical test (FIT))
and invasive (flexible rectoromanoscopy, colonoscopy)
diagnostic methods are used to detect colorectal can-
cer. The obvious advantages of non-invasive diagnostic
methods are their simplicity and availability for screen-
ing examinations of persons at risk.

The use of noninvasive diagnostic methods, such
as FIT, in screening examinations can achieve a 27%
reduction in mortality from CRC [3]. A meta-analysis
of the results of 4 randomized controlled trials demon-
strated that the use of guaiac test and flexible rectoro-
manoscopy contributes to the reduction of CRC morta-
lity by 18% and 26%, respectively [4].

However, a significant disadvantage of noninva-
sive methods is their low diagnostic sensitivity at ear-
ly stages of the disease. Thus, the sensitivity of FIT at
stage I of CRC is 68% (95% CI 57-78%), at stage Il —
92% (95% CI 87-96%), at stage 11l — 82% (95% CI
73-89%) [5]. Thus, there is a need to expand the arsenal
of available non-invasive methods for CRC screening.

Specific features of the quantitative and qualita-
tive composition of the microbiota can act as diagnostic
markers of CRC, which is discussed in detail in reviews
devoted to the role of the intestinal microbiota in the
development and diagnosis of intestinal cancer [6, 7].
Numerous studies have revealed changes in the compo-
sition of the intestinal microbiome associated with the
development of CRC, which suggests the possibility
of using the identification of individual representatives
of the intestinal microbiome as an independent meth-
od of noninvasive diagnosis of CRC or as an addition
to existing noninvasive methods.

The first classification model based on intestinal
microbial markers and allowing to distinguish patients
with CRC from controls was proposed by G. Zeller et
al. [8]. The classification algorithm included data on
the relative abundance of 22 microorganism species
(MOs), but at least half of the predictive power of the
model was determined by only 4 species: two Fusobac-
terium species, Porphyromonas asaccharolytica and
Peptostreptococcus stomatis, the presence of each of
which was elevated in CRC.

Authors from the Chinese University of Hong
Kong developed a diagnostic model demonstrating
specificity of 81.2% and sensitivity of 93.8% when
combining FIT and 4 bacterial markers (the “m3”
marker gene of “Lachnoclostridium” sp., Fusobacte-
rium nucleatum, Hungatella hathewayi (baseonym:
Clostridium hathewayi) and Bacteroides clarus) [9].
In an earlier study, an experimental model based on 23
MOs from the Oscillospiraceae (heterotypic synonym:

ORIGINAL RESEARCHES

Ruminococcaceae) and Lachnospiraceae families, the
Bacteroides, Porphyromonas, Parabacteroides, Col-
linsella genera and the Enterobacteriaceae family de-
tected 91.7% of CRC cases in a sample of 490 patients,
compared to 75.0% of cases detected by FIT [10].

The MOs most closely associated with CRC in-
clude both some oral pathobionts and intestinal bacte-
ria. The former, in addition to the already mentioned
representatives of the genera Fusobacterium, Porphy-
romonas and Peptostreptococcus, include Parvimonas
micra, Gemella morbillorum, Tannerella forsythia and
some other species [11]. Intestinal bacteria are most
often represented by enterotoxigenic strains of Bacte-
roides fragilis, pathogenic and opportunistic bacteria of
the Enterobacteriaceae family (Escherichia coli, Sal-
monella spp., Klebsiella pneumoniae, Citrobacter ro-
dentium), as well as Campylobacter jejuni, Morganella
morganii, Enterococcus faecalis, Clostridioides diffi-
cile and others [12].

Based on the results of the literature review, we
selected the MOs most frequently associated with CRC
according to research data. We included colibactin-pro-
ducing Enterobacteriaceae carrying the clbA and clbB
genes as part of the pks pathogenicity island, fragi-
lysin-producing Bacteroides fragilis carrying the bft
gene, periodontal pathogenic bacteria Fusobacterium
nucleatum and Porphyromonas gingivalis among the
potentially oncogenic MOs [6]. An additional factor
in favor of including these MOs in the list of potential
oncogenes was their association with the stage (pro-
gression) of CRC, prognosis/survival and resistance to
therapy in patients with CRC [13, 14].

Taking into account probable regional, ethnic and
other peculiarities of quantitative and qualitative com-
position of intestinal microbiota, it is urgent to assess
the prevalence of the above mentioned potentially on-
cogenic MOs among the Russian population and their
role in the development of CRC.

The aim of this study is to evaluate the possibility
of using genetic determinants of potentially oncogenic
MIs as markers of CRC, based on the comparison of
their prevalence in groups of patients with CRC, fac-
ultative precancerous conditions and patients without
intestinal pathology.

Materials and methods

On the basis of clinical departments of the Peter
the Great Clinic of the I.I. Mechnikov NWSMU and the
City Oncologic Dispensary of St. Petersburg in 2022—
2024 a case-control study was conducted. A case-con-
trol study was conducted in 2022-2024 at the Peter the
Great Clinic of the I.I. Mechnikov NWSMU and the
City Oncologic Dispensary of St. Petersburg. The study
included 215 participants: a group of 70 patients with
diagnosed CRC (CRC group); a group of 70 patients
with inflammatory bowel diseases (ulcerative colitis,
Crohn's disease — IBD group); 75 participants without



KYPHAJ1 MUKPOBNONOTUW, SNMUAEMMNONOTUUA N UMMYHOBWUOJTOTUN. 2024; 101(5) 671

DOI: https://doi.org/10.36233/0372-9311-564

OPUTVHANbBbHbBIE NCCITIEAOBAHNA

Table 1. Nucleotide sequences of primers for identification of potentially oncogenic microorganisms

GenBank Accession . .
Target gene number Forward primer/reverse primer Source

) . 5-CTCCACAGGAAGCTACTAAC-3'

The clbA pks+ (polyketide synthase) gene of E. coli CP155641.1 5-CGTGGTGATAAAGTTGGGAC-3' [15]
5-GCAACATACTCGCCCAGACT-3'

The clbB pks+ (polyketide synthase) gene of E. coli CP155641.1 5'-TCTCAAGGCGTTGTTGTTTG-3' [16]

probe FAM (5'-CAAGGTGCGCGCTAGGCTGT-3');

The fragilisin (bft) gene synthesized AF103902.1 5'-GAACCTAAAACGGTATATGT-3' [15]
by enterotoxigenic B. fragilis : 5'-GTTGTAGACATCCCACTGGC-3'
: : 5-GCAGTTTCTGCTTCAGCATTT-3'

fadA adhesion protein gene of F. nucleatum DQ012973.1 5-TGCTTGAAGTCTTTGAGCTCTTT-3' [17]

fimA gene for biofilm formation of P. gingivalis AB195793.1 5-TGCGACGCTATATGCAAGAC-3 [17]

5-TCTTCAAAACCACGCTGATG-3'

diagnosed bowel pathology (control group). The study
was conducted with voluntary informed consent of the
patients and was approved at the meeting of the Lo-
cal Ethical Committee of the I.I. Mechnikov NWSMU
(protocol No. 10 0f 03.11.2021).

In the group of patients with CRC the distribu-
tion by stages of oncologic process taking into account
TNM classification was as follows: stage 0 — 1 patient;
stage 1 — 17 patients; stage 2 — 13 patients; stage 3 —
37 patients; stage 4 — 12 patients.

Inclusion criteria for patients from the CRC group:
age over 18 years; diagnosis of CRC established for the
first time on the basis of anamnesis, physical examina-
tion, morphological examination of tumor material, data
of instrumental and laboratory methods of examination;
receipt of clinical material (feces) from the patient.

Inclusion criteria for patients from the IBD group:
age over 18 years; diagnosed IBD.

Inclusion criteria for patients from the control
group: age over 18 years; no diagnosed IBD and CRC.

Exclusion criteria for all study groups: taking an
antibacterial drug for the last 30 days and/or undergo-
ing endoscopic examination (colonoscopy, rectoma-
noscopy) for the last 14 days before the submission of
clinical material (feces).

Samples of clinical material obtained from study
participants were stored at —20°C until molecular genet-
ic studies were performed.

DNA from fecal samples for polymerase chain re-
action (PCR) was isolated by magnetic particle sorption
using the MetaFec reagent kit (Raissol). The primer se-
quences used earlier for identification of potentially on-
cogenic MOs were applied in PCR (Table 1).

To identify potentially oncogenic MOs, quantita-
tive PCR with hybridization-fluorescence detection
(Bio-Rad CFX96 Thermal Cycler) was performed for
clbB pks* and qualitative PCR (Bio-Rad T100 Ther-
mal Cycler) with electrophoretic detection for other
markers.

No cases of nonspecific amplification were de-
tected.

The results of marker genes amplification were
validated by capillary sequencing of amplicons on the
GenomelLab GeXP device (Beckman Coulter, Inc.),
and in all cases the sequences corresponding to the se-
quences of target fragments of marker genes presented
in GenBank were obtained (Table 1). Aliquots of total
DNA from the first 5 samples of biological material, in
which positive PCR results were obtained, were used
as positive controls after confirmation of amplification
specificity by sequencing, and sterile deionized water
served as a negative control.

R program (RStudio) was used for statistical data
processing. To quantify the association of potentially
oncogenic MOs with CRC, odds ratios (ORs) and 95%
confidence intervals (CI) to them were determined.
Sensitivity, specificity and CI were calculated using the
Epitools! program. The results were considered statisti-
cally significant at p < 0.05.

Results

The study of clinical material samples by PCR
allowed us to determine the detection rates of genetic
markers of potentially oncogenic MOs in patients with
CRC at different stages of the disease and in the com-
parison groups (Fig. 1). A higher prevalence of poten-
tially oncogenic markers was detected in patients with
CRC compared to patients with CRC and control group
participants. There was a direct correlation between the
stage of cancer and the prevalence of potentially onco-
genic markers, in particular, . nucleatum DNA, and a
higher frequency of detection of periodontal pathoge-
nic MOs at late stages of the cancer process. Colibac-
tin-producing bacteria carrying the c/bB gene of the pks
pathogenicity island prevail at early tumor stages.

The association of some potentially oncogenic
representatives of the intestinal microbiome with CRC
was observed in the course of the case-control study
(Table 2). Thus, the presence of the bff gene of entero-

! Epitools — Epidemiological Calculators.
URL: http://epitools.ausvet.com.au
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The prevalence of potentially oncogenic microorganisms in patients with CRC at various stages of the disease
and in comparison groups.

toxigenic B. fragilis was significantly different between
the groups of patients with IBD and patients with CRC
and associated with the microbiome of patients with
CRC (OR = 3.25; 95% CI 1.16-10.6; p = 0.033). Fur-
thermore, a higher prevalence of this gene was found
in patients with CRC compared to patients with IBD,
while the enterotoxigenic B. fragilis gene was not de-
tected in samples from participants in control group.

According to the data of this study, the presence
of DNA of the periodontal pathogenic MO F. nuclea-
tum was found to be associated with CRC, and its
detection rate differed between the case and control
groups. In patients with IBD, CRC was associated
with the presence of DNA from another periodon-
tal pathogenic MO, P. gingivalis (OR = 7.75; 95% CI
2.03-50.9; p = 0.009). The frequency of F. nucleatum
DNA identification was higher in patients with CRC
(44%) compared to patients with IBD (22%) and con-
trol group participants (5.3%). A high prevalence of
P. gingivalis DNA was found in CRC patients (in 19%
of samples) compared to IBD patients (in 2.9% of sam-
ples), P. gingivalis DNA was not detected in control
group participants.

This study found that the presence of the c/bB
gene of the pathogenicity island of Enterobacteriaceae
pks (OR = 5.47; 95% CI 1.49-20.14; p = 0.015) was
associated with CRC and allowed us to separate the mi-
crobiome of patients with this pathology from that of
control participants. The detectable Enterobacteriaceae
pks pathogenicity island c/bB gene was found in 19%
of samples from patients with CRC, in 8.6% from pa-
tients with IBD, and in 4% from control participants.
In contrast, the frequency of ¢/b4 gene identification
did not differ between the comparison groups. The c¢/bA
gene was identified in 10% of samples from patients
with CRC, in 13% of samples from patients with IBD,
and in 4% of samples from control group participants.

In patients with CRC, the frequency of detection
of markers of potentially oncogenic MOs did not de-

pend on tumor localization: detection of F. nucleatum
in tumors of distal location in 14 cases, proximal loca-
tion — in 15 cases; P. gingivalis — in 5 and 7 cases;
clbB gene of the Enterobacteriaceae pks pathogenicity
island — in 6 and 7 cases; ¢/bA4 gene — in 2 and 5 cas-
es; fragilisin bft gene of enterotoxigenic B. fragilis — in
6 and 7 cases, respectively. No significant differences
related to the morphological type of the tumor were re-
vealed (detection of F. nucleatum in 18 cases of highly
differentiated tumor, in 13 cases of low-differentiated
tumor; P. gingivalis — in 6 and 7 cases; c/bB gene of
the Enterobacteriaceae pks pathogenicity island — in
7 and 6 cases; c/bA gene — in 4 and 3 cases; fragili-
sin bft gene of enterotoxigenic B. fragilis — in 6 and 8
cases, respectively). Thus, the detection of markers of
potentially oncogenic MOs allows to distinguish CRC
regardless of the localization and morphological type
of tumor.

Taking into account the obtained data, we calculat-
ed the sensitivity and specificity of the diagnostic test,
which allows us to distinguish the microbiomes of pa-
tients with CRC from the microbiomes of patients with
IBD and control group participants in case of separate
and joint detection of genetic determinants of potential-
ly oncogenic MOs (Table 3). The optimal (in terms of
combination of sensitivity and specificity) variant of
testing seems to be the one that takes into account the
fact of DNA identification of at least 1 out of 5 potential
microbial onco-markers.

Discussion

In the present study, we evaluated the prevalence
of potentially oncogenic CRC-associated MOs among
residents of a Russian megacity with diagnosed CRC,
IBD and individuals without intestinal tract pathology.

It is known that B. fragilis is a commensal repre-
sentative of the intestinal microbiota. Both non-toxige-
nic strains of B. fragilis (not associated with CRC) [18]
and enterotoxigenic B. fragilis synthesizing fragilisin,
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Table 2. Representatives of the intestinal microbiome associated with CRC

OR (95% Cl)

| CRC/Control | CRC + IBD/Control | CRC/IBD + Control

CRC/IBD

Control, n (%)

IBD, n (%)

CRC, n (%)

Target gene

55-22,5)

7(2
5,61

3,25 (1,16-10,6)
3,18 (1,52-6,9)

0 (0%)
4 (5,3%)
0 (0%)
3 (4,0%)
3 (4,0%)

—

5(7,1%

14 (20%)
31 (44%)
13 (19%)
7 (10%)
13 (19%)

Note. » — due to the zero value of the denominator, it is not possible to calculate the OR indicator.

Fragilisin bft gene of enterotoxigenic B. fragilis

2,87-11,3)

~

8,41 (2,89-24,46)

14,1 (5,13-50,1)

—

14 (20%
2(2,9%

fadA adhesion protein gene of F. nucleatum

4,33-106)
0,44-3,21)

-~

16,3
1,23
3,44

]

7,75 (2,03-50,9)

—_

fimA gene for biofilm formation of P. gingivalis

=

3,09 (0,87-10,99)

0,75 (0,25-2,15) 2,67 (0,71-12,8)

2,43 (0,9-7,31)

—

9 (13%
6 (8,6%

The gene clbA of the pks pathogenicity island of E. coli

1,39-8,51)

~

3,77 (1,08-13,18)

5,47 (1,49-20,14)

—

The gene clbB of the pks pathogenicity island of E. coli

a toxin that cleaves the cell adhesion protein E-cadhe-
rin, disrupting the intestinal barrier and contributing to
the development of diarrhea, are present in the gastroin-
testinal tract [19]. In addition, this toxin can activate the
implementation of the Wnt/B-catenin signaling path-
way, promoting cell proliferation, induction of inflam-
matory mediator production, and carcinogenesis [20].
The toxin of B. fragilis is encoded by the bft gene with
3 isotypes (bft 1, bft 2, bft 3), which is located in the
pathogenicity island (PAI) and flanked by genes enco-
ding mobilization proteins and representing CTn86 and
CTn9343 conjugative transposon sequences. Non-toxi-
genic strains of B. fragilis do not possess a pathogenici-
ty island, but in the presence of conjugative transposons
in some strains PAI can transfer from enterotoxigenic
B. fragilis to non-toxigenic strains of B. fragilis [21].
The role of enterotoxigenic B. fragilis as a “driver” in the
“driver-passenger” model has been established, which
consists in the damage of epithelial DNA by “driver”
bacteria, which leads to the development of carcinogen-
esis and changes in the microbial community; further
in the process of oncogenesis, “drivers” are displaced
by commensal bacteria - “passengers” with tumor-pro-
moting properties [22]. Enterotoxigenic strains of
B. fragilis can inhibit the exosomal microRNA
miR-149-3p, which mediates intercellular interactions
by modulating the differentiation of Th17 cells, con-
tributing to inflammation and carcinogenesis in the
intestine [23].

The association of enterotoxigenic B. fragilis with
CRC identified in our study was confirmed in different
ethnic cohorts. For example, in the Iranian population,
the frequency of bft gene detection in colorectal biopsy
specimens of patients with CRC ranged from 30.5 to
47% compared with control group participants — up
to 6.25% of biopsy specimens [24, 25]. Moreover, a
higher prevalence of enterotoxigenic B. fragilis in bi-
opsy specimens was found among patients from Tehran
with ulcerative colitis compared to individuals without
intestinal pathology [26]. In Canadian and French co-
horts of patients with CRC, a high prevalence of entero-
toxigenic B. fragilis was found (up to 32% of samples)
compared to control subjects [15, 19]. The results of
the European Prospective Investigation into Nutrition
and Cancer (EPIC) showed that in the European cohort
IgA- and IgG-seropositivity to enterotoxigenic B. fra-
gilis and genotoxic E. coli was significantly associated
with the development of CRC [27].

F nucleatum is a Gram-negative non-spore-form-
ing obligate anaerobic MO of the family Fusobacteri-
aceae and is the dominant MO in dental plaque bio-
films [28]. F. nucleatum promotes carcinogenesis and
metastasis through multiple mechanisms: promotes
proliferation of myeloid suppressor cells; accelerates T
cell apoptosis, suppresses T cell proliferation, thereby
orchestrating a tumor microenvironment that promotes
oncogenesis and metastasis; induces expression of the
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Table 3. Characterization of sensitivity and specificity of identification of potentially oncogenic microorganisms

for the diagnosis of CRC

Parameter of the diagnostic method CRC, n| IBD + control, n Sensitivity, % (95% ClI) Specificity, % (95% ClI)
Detection of the c/bA gene 7 11 10 (5-19) 92 (86-95)
Detection oflthe lfrag|||sm 'blftgene 14 5 20 (12-31) 97 (92-99)
of enterotoxigenic B. fragilis
Detection the fadA adhesion protein gene 31 18 44 (33-56) 88 (81-92)
of F. nucleatum
Detect_ion the ﬁmA gene for biofilm 13 5 19 (11-29) 99 (95-99)
formation of P. gingivalis
Detection of the c/bB gene 13 9 19 (11-29) 94 (89-97)
Detection of 1 or more microorganisms 36 27 51 (39-64) 81 (74-87)
Detection of 2 or more microorganisms 22 10 31 (21-44) 93 (88-97)
Detection of 3 or more microorganisms 12 17 (9-28) 97 (93-99)
Detection of 4 or more microorganisms 9(3-18) 98 (94-100)
Detection of 5 or more microorganisms 3(0,35-10,00) 99 (95-100)

molecular structure protein S100A9 and triggers activa-
tion of M2 macrophages via nuclear factor-xB, thereby
activating tumor cell proliferation and migration; sti-
mulates the proliferation of Foxp3+ regulatory T cells
and inhibits the proliferation and function of effector
T cells, impeding the antitumor immune response; in-
duces the secretion of circulating exosomes, enhancing
tumor invasion; furthermore, a possible role of F. nu-
cleatum in resistance to tumor immunotherapy and
chemotherapy [29]. A key virulence/oncogenicity fac-
tor of F. nucleatum is the adhesin FadA, which regu-
lates annexin Al expression via E-cadherin. Induction
of annexin A1, which is a modulator of Wnt/B-caten-
in, specifically stimulates colorectal carcinoma cells,
contributing to the progression of CRC [30]. Further-
more, F. nucleatum stimulates inflammatory and antia-
poptotic responses in CRC cells through the release of
ADP-heptose and activation of the ALPK1/TIFA axis
[31]. Recently, a distinct Fna C2 clade of F. nucleatum
associated with CRC has been characterized, which ex-
hibits increased virulence [32].

According to a study conducted by J. Jones et al.,
it is . nucleatum and enterotoxigenic B. fragilis repre-
sent two key pathobionts that promote oncogenic repro-
gramming of intestinal epithelial cells [11].

P gingivalis is an anaerobic oral bacterium that
causes chronic periodontitis. Over the past decade, the
mechanisms by which P. gingivalis promotes tumor
progression and stimulates cell invasion and metastasis
of tumor cells have been identified. These mechanisms
include increased expression of proinflammatory fac-
tors and matrix metalloproteinases that degrade the bas-
al membranes and extracellular matrix of the intestinal
epithelium [33].

According to these studies, an association was
found between the presence of periodontopatho-
genic bacteria in fecal samples and biopsy material

from CRC. A case-control study using metagenomic
sequencing revealed that the detection rate of Fuso-
bacterium was higher in CRC patients (31.9% vs.
11.7% in controls) and the development of CRC was
associated with the presence of F. nucleatum (OR =
4.11; 95% CI 1.62-10.47; p = 0.004) and P. gingivalis
(OR = 5.17; 95% CI 1.75-15.25; p = 0.001) [34]. A
study conducted in France revealed that the preva-
lence of F. nucleatum was higher among patients with
CRC (70.4%) compared to individuals without intesti-
nal pathology [19].

P. gingivalis and F. nucleatum, oral bacteria be-
longing to the so-called red and orange complexes, can
not only induce chronic inflammation but also promote
oncogenesis in both the oral cavity and intestine, possi-
bly having a synergistic effect [35].

It should also be noted that all three oncogenic
bacteria (£ nucleatum, B. fragilis and P. gingivalis) are
potentially associated not only with the development of
CRC, but also with a worse prognosis for patients (low-
er survival rate) [13, 14]. Furthermore, the results of our
study indicate a direct relationship between the stage
of the cancer process and the prevalence of periodontal
pathogenic MOs F. nucleatum and P. gingivalis.

Various authors have also found colibactin-pro-
ducing genotypes of Enterobacteriaceae to be associat-
ed with CRC. Colibactin is a genotoxin that causes dou-
ble-stranded DNA breaks, cell cycle arrest, and chromo-
somal instability in eukaryotic cells. It is synthesized by
an assembly line of non-ribosomal polyketide synthase
(pks) consisting of 19 genes (c/bA to c¢[bS) located on
a 54 bp genomic island [36]. The pks island is present
in the genomes of K. pneumoniae, K. aerogenes (ba-
sonym: Enterobacter aerogenes), Citrobacter koseri,
and in the phylogenetic groups of E. coli [19]. Infection
may occur at early stages of ontogenesis: it is known
that transmission of colibactin-producing genotypes



KYPHAJ1 MUKPOBNONOTUW, SNMUAEMMNONOTUUA N UMMYHOBWUOJTOTUN. 2024; 101(5)

DOI: https://doi.org/10.36233/0372-9311-564

675

OPUTVHANbBbHbBIE NCCITIEAOBAHNA

of Enterobacteriaceae occurs in the perinatal period
during passage through the birth canal (the c/bB gene
was detected in 87.5% of children born naturally, in
12.5% — by cesarean section) and as a result of breast-
feeding [37]. The frequency of ¢/bN gene detection was
higher in CRC patients (49.4%) compared to control
participants (24%; p < 0.005), with a high prevalence
(72.2%) found in the last stage IV compared to stage
I/IT CRC (42.3%; p < 0.05) and stage 111 CRC (43.2%;
p < 0.05) [19]. In a Japanese cohort study (543 col-
orectal neoplasia cases (22 CRC and 521 adenomas),
425 control participants), pks*™-E. coli was found in
32.6% of fecal samples from patients with colorec-
tal neoplasia and in 30.8% from control participants
[38]. Also among the Canadian cohort, the frequency
of colonization with pks™ bacteria was found not to
differ between control group participants (42%) and
CRC patients (46%), notably, pks* bacteria were com-
mon in advanced stages of CRC (40/79; 52%) com-
pared to early tumor stages (3/15; 20%; p <0.05) [15].
In a cohort study, pks*-E. coli was detected in 9.44%
(111/1175) of biopsy specimens from patients with
CRC, with DNA pks*-E. coli was inversely associated
with the stage of tumor process (p = 0.008) [16]. Our
study revealed a high prevalence of the ¢/bB gene of
the pathogenicity island of pks™-E. coli at the I stage of
the cancer process.

Conclusion

The results of this study allow us to conclude that
CRC in patients of a large metropolitan area is associa-
ted with the presence of genes of potentially oncogenic
bacteria in the intestinal microbiome, in particular, spe-
cies-specific genes of periodontal pathogens F. nuclea-
tum, P. gingivalis, toxin-fragilisin bft gene of B. fragi-
lis, polyketide synthase c/bB gene of Enterobacteria-
ceae pks pathogenicity island. The results obtained are
consistent with the current ideas about the pathogene-
tic role of these bacteria and/or their toxin-producing
strains in CRC.

Molecular genetic detection of the above gene-
tic determinants of potentially oncogenic MOs can
be applied as a method of non-invasive diagnosis of
CRC regardless of the localization and morphological
type of tumor, both separately and together with other
recommended tests.

Given the available data on the association of these
bacteria with the stage/progression of CRC, prognosis/
survival and resistance to immunotherapy and chemo-
therapy, we can assume the possibility of their use as
non-invasive biomarkers for predicting the course and
outcomes of CRC, response to antitumor therapy, and
in the future for the development of appropriate cancer
prevention measures, including personalized correction
of oral and intestinal dysbiosis and/or their sanitation.
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Analysis of influenza epidemics during the COVID-19 pandemic
using an improved surveillance system (from 2021 to 2024)

Ludmila S. Karpova™, Maria Yu. Pelikh, Kirill A. Stolyarov, Ksenia M. Volik,
Tatyana P. Stolyarova, Daria M. Danilenko

Smorodintsev Research Institute of Influenza, St. Petersburg, Russia

Abstract

Aim. Assessing the effectiveness of new baselines and intensity thresholds of epidemics based on rates of
incidence and hospitalization with a diagnosis of “influenza” to clarify the timing of epidemics and their spread
throughout the Russian Federation against the backdrop of the COVID-19 pandemic (from 2021 to 2024).
Materials and methods. At the A.A. Smorodintsev Influenza Research Institute, the software was reformed
taking into account the need to solve the tasks set during the COVID-19 pandemic. Due to changes in influenza
surveillance in relation to the diagnosis of “influenza”, and hence the increase in the registration of influenza
cases, the baseline and threshold of epidemics were adjusted for the influenza incidence and hospitalization rates
in the surveyed cities in total (61) and for each Federal districts (over the entire population and by age groups) for
3 epidemics against the background of COVID-19 pandemic (2021-2022, 2022-2023, and 2023—-2024).
Results. A comparison of baselines calculated over the previous 6 seasons based on the incidence and
hospitalization rates of mostly clinically diagnosed influenza and new baseline levels ofincidence and hospitalization
rates of mostly laboratory-confirmed influenza during the pandemic showed minor changes in the indicators of
baseline incidence and hospitalization rates while epidemic thresholds for these indicators increased.
Conclusion. Against the backdrop of the COVID-19 pandemic during the 2020-2021 season, there was no
influenza epidemic. In 2021-2022, the A(H3N2) epidemic was of low intensity in terms of incidence, hospitalization
rates and low mortality (2 cases). In 2022-2023, the influenza A(H1N1)pdm09 and B epidemic was of moderate
intensity in terms of incidence, with a high frequency of hospitalizations and mortality (120 cases). Influenza A(H3N2)
and B epidemic in 2023—-2024 was of a “very high” level in terms of the influenza incidence, but average in terms
of the frequency of hospitalizations and mortality (41 cases), with higher incidence rate compared to the previous
epidemic (0.28% and 0.19% of the total population), including persons over 15 years of age (0.19% and 0.12%).

Keywords: influenza, COVID-19, baselines, intensity thresholds, morbidity, hospitalization, mortality
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AHanus anugemunin rpynna Ha poHe navgemun COVID-19
C UCNoNb30BaHNEM YyCOBEpLUIEHCTBOBAHHON CUCTEMbI
Haa3opa (¢ 2021 no 2024 rop)

Kapnoga J1.C.*, Menux M.10., Cronapos K.A., Bonuk K.M., Cronaposa T.M., JaHunexnko .M.
HayuHo-nccnepgoBaTtenbckuii MHCTUTYT rpunna nmeHn A.A. CmopogaurHuesa, CaHkT-TeTep6ypr, Poccua

AHHOMauus

Llenb pabotbl — oueHka adpeKkTUBHOCTM HOBbIX 6a30BbIx NuHMIA (BJT) n noporos uHteHcusHoctu (M) annge-
MU Mo 3aboneBaemMocTy U rocnuTanuaauny ¢ AMarHo30M «rpuynny» AN yTOYHEHUS] CPOKOB 3NMAEMUIA U UX pac-
npocTpaHeHuns no Tepputopum Poccun Ha boHe naHgemum COVID-19 (¢ 2021 no 2024 r.).

Matepuansl n meroabl. B HAW rpunna um. A.A. CmopoavHueBa npoBefeHo pedopmMupoBaHue nporpamm-
Horo obecneyeHust ¢ y4éTom HeobxoaAMMOCTM peLleHust NoCTaBneHHbIX 3aaay B nepvog naHgemum COVID-19.
B cBS13n ¢ n3MeHeHnsiM1 B HaA30pe 3a rpunnom B OTHOLLEHMW MOCTAHOBKU AMarHo3a «rpunn» u yBennyeHnem
perucTpauun cnyvaeB 3abonesBaHui, 6binm oTkoppekTupoBaHbl BI1 u MU anupgemunii no 3abonesaeMocTn rpun-
MoMm M YacToTe rocnuTanusauuii B Habniogaemom 61 ropoge v Ana kaxgoro dedepanbHOro okpyra (no Bcemy
HaceneHuo 1 No BO3pacTHbIM rpynnam) 3a 3 anugemun Ha poHe naHgemumn COVID-19 (2021-2022, 2022-2023
n 2023-2024 rr.).

Pe3ynbratbl. CpaBHeHune BJ1, paccuntaHHbIX 3a npeablayLuve 6 ce3oHOB no 3aboneBaemMoCcTy U YacToTe rocnu-
Tanusauun, B OCHOBHOM KMMHWYECKN ANarHOCTMPOBaHHBIM rpunnom, u Hoebix BJT 3aGoneeaemocTtu 1 rocnutanu-
3auun, B OCHOBHOM 1abopaTopHO NOATBEPXAEHHBIM FPUMNOM B NeEpUos NaH4eMUK, NoKa3ano He3Ha4YnTenbHbIe
n3mMeHeHuns B nokasatensax bJ1 3abonesaemocTtu n rocnutanuaauni, a N anngemuii No 3TMM nokasaTensm yse-
NNYNIUCS.

3akntoueHune. Ha doHe naHaemmm COVID-19 B ce3oH 2020-2021 rr. anMaeMumn rpunna He 6Gbino. B 2021—
2022 rr. anugemust rpunna A(H3N2) 6bina HU3Kow MHTEHCUBHOCTM MO 3a60eBaeMoCTy, YacToTe rocnuTanusaumum
1 HU3KOW netanbHocTH (2 cnyyas). B 2022-2023 rr. anngemus rpunna A(H1N1)pdmO09 n B 6bina cpegHen wH-
TEHCMBHOCTU MO 3ab60neBaeMoCTU C BbICOKOW YacTOTOM rocnuTanu3auunin n netansHocTeto (120 cnyyaes). dnu-
aemus rpynna A(H3N2) n B B 2023-2024 rT. N0 MHTEHCMBHOCTM 3a60neBaemMocTm Obinia 04eHb BbICOKOTO YPOBHS,
HO cpegHer no 4actoTe rocnuTanu3auun v netansHoctn (41 cnyyan), a 3aboneBaemMocCTb, N0 CPaBHEHUIO C
npeablaoyllen anvgemuers, 6eina 6onblue (0,28 u 0,19% Bcero HaceneHusi), B ToM yucne nuvy ctapwe 15 ner
(0,191 0,12%).

KnroueBble cnoBa: epurnn, COVID-19, 6a3oebie nuHuu, nopoau UHMeHcusHocmu, 3abonesaemocme, 2ocruma-
nusauyusi, nemarnbHoOcmb

BnazodapHocms. MpYHOCUMM UCKPEHHIO BrarogapHOCTL COTPYAHMKaM TeppUTOpUarbHbIX ynpasneHuin Pocnotpe6-
Haz3opa 3a NoAoTBOPHOE COTPYAHUYECTEO.

UcmoyHuk puHaHcuposaHus. ABTOpPbI 3asBNAIOT 006 OTCYTCTBUM BHELLHEro hMHaHCUPOBaHWs Npu NpoBeAeHnN 1c-
crnepoBaHus.

KoHdpbnnukm unmepecos. ABTOpbI AeKNapupyT OTCYTCTBMUE SBHbIX U MOTEHUMAnNbHbIX KOH(IMKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnmkaumen HacTosILen cTaTby.

Ans yumupoeaHrus: Kapnosa J1.C., MNMenux M.IO., Ctonspos K.A., Bonuk K.M., Ctonsaposa T.I., QaHuneHko .M. AHa-
nm3 anuaemuii rpunna Ha doHe naHgemun COVID-19 ¢ ncnonb3oBaHneM yCOBEPLLEHCTBOBAHHON CUCTEMbI HaA30pa
(c 2021 no 2024 rog). XKypHan mukpobuorozuu, anudemuonoauu u ummyHobuomnoauu. 2024;101(5):679-691.
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Introduction

A new coronavirus infection has been circulating
in Russia for the last 4 seasons. Against this background,
to accurately determine the start of the epidemic in the
country, it is necessary to use incidence data only for
influenza, without taking into account acute respirato-
ry viral infection (ARVI), because incidence data for
ARVI and COVID-19, which significantly outnumber
influenza during the pandemic, mask the place, time of
the start and nature of the development of the influenza
epidemic. Due to the similarity of the clinical course of
influenza, COVID-19 and other acute respiratory virus-
es, according to the Government Decree of December
14, 2022 Ne 2297, testing for influenza and other acute
respiratory viruses in hospitals and polyclinics is car-
ried out within the framework of the program of state
guarantees of free medical care for citizens and simul-
taneously with the polymerase chain reaction (PCR)
test for coronavirus'.

The aim of the study is to assess the effectiveness
of new base lines and intensity thresholds of epidemics
in terms of morbidity and hospitalization with the diag-
nosis of “influenza” to clarify the timing of epidemics
and their spread across Russia against the background
of the COVID-19 pandemic (from 2021 to 2024).

Materials and methods

At the A.A. Smorodintsev Influenza Research In-
stitute, the software was reformed taking into account
the need to solve the tasks set during the SARS-CoV-2
pandemic. The introduction of a new electronic system,
based on the creation of a flexible platform, allowed us to
respond quickly by changing or adding electronic forms
to the requirements for data collection and analysis and
uploading the results to the WHO global database [1].

Previously, we calculated baselines and thresh-
olds of influenza incidence for 6 seasons (from 2016-
2017 to 2022-2023) using the moving epidemic me-
thod adopted in the European influenza surveillance
system [2, 3]. Due to changes in influenza surveillance
regarding the diagnosis of influenza and other acute
respiratory infections, and hence the increase in in-
fluenza case registration, we adjusted the baselines
and thresholds of epidemics for influenza incidence
and frequency of hospitalizations diagnosed with
influenza in the observed cities (61 in total) and for
each federal district (FD) (for the whole population
and age groups) for 3 epidemics occurring against the
background of the COVID-19 pandemic (2021-2022,
2022-2023 and 2023-2024).

! Resolution of the Government of the Russian Federation of
December 14, 2022 No. 2297 “On Amendments to Section IV of
the Program of State Guarantees of Free Medical Assistance to
Citizens for 2022 and for the Planning Period of 2023 and 2024”
(publication number: 0001202212150010).

Statistical processing of the obtained results was
carried out in the MS Excel program using Student’s
t-criterion, with significance P = 95%.

Results and discussion

Comparison of baselines calculated over the previ-
ous 6 seasons for incidence and hospitalization rates of
mostly clinically diagnosed influenza and new baseline
incidence and hospitalization rates of mostly laborato-
ry-confirmed influenza during the pandemic showed
little change in baseline incidence and hospitalization
rates, while epidemic thresholds for these indicators in-
creased (Tables 1, 2).

Monitoring for influenza incidence in the coun-
try during the 2023-2024 season showed its early
increase: as early as week 45 of 2023 (2" week of
November), it exceeded the baseline (0.04 per 10,000
population) by 87.5% nationwide. Further, there was
a steady increase in influenza incidence for 6 weeks
with a peak (4.52 per 10,000 population) in week 51
of 2023. From the following week, the incidence be-
gan to decline but remained at a low level until week
18. The incidence rate at the peak of the epidemic
(2023-2024) was 2.5 times higher than the 2022-2023
epidemic. The intensity of the last season’s influenza
epidemic was very high, while in the previous epi-
demic it was intermediate (Fig. 1).

Monitoring the incidence in different age groups
of the population

In the 2023-2024 influenza season, influenza in-
cidence exceeded the baseline in week 45 simultane-
ously in all age groups. Peak incidence was recorded
in week 51 simultaneously in pediatric age groups
and among persons over 15 years of age. The intensi-
ty of influenza incidence at the peak of the epidemic
exceeded the very high intensity threshold in all age
groups except children 0-2 years of age, in whom
it was high. From week 52 onwards, incidence be-
gan to decline in all age groups, but remained above
post-epidemic baseline in children 0—2 and 3-6 years
of age until week 15 (inclusive), and among children
7—-14 years of age and persons 15+ years of age until
week 18.

During the 2023-2024 epidemic period, 0.27%
of the total population of the observed cities (150,439
persons) became ill with influenza, including 0.88%
of children aged 0-2 years, 0.8% of children aged 3—6
years, 0.57% of children aged 7-14 years, and 0.19% of
persons aged 15 years and older. During the 20222023
epidemic period, 0.19% of the total population of the
monitored cities (105,881 persons) became ill with in-
fluenza, including 0.81% of children aged 0-2 years,
0.66% of children aged 3—6 years, 0.46% of children
aged 7-14 years, and 0.12% of persons aged 15 years
and older (Fig. 2).
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Table 1. Baselines and thresholds of influenza incidence rate, per 10,000

2016-2017 — 2022-2023 2021-2022 — 2023-2024
Parameter age, years age, years
total total
0-2 3-6 7-14 15+ 0-2 3-6 7-14 15+
Russia

BL pre-epidemic 0,05 0,23 0,13 0,08 0,04 0,04 0,23 0,13 0,05 0,03
post-epidemic 0,04 0,21 0,17 0,09 0,04 0,05 0,28 0,19 0,10 0,04
medium 0,36 1,32 1,40 0,72 0,21 0,92 3,87 3,84 2,60 0,40
IT  high 1,12 5,39 4,38 2,35 0,65 2,95 9,83 9,28 6,91 1,92
very high 1,46 7,20 5,69 3,07 0,84 3,85 12,47 11,69 8,81 2,59

Central Federal District
L pre-epidemic 0,06 0,24 0,24 0,13 0,03 0,05 0,20 0,13 0,07 0,05
post-epidemic 0,03 0,12 0,12 0,05 0,02 0,05 0,11 0,16 0,08 0,02
medium 0,15 0,57 1,01 0,68 0,17 1,42 5,37 6,94 5,26 0,59
T high 1,82 9,56 9,25 5,32 1,21 3,97 16,44 18,35 13,70 1,94
very high 2,56 13,54 12,89 7,38 1,67 5,10 21,33 23,39 17,42 2,54

Southern Federal District
BL pre-epidemic 0,06 0,12 0,16 0,15 0,07 0,07 0,11 0,11 0,26 0,06
post-epidemic 0,06 0,25 0,17 0,08 0,06 0,06 0,34 0,14 0,16 0,06
medium 0,47 1,89 1,74 0,73 0,27 0,57 3,43 2,20 0,81 0,28
IT high 1,02 5,15 3,73 1,56 0,68 2,20 7,70 6,07 4,43 1,53
very high 1,27 6,60 4,61 1,93 0,86 2,92 9,59 7,78 6,04 2,08

Northwest Federal District
BL pre-epidemic 0,03 0,16 0,17 0,07 0,02 0,03 0,16 0,15 0,03 0,02
post-epidemic 0,05 0,26 0,26 0,20 0,04 0,07 0,31 0,31 0,24 0,04
medium 0,36 1,31 1,38 0,93 0,21 0,54 3,56 2,90 2,24 2,42
7 high 1,16 5,06 4,02 2,49 0,77 6,31 10,40 10,96 9,86 8,31
very high 1,51 6,72 5,18 3,17 1,02 8,85 13,43 14,53 13,22 10,91

Far Eastern Federal District

BL pre-epidemic 0,17 0,31 0,30 0,30 0,10 0,16 0,34 0,16 0,21 0,12
post-epidemic 0,11 0,66 0,60 0,24 0,08 0,11 0,83 0,70 0,30 0,10
medium 0,91 3,07 2,69 1,45 0,58 1,56 6,27 5,33 3,74 0,80
T high 2,04 8,45 6,62 4,15 1,27 3,63 14,15 11,68 7,71 2,27
very high 2,54 10,83 8,36 5,34 1,58 4,54 17,64 14,49 9,47 2,91

Siberian Federal District
BL pre-epidemic 0,02 0,09 0,09 0,03 0,01 0,02 0,09 0,08 0,03 0,01
post-epidemic 0,04 0,17 0,14 0,08 0,02 0,05 0,13 0,14 0,08 0,03
medium 0,40 1,77 1,49 0,80 0,21 0,53 3,14 2,03 1,53 0,20
T high 0,75 4,43 2,95 1,91 0,41 1,24 6,83 3,81 2,85 0,75
very high 0,90 5,60 3,59 2,40 0,50 1,55 8,47 4,60 3,43 0,99

North Caucasian Federal District

BL pre-epidemic 0,03 0,14 0,29 0,22 0,03 0,19 0,27 0,29 0,20 0,53
post-epidemic 0,04 0,14 0,39 0,11 0,04 0,06 0,49 0,23 0,27 0,04
medium 0,17 2,83 2,38 0,77 0,13 0,41 6,24 4,68 3,28 1,02
IT  high 2,23 7,55 7,70 6,27 1,68 3,33 10,66 10,84 10,40 3,30

very high 3,15 9,63 10,04 8,69 2,37 4,63 12,61 13,56 13,55 4,30
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End of the Table 1

Parameter

2016-2017 — 2022-2023

2021-2022 — 2023-2024

age, years age, years
total total
0-2 3-6 7-14 15+ 0-2 3-6 7-14 15+
Ural Federal District
BL pre-epidemic 0,03 0,07 0,06 0,03 0,03 0,03 0,12 0,08 0,05 0,02
post-epidemic 0,04 0,09 0,10 0,04 0,04 0,04 0,09 0,06 0,02 0,05
medium 0,23 0,24 0,33 0,28 0,24 0,26 1,02 0,65 0,51 0,35
IT high 0,59 1,26 1,10 0,71 0,60 1,23 & 138 2,70 1,74 1,17
very high 0,76 1,71 1,44 0,90 0,76 1,65 4,07 3,61 2,27 1,54
Volga Federal District
BL pre-epidemic 0,02 0,12 0,10 0,03 0,02 0,01 0,14 0,08 0,02 0,01
post-epidemic 0,05 0,30 0,18 0,09 0,04 0,06 0,32 0,16 0,07 0,04
medium 0,37 1,40 1,32 0,56 0,23 0,74 2,57 2,57 2,06 0,42
7 high 0,95 3,53 2,76 2,08 0,67 2,68 10,73 7,75 5,24 1,87
very high 1,21 4,48 3,40 2,75 0,86 3,54 1434 10,03 6,65 2,51
Table 2. Baselines and thresholds for rates of hospitalization with “influenza”, per 10,000
2016—-2017 — 2022-2023 2021-2022 — 2023-2024
Parameter age, years total age, years
el oo | 36 | 714 | 15+ 02 | 36 | 7-14 | 15+
Russia
BL pre-epidemic 0,03 0,15 0,09 0,05 0,03 0,01 0,11 0,04 0,02 0,01
post-epidemic 0,03 0,14 0,11 0,06 0,03 0,02 0,25 0,07 0,03 0,01
medium 0,24 1,13 0,91 0,42 0,14 0,27 1,92 1,18 0,55 0,13
high 0,49 3,04 1,86 0,80 0,29 0,62 4,24 2,35 1,01 0,35
T very high 0,60 3,89 2,28 0,97 0,35 0,77 5,26 2,87 1,22 0,45
Central Federal District
pre-epidemic 0,04 0,19 0,19 0,08 0,02 0,01 0,13 0,07 0,03 0,01
BL  post-epidemic 0,02 0,09 0,07 0,03 0,01 0,02 0,10 0,08 0,05 0,01
medium 0,15 0,78 0,81 0,40 0,10 0,30 2,12 1,69 0,74 0,11
IT high 0,45 3,82 2,67 1,03 0,23 0,69 5,59 3,79 1,41 0,30
very high 0,58 5,16 3,49 1,31 0,29 0,86 7,12 4,71 1,71 0,39
Southern Federal District
BL pre-epidemic 0,06 0,1 0,15 0,14 0,06 0,06 0,10 0,11 0,08 0,03
post-epidemic 0,05 0,21 0,72 0,07 0,04 0,05 0,25 0,11 0,13 0,05
medium 0,45 1,93 1,71 0,68 0,24 0,47 3,32 1,95 0,83 0,20
IT high 0,96 5,09 3,69 1,52 0,60 1,00 6,22 3,01 1,52 0,65
very high 1,18 6,49 4,57 1,89 0,76 1,24 7,51 3,47 1,82 0,84
Northwest Federal District
BL pre-epidemic 0,02 0,20 0,15 0,06 0,01 0,03 0,23 0,16 0,07 0,02
post-epidemic 0,03 0,19 0,18 0,17 0,03 0,04 0,17 0,16 0,09 0,02
medium 0,24 1,21 0,94 0,56 0,13 0,33 1,91 1,21 0,78 0,37
T high 0,71 3,82 2,32 1,29 0,46 0,92 5,08 2,93 1,67 0,77
very high 0,91 4,97 2,93 1,62 0,60 1,18 6,48 3,70 2,06 0,94
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End of the Table 2
2016-2017 — 2022-2023 2021-2022 - 2023-2024
Parameter age, years total age, years
total 0-2 3-6 7-14 15+ 0-2 3-6 7-14 15+
Far Eastern Federal District
BL pre-epidemic 0,13 0,23 0,23 0,24 0,09 0,00 0,08 0,14 0,12 0,07
post-epidemic 0,08 0,41 0,36 0,12 0,06 0,07 0,74 0,19 0,22 0,08
medium 0,62 2,40 1,62 0,87 0,42 0,62 3,50 1,70 0,92 0,38
7 high 1,28 6,20 3,70 1,80 0,86 1,43 7,75 4,10 2,02 0,95
very high 1,57 7,88 4,61 2,21 1,05 1,79 9,63 5,15 2,51 1,20
Siberian Federal District
BL pre-epidemic 0,02 0,08 0,07 0,03 0,01 0,01 0,13 0,03 0,03 0,00
post-epidemic 0,02 0,14 0,11 0,06 0,01 0,02 0,08 0,07 0,03 0,01
medium 0,21 1,33 0,81 0,36 0,09 0,22 2,26 0,79 0,38 0,07
IT high 0,43 3,31 1,65 0,73 0,22 0,46 4,50 1,68 0,58 0,23
very high 0,53 4,19 2,03 0,89 0,28 0,57 5,48 2,08 0,66 0,30
North Caucasian Federal District
BL pre-epidemic 0,01 0,00 0,18 0,17 0,02 0,00 0,00 0,00 0,14 0,00
post-epidemic 0,02 0,14 0,25 0,06 0,03 0,01 0,35 0,00 0,00 0,00
medium 0,15 2,00 1,42 0,74 0,10 0,08 3,29 1,48 1,44 0,15
IT high 0,67 4,46 3,39 1,67 0,45 0,70 5,12 3,93 2,18 0,56
very high 0,91 5,54 4,26 2,08 0,60 0,98 5,94 5,01 2,51 0,75
Ural Federal District
BL pre-epidemic 0,01 0,06 0,05 0,02 0,02 0,00 0,05 0,04 0,02 0,00
post-epidemic 0,02 0,08 0,03 0,00 0,03 0,03 0,00 0,00 0,00 0,01
medium 0,11 0,21 0,16 0,06 0,14 0,07 0,49 0,29 0,04 0,09
IT high 0,27 0,82 0,46 0,22 0,30 0,26 3,32 0,91 0,45 0,20
very high 0,34 1,09 0,59 0,29 0,37 0,34 4,57 1,18 0,62 0,25
Volga Federal District
BL pre-epidemic 0,02 0,12 0,10 0,03 0,02 0,01 0,08 0,06 0,01 0,01
post-epidemic 0,03 0,23 0,14 0,08 0,02 0,02 0,15 0,04 0,02 0,01
medium 0,24 1,05 0,76 0,32 0,16 0,22 1,38 0,70 0,31 0,15
T high 0,44 2,50 1,58 0,67 0,28 0,57 4,26 1,89 0,86 0,35
very high 0,53 3,15 1,94 0,83 0,34 0,72 5,53 2,41 1,1 0,45

Geographical spread of the epidemic,
its intensity in different Federal Districts

The epidemic started first of all (week 43) in the
cities of the Urals Federal District; in week 44 it was
registered in the other 3 Federal Districts (North-West-
ern, Volga and Central), in week 46 in the Siberian
Federal District, in week 47 in the Far Eastern Federal
District, in week 49 in the Southern Federal District,
and last of all in the North Caucasus Federal District
(week 51).

The peak incidence was reached earliest (week 50)
in the Far Eastern Federal District (4.6 per 10,000 pop-
ulation), in week 51 in the Northwestern (11.56), Cen-

tral (5.41) and Ural Federal Districts (1.91), in week
52 in the Siberian Federal District (1.59), in week 2 in
the Volga Federal District (3.57), and in week 5 in the
North Caucasus (4.94) and Southern Federal Districts
(3.86). The influenza epidemic ended earliest (at week
13) in the Siberian and Far Eastern FDs, at week 14 in
the Volga and North Caucasus FDs, at week 17 in the
Southern FD, and at week 19 in the Central FD; how-
ever, in the Northwestern and Ural FDs, influenza in-
cidence remained above their post-epidemic baselines
at week 19. Thus, the duration of the epidemic in the
districts varied from 16 weeks in the North Caucasus
FD to 29 weeks in the Urals FD.



KYPHAJ1 MUKPOBNONOTUW, SNMUAEMMNONOTUUA N UMMYHOBWUOJTOTUN. 2024; 101(5) 685
DOI: https://doi.org/10.36233/0372-9311-556

OPUTVHANbBbHbBIE NCCITIEAOBAHNA

5,0 -
8 452
S 451
- 3,85
o 4.0 -
o
2 35 -
S
] 2,95
F TS 7L T [
IS
8 25 -
o
S 20 4 1,80
(&)
£
© 1,5 1
e
8 10492 o\
€
- 0,5 A

0,04
0,0 +=r=T="r = == e

4041 4243 44 4546 47 4849505152 1 2 3 4 5 6 7 8 9 1011121314 151617 18 19 20
Weeks

— morbidity 2021-2022

= morbidity 20222023

morbidity 2023—2024

= = = baseline

--------- average threshold intensity

------- high threshold intensity
very high threshold intensity
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Incidence intensity at the peak of the epidemic

The intensity of influenza incidence at the peak of
the epidemic was very high, far exceeding the threshold
of this level, in the Northwestern FD (11.6 vs. 8.85 per
10,000 of the population) and Southern FD (3.9 vs. 2.92
per 10,000 of the population); in the other FDs it also
reached a fairly high level but only slightly exceeded
this threshold (Fig. 3).

Hospitalization rates

An increase in the frequency of influenza hospi-
talizations led to the exceeding of the BL at week 45,
at the same time as the onset of the upsurge. Hospi-
talization peaked (0.55 per 10,000 of the population)
at week 51, when it exceeded the medium intensity
threshold. Thereafter, hospitalization rates declined
and were low intensity from week 6 and below base-
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line from week 15 (Fig. 4). The decrease in hospi-
talization rates from March to May is apparently ex-
plained by the predominant circulation of influenza B
virus at this time and a milder course of the disease
than in influenza A(H3N2).

During the epidemic period, 0.05% of the to-
tal population was hospitalized, including 0.32%
of children aged 0-2 years, 0.16% of children aged
3—6 years, 0.07% of children aged 7-14 years, and
0.02% of persons aged 15—64 years and 0.05% of per-
sons over 65 years. The proportion of persons hospi-
talized during the epidemic period from the number
of influenza cases averaged about 17.3%, including
35.9% among children aged 0-2 years, 19.6% among
3-6 years, 12.6% among 7-14 years, 12.7% among
persons aged 15-64 years, and 26.7% among persons
over 65 years old.

ORIGINAL RESEARCHES

Influenza martality rates

In the 2023-2024 season, 41 deaths from labora-
tory-confirmed influenza were reported: 39 cases of in-
fluenza A(H3N2) and 2 cases of influenza A(H3N2)+-
COVID-19. This season, deaths were recorded from week
47 of 2023 through week 15 0of 2024 (November through
April) and only from influenza A(H3N2), i.e., during
its circulation period. Deaths from mixed A(H3N2) and
COVID-19 infection were reported in January and April.
There were no deaths from influenza B, despite its pre-
dominant circulation from March to May.

During the previous epidemic in the 2022-2023
season, when influenza A(HIN1)pdm09 was the main
causative agent, 120 influenza-related deaths were labo-
ratory-confirmed: 103 from influenza A(H1N1)pdm09,
6 from influenza B, 1 from influenza A(H3N2) and 10
from influenza A (not subtyped).
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Fig. 6. Age structure and structure of background pathology of those who died from laboratory confirmed influenza
during the epidemic in 2021-2024.

1 — obesity; 2 — diabetes; 3 — immunodeficiencies; 4 — diseases of internal organs; 5 — cardiovascular pathology;
6 — chronic lung diseases; 7 — diseases of the central nervous system; 8 — pregnancy.
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It should be noted that in the 2021-2022 epidemic,
where only influenza A(H3N2) virus was the pathogen,
only 2 deaths from laboratory-confirmed influenza
were reported (Fig. 5).

The age structure of those who died in the last sea-
son was dominated by elderly people aged 65+ years
(56.1%; p < 0.05). The proportion of the deceased aged
4264 years was 24.3%, the proportion of children un-
der 6 years of age was 4.8%, and 7-14 years of age
was 4.8% of the total number of the dead (Fig. 6). Pa-
tients with cardiovascular disease accounted for 66.0%
(p <0.05) and internal diseases for 44.0% (p < 0.05) of
the deaths, which is associated with an increase in the
elderly during the last epidemic. Other risk factors for
fatal outcomes were such comorbidities as chronic lung
diseases (17.1%) and immunodeficiency conditions
(17.1%).

Comparison of influenza, ARVI and COVID-19
incidence dynamics showed alternation of influenza
and COVID-19 pathogens (Fig. 7). In the 2021-2022
season, the Delta genetic variant wave preceded a
low-intensity influenza A(H3N2) epidemic, which in
turn was succeeded by a high-intensity Omicron genet-
ic variant epidemic. In the 2022-2023 season, the epi-
demic caused by the daughter Omicron genetic variants

was replaced by an influenza A(HIN1)pdm09 and B
epidemic of medium intensity in terms of incidence. It
was not until the 2023-2024 season that the COVID-19
wave and the A(H3N2) and B epidemics began simulta-
neously, with the COVID-19 wave being of low inten-
sity and the influenza A(H3N2) and B epidemics being
of very high intensity.

Other researchers provide data indicating possible
interference of SARS-CoV-2, influenza and other ARVI
pathogens with each other according to both sentinel
and traditional surveillance data [4—6].

The peculiarity of the 2023-2024 influenza epi-
demic was an early onset (in week 45 of 2023), as in
other influenza epidemics against the background
of COVID-19 circulation (in 2021 — in week 45, in
2022 — in week 47). Early onset of influenza epide-
mics during COVID-19 circulation was also noted in
Belarus; the influenza epidemic season of 2021-2022
and 2023-2024 started from week 47, and in Tashkent,
the influenza epidemic season of 2023-2024 started
from week 44 [7-9].

Such an early onset of influenza epidemics has
been observed only in the history of influenza pande-
mics: influenza pandemic A/Singapore/57(H2N2)
began in the 39" calendar week of 1957, pandemic
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Fig. 7. Comparison of the incidence dynamics of influenza, ARVI and COVID-19 in the surveyed cities
during the seasons from 2021 to 2024.
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A/USSR/90/77(HINT) began in November 1977, and
pandemic A/California/09(HIN1) began in the 39" ca-
lendar week of 2009 [10-14].

It can be assumed that the early onset of influen-
za pandemics could be due to antigenic novelty of the
pandemic influenza viruses, A/Singapore/57(H2N2),
A/California/O9(HINT1), to which the majority of the
population was not immune, and, during the COVID-19
pandemic, due to decreased immunity to influenza in
the population that had previously been infected with
COVID-19.

Conclusion

Comparison of baselines calculated for 6 seasons
before the COVID-19 pandemic and new BLs and PIs
of epidemics in terms of incidence and PCR-confirmed
influenza hospitalizations calculated for 3 epidemics
against the background of the COVID-19 pandemic
showed little change in baselines, while the intensity
thresholds increased.

There was no influenza epidemic in the background
of COVID-19 pandemic in the first season (2020-2021).
In the 2021-2022 season, the A(H3N2) monoethiology
epidemic was of low intensity in terms of morbidity
and hospitalization rate, as well as low mortality (2 cas-
es). In the 2022-2023 season, the influenza A(HIN1)
pdm09 and B epidemic was of medium intensity in
terms of incidence, with a high incidence of hospital-
izations and high lethality (120 cases). The influenza
A(H3N2) and B epidemic in the 2023-2024 season was
of very high intensity in terms of influenza incidence,
but medium in terms of hospitalization rate and mor-
tality (41 cases). The incidence of the latter, compared
to the previous epidemic, was higher (0.28 and 0.19%
of the total population), including persons older than
15 years (0.19 and 0.12%). Thus, the influenza A(HIN1)
pdmO9 virus still remains the main cause of fatalities.

One of the reasons for the high incidence of influ-
enza in the last epidemic may be the increase in influ-
enza registration with increased PCR testing for influ-
enza. The influence of interference between influenza
and COVID-19 cannot be ruled out, with a decrease in
COVID-19 incidence and an increase in influenza inci-
dence in the last season.
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Multiplex real-time PCR for detection of gac A/B and smr genes
in Gram-positive bacteria

Svetlana N. Kovalchuk®, Anna L. Arkhipova, Svetlana Yu. Kovylkova,
Elena N. llina, Lyudmila S. Fedorova

Research Institute for Systems Biology and Medicine, Moscow, Russia

Abstract

Background. Disinfectants are effective means of non-specific prevention of infections associated with the
provision of medical care. Violation of disinfectant use regimes leads to the formation of microorganism resistance
to them. To monitor the spread of clinically significant microorganisms resistant to disinfectants, the development
of methods for their detection, including molecular genetic methods, remains relevant.

The aim of the study was to develop a multiplex real-time PCR for the identification of gacA/B and smr genes, the
determinants of resistance to cationic biocides, in Gram-positive bacteria.

Materials and methods. Conserved regions of qacA, gacB and smr genes were searched, and primers and
probes were designed using BLASTN, GeneRunner, and Multiple Primer Analyzer programs. To evaluate the
analytical sensitivity of the multiplex PCR, plasmids pTZ57-qacA/B, pTZ57-smr, and pTZ57-16S containing
qacA/B, smr and 16S rRNA gene fragments of 197 bp, 127 bp, and 287 bp, respectively, were constructed. The
method was tested on clinical isolates of Gram-positive bacteria (n = 30).

Results. A multiplex real-time PCR using TagMan probes was developed for the detection of gacA/B and smr
genes in Gram-positive bacteria. The 16S rRNA gene was used as an internal amplification control. The sensitivity
of the multiplex PCR was 10® copies for all genes. Multiplex PCR validation showed that gacA/B genes were
present in 30%, smr genes were present in 10% of the isolates tested. The reproducibility of the results was
100%.

Conclusion. The developed multiplex PCR differs from existing assays by high specificity and short turnaround
time, as well as by the presence of an internal amplification control. It can be used for the detection of Gram-
positive bacteria potentially resistant to cationic biocides.

Keywords: disinfectants, resistance, qacA/B, smr, real-time PCR
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MynbTunnekcHas MNLP B pexxnme peanbHOro BpemeHu ans
BbIAABJIEHUA reHOB qacA/B n smr y rpaMmnonoXntenbHbIX 6akTepuin

KoBanbuyk C.H., Apxunosa A.Jl., Kosbinkosa C.10., UnbuHa E.H., ®egoposa J1.C.

WNHCTUTYT cuctemHon 6ronornn n megnuyrHbl, Mockea, Poccua

AHHOMayus

AxTyanbHocTb. [leanHduumpytowme Bewectsa ([B) asnaiotca addeKkTMBHbIMM cpeacTBaMu Hecneuudunye-
CKOIN NPOMNAKTUKN MHPEKLMI, CBA3AHHbIX C OKasaHWeM MeaMLIMHCKON MOMOLLM. HapyLueHne pexxmmoB npume-
HeHus [IB npuBoguT K (hOPMUPOBAHMNIO YCTONYMBOCTM MUKPOOPraHW3MOB K HUM. [Ans uenew MOHMTOpWUHra pac-
NPOCTPaHEHNS KITMHUYECKN 3HAYUMbIX MUKPOOPraHM3MOB, ycToiumBbIX K [1B, ocTaéTcst akTyanbHon paspaboTtka
METOAOB MX BbISBIIEHWS, B TOM YMCIIE MOMNEKYNSPHO-TEHETUYECKUX.

Llenbro nccrnenoBaHnst bbina pa3paboTka MynbTUMIEKCHOW NONMMeEpPasHoOW LIENHON peakummn B pexume pearnb-
Horo BpemeHu (MLP-PB) ans BbIBNEHNs Y rpaMnonoXnTenbHbix 6aktepuin reHoB gacA/B v smr— [eTepMUHaHT
YCTON4YMBOCTM K [1B 13 rpynnbl KATMOHHBLIX MOBEPXHOCTHO-aKTMBHbIX BelecTB (KMAB).

Matepuansbi 1 meToabl. [onck KOHCEPBATMBHBIX y4aCTKOB reHOB gacA, gacB n smr v pa3paboTKy npanmepos u
30HA0B nposoaunu ¢ nomotbio nporpamm BLASTN, GeneRunner n Multiple Primer Analyzer. [1na oueHkn aHa-
NIUTUYECKON YYBCTBUTENBHOCTU MynbTUnnekcHon MLUP-PB 6binn ckoHcTpynpoBaHbl nnasmuabl pTZ57-gacA/B,
pTZ57-smrwv pTZ57-16S, cogepxawue cparmeHTbl reHoB qacA/B, smrun 16S pPHK anuHon 197, 127 1 287 n. H.
COOTBETCTBEHHO. Anpobauuio MmeToda NpoBOAMIN C UCMONb30BaHNEM KITMHNYECKMX N30MATOB rPaMmonoXuTenb-
Hbix 6akTepuii (n = 30).

PesynbraTbl. Pa3pabotana mynerunnekcHas MUP-PB ¢ ncnonb3oBaHnem 3oHAoB TagMan aons BobisBrneHus re-
HOB qacA/B v smr y rpaMnonoxutenbHbix 6akTepuii. B kauecTBe BHYTPEeHHEro KOHTpons amnnudukaumum bbin
ncnonb3oBaH reH 16S pPHK. YyscTBUTENbHOCTL MynbTURnekcHon MLIP-PB coctasuna 10° konui ans Bcex re-
HoB. Anpobauus mynstunnekcHown MLP-PB nokasana, 4to reHbl gacA/B npucytctBoBanu y 30% nccnenoBaHHbIX
nsonsartos, smr — y 10%. BocnponssognmocTs pesynsratoB TecTupoaHusa coctasuna 100%. CneuundmyHocTb
pa3paboTtaHHon mynsTunnekcHow MUP-PB coctasuna 100%.

3aknwoyeHune. PaspaboraHHaa mynstunnekcHas [MLP-PB xapaktepm3yeTcst BbICOKON CneundUuYHOCTbIO 1 Obl-
CTPOTOW aHanu3a, a TaKkke Hannynem BHYTPEHHEro KOHTPONs aMmnnndmkaumnm n MoxeT ObITe cnonb3oBaHa Ans
BbISIBIEHWNSI FPAMMOSIOKNTENBHBIX BakTepui, noTeHUuanbHo yctonumebix K OB n3 rpynnel KMAB, npu nposege-
HUW MOMEKYNSPHO-TEHETUYECKNX NCCNeaoBaHU.

KnioueBble cnoBa: de3uHgekmaHmbi, ycmoudueocms, qacA/B, smr, [P e peansHom epemeHu

HUcmoyHuk ¢puHaHcupoeaHus. Pabota cdpuHaHcupoBanack ®egepanbHoi cnyxbo no Hag3opy B cdepe 3auThbl
npae notpebutener n Gnaronony4yms yenoseka (locyaapcTeeHHoe 3agaHne Ne 122030900064-9).

KoHgpniukm uHmepecoe. ABTOpbI AeKNapUpyoT OTCYTCTBME SIBHBIX U MOTEHLUMAmNbHbIX KOH(IIMKTOB MHTEPECOB, CBSI-
3aHHbIX C NyGnuKauuen HacTosILEN CTaTby.

Ana yumupoeaHus: Kosaneyyk C.H., Apxunosa A.J1., Kobinkosa C.10., Unbuha E.H., ®egoposa J1.C. Mynstunnekc-
Has MNLP B pexume peanbHOro BpeMeHu Ans BbIABNEHNA reHOB qacA/B n smry rpamnonoxuTernbHblx 6aktepuin. XKyp-
Han mukpobuonozauu, anudemuonoauu u ummyHobuonoauu. 2024;101(5):692—-698.

DOI: https://doi.org/10.36233/0372-9311-574

EDN: https://www.elibrary.ru/ubbcnj

Introduction

The spread of pathogenic bacterial strains resistant
to antimicrobials and disinfectants in recent decades is
one of the most acute problems of modern public health
care. Disinfectants are one of the most effective means
of non-specific prevention of infectious diseases and
play a leading role in the system of measures to pre-
vent infections associated with the provision of medi-
cal care, as well as widely used in catering enterprises,
food industry, municipal facilities, educational insti-
tutions and households. However, the phenomenon of

microbial resistance to disinfectants observed since the
1950s leads to a sharp decrease in the effectiveness of
disinfection measures [1], which is associated with the
use of ineffective modes of their application, leading to
the formation of microbial resistance to disinfectants,
as well as cross-resistance to antibiotics due to the pres-
ence of common mechanisms of action [2, 3].

Cationic surfactants, which include quaternary
ammonium compounds (QACs), guanidine derivatives,
and tertiary amines, are the most commonly used sur-
factants [4, 5]. In 2023, QACs accounted for the largest

© Kosaneuyk C.H., Apxunosa A.J1., Kosbinkosa C.10., MnbuHa E.H., ®epoposa J1.C., 2024
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share of disinfectants in the global market', and this
trend is projected to continue for the next 10 years’.
According to available data, their share in the Russian
market is around 50-70% [6, 7].

The main mechanism of microbial resistance to
QAC:s is their intracellular concentration decrease due
to their elimination from the cell by efflux pumps [5, 8],
which are united into 6 superfamilies based on structur-
al similarity and peculiarities of functioning:

1) RND (Resistance-Nodulation Division);

2) SMR (Small Multidrug Resistance);

3) MATE (Multidrug And Toxic compound Extru-
sion);

4) MFS (Major Facilitator Superfamily);

5) ABC (ATP Binding Cassette);

6) PACE (Proteobacterial Antimicrobial Com-
pound Efflux) [9, 10].

Resistance to QACs in Gram-positive bacte-
ria is mainly associated with the efflux pumps QacA,
QacB (MFS superfamily), as well as Smr (QacC),
QacG, QacH, and QacJ belonging to the SMR super-
family [11, 12]. The prevalence of these efflux pumps
among Gram-positive bacteria has been monitored in
many countries using molecular genetic methods and
has shown that gacA, gacB and smr genes are the most
frequent [13—16]. At the same time, information on the
distribution of these genes among Russian isolates of
Gram-positive bacteria is practically absent. Only one
publication presented data on the presence of gacA
and gacB genes in Staphylococcus aureus isolates ob-
tained from surface washes in public places in Novosi-
birsk [17]. Given that gacA, gacB and smr genes have
predominantly plasmid localization, they can be widely
disseminated by horizontal transfer, leading to the for-
mation of acquired resistance to cationic surfactants in
Gram-positive bacteria [12].

The aim of the study was to develop multiplex
real-time PCR with fluorescently labeled probes to de-
tect gacA/B and smr genes in Gram-positive bacteria.

Materials and methods

Bacterial isolates

The study used isolates of Gram-positive bacteria
species Staphylococcus aureus (n = 12), S. haemolyti-
cus (n = 6), Enterococcus faecium (n = 6) and E. fae-

! Global antiseptics and disinfectants market size, share, trends

& growth forecast report — segmented by type (alcohol and
aldehyde, phenols and derivatives, biguanides and amides,
quaternary ammonium compounds, iodine compounds and
others), end user (domestic user and institutional user) and
region — industry forecast from 2024 to 2029. URL: https://
www.marketdataforecast.com/market-reports/antiseptics-and-
disinfectants-market (date of access 23.10.2024).

Global antiseptics and disinfectants market size to exceed USD
79.25 Billion by 2033 | CAGR of 10.67%. URL: https://finance.
yahoo.com/news/global-antiseptics-disinfectants-market-
size-160000859.html (date of access 23.10.2024).
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calis (n = 4), Streptococcus parasanguinis (n = 1) and
S. epidermidis (n = 1) obtained from medical institu-
tions in Moscow. Isolates were obtained from washes
taken from objects in the hospital environment, such as
surfaces of ventilators and ultrasound machines, bed-
side tables, bed rails. Bacteria were cultured for 16 h at
37°C in GRM-broth (State Research Center for Applied
Biotechnology and Microbiology). The species affilia-
tion of isolates was determined using a SMART MS
5020 mass spectrometer (Zhuhai DL Biotech Co., Ltd.).

DNA extraction

DNA was isolated from bacterial culture using Ex-
tractDNA Blood & Cells DNA extraction kit (Evrogen)
according to the manufacturer’s recommendations and
stored at —20°C. The concentration of DNA samples
was determined using a NanoDrop 2000C spectropho-
tometer (ThermoFS).

Development of primers and probes

The nucleotide sequences of the efflux pump genes
qacA, qacB, smr and 16S rRNA of Gram-positive bac-
teria were taken from the GenBank database® and were
analyzed using the BLASTN program®. Primers and
probes were designed based on conserved gene regions
using the GeneRunner v. 62.2.55 Beta® and Multiple
Primer Analyzer® programs.

Multiplex real-time PCR testing

Multiplex real-time PCR was performed in a vol-
ume of 25 pl in 96-well PCR plates using the CFX96
Real-Time System thermocycler (Bio-Rad Labora-
tories, Inc.). The reaction mixture included 5x buffer
and 2.5 U of Taq polymerase (Lytech LLC), primers
(0.5 uM each), TagMan probes (0.25 uM each; Table),
and DNA sample (5 ng). TagMan probes were synthe-
sized by “DNA Synthesis LLC”, primers were synthe-
sized by Eurogen. Reaction profile: 95°C — 2 min,
95°C — 15's, 56°C — 20 s (36 cycles), 72°C — 30 s.

Determination of analytical sensitivity
of multiplex real-time PCR

To evaluate the analytical sensitivity of the meth-
od, plasmids pTZ57-qacA/B, pTZ57-smr and pTZ57-
16S containing fragments of qacA/B, smr and 16S
rRNA genes with lengths of 197, 127 and 287 bp, re-
spectively, were constructed. Cloning was performed
using the InsTAclone PCR Cloning Kit (ThermoFS) ac-
cording to the manufacturer’s recommendations. Plas-
mid concentrations were assessed using the Spectra Q
BR kit (Sesana LLC) and the Qubit fluorimeter (Ther-
moFS). Sequencing of the obtained plasmids was per-

3

URL: https://www.ncbi.nlm.nih.gov/genbank
4 URL: https://blast.ncbi.nlm.nih.gov/Blast.cgi
5 URL: http://www.generunner.net

¢ URL: https://www.thermofisher.com
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Nucleotide sequences of the primers and probes

Genes Nucleotide sequence (5'-3’) Size, bp
gacA/B-D: 5'-CTGGCTTATACCTATTACCTA-3'
qacA/B gacA/B-R: 5-TCCAACTAAAATTAATGCTAAAG -3' 197

qacA/B-Pb: 5-HEX- CGATTTGGACCGAAAATAGTGTTAC-BHQ1

smr-F: AGTAAAACAATGCAACACCTAC-3'
smr smr-R: ATACTATAGTTATTAGATTTATTTG-3' 127
smr-Pb: 5'-FAM-TTAGTCTTAACAACCGTAGTCTCAAT-BHQ1

16S-D: 5'-CAGCAGCCGCGGTAATAC-3'

16S rRNA

Bakt_805R: 5'-GACTACHVGGGTATCTAATCC-3' 287

16S-Pb: Cy5-5'-TGTAGCGGTGAAATGCG- BHQ2'

formed by the Sanger method. The samples of plasmids
pTZ57-qacA/B, pTZ57-smr and pTZ57-16S with the
concentration of 10!-10° copies in 1 pul were obtained
by tenfold dilutions and used as a template for real-time
PCR. The results were analyzed using the CFX96 Re-
al-Time System software (Bio-Rad Laboratories, Inc.).

Approbation and validation of the method

Multiplex real-time PCR validation was per-
formed using DNA isolated from Gram-positive bac-
terial isolates (n = 30). To assess the variability of PCR
threshold cycle (Cq) values, each sample was tested
in 3-fold repetition and the mean Cq values, standard
deviations (SD) and coefficient of variability (Cv, %)
were calculated. The obtained amplicons of gacA/B and
smr genes were analyzed by electrophoretic separation
in 1.5% agarose gel and sequenced by the Sanger meth-
od. To validate multiplex real-time PCR, the previously
described PCR methods with electrophoretic detection
of gacA/B [18] and smr gene fragments [19] were used.

Results

For multiplex real-time PCR, primers and TagMan
probes complementary to highly conserved regions
of gacA, gacB and smr genes were designed (Table),
which were identified on the basis of multiple align-
ment of all full-length nucleotide sequences of these
genes available in GenBank, EMBL’ and DDBJ* da-
tabases. We analyzed 302 nucleotide sequences of the
qacA/B genes and 220 sequences of the smr gene. Ana-
lysis of gacA and qacA/B genes showed that they dif-
fered by 8 nucleotides, so common primers and probe
were designed for them.

In PCR testing, the use of an internal amplifica-
tion control is important to exclude false negatives due
to missing or an insufficient amount of DNA in the re-
action mixture for detection. The 16S rRNA gene was
used as an endogenous internal amplification control
in the developed multiplex real-time PCR. The 16S-D
primer and probe were designed based on the analysis
of 5000 16S rRNA sequences (Table). The universal

7 URL: https://www.embl.org
8 URL: https://www.ddbj.nig.ac.jp

primer Bakt 805R, developed earlier, was used as a re-
verse primer [20].

Using the primers developed by us, we searched
for isolates of Gram-positive bacteria (n = 30) contain-
ing qacA/B and smr genes. The amplicons obtained
were analyzed by electrophoretic separation in 1.5%
agarose gel. The amplicon lengths of the gacA/B and
smr genes were as expected (Table; Fig. 1). The spec-
ificity of the primers was confirmed by sequencing the
amplicons using the Sanger method.

To evaluate the analytical sensitivity of multiplex
real-time PCR, plasmids pTZ57-qacA/B, pTZ57-smr
and pTZ57-16S containing the obtained amplicons of
qacA/B, smr and 16S rRNA genes were constructed.
Using tenfold dilutions, their samples with concentra-
tions ranging from 10' to 10° copies in 1 puL were ob-
tained and used as a template for the developed multi-
plex real-time PCR. The sensitivity of multiplex real-
time PCR amounted to 103 copies for all genes. The
amplification efficiency of gacA/B, smr, and 16S rRNA
genes was 95.1, 91.3 and 101.8%, respectively (Fig. 2).

The developed multiplex real-time PCR was tested
using 30 clinical isolates of Gram-positive bacteria ob-
tained from medical institutions of Moscow. Testing
was performed in 3 repetitions. It was found that 30%
of isolates (6 isolates of S. haemolyticus and 1 isolate
each of E. faecium, E. faecalis and S. parasanguinis)
had gacA/B genes, and 10% of isolates (2 isolates of
S. haemolyticus and an isolate of S. epidermidis) con-
tained the smr gene. Both gacA/B and smr were found
in 2 S. haemolyticus isolates. Reproducibility of test re-
sults for all samples was 100%, and the coefficient of
variability of Cq values ranged from 3.4 to 6.2%. The
results of multiplex real-time PCR completely matched
both the data of monoplex PCR assays with electropho-
resis detection and the results of Sanger sequencing of
amplicons. PCR methods with electrophoretic detection
of gacA/B and smr genes, previously proposed by K.H.
Lin et al. [18] and N. Noguchi et al. [19], respectively,
were used for comparison with the developed multiplex
real-time PCR. The results obtained using these meth-
ods were also in complete agreement. Thus, the speci-
ficity of our developed multiplex real-time PCR with
probes labeled with fluorescent dyes was 100%.
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Fig. 1. Results of the amplification of gacA/B and smr genes.

1-9 — qacA/B-positive isolates; 10—12 — smr-positive isolates.
C- — negative control. M — DNA length marker.

Discussion

Detection of resistance genes by PCR methods is
a widespread and available procedure for their moni-
toring. Analysis of literature sources has shown that
several methods for detection of gacA/B and smr genes
based on PCR with electrophoretic detection of results
[9, 14, 21-23] and real-time PCR using intercalating
DNA dyes [18, 24] have been proposed to date, but
these methods have a number of disadvantages related
to the duration of testing and reliability of results. The
PCR method with electrophoretic detection requires gel
electrophoresis, which increases the duration of the as-
say compared to real-time PCR and makes it laborious
and inconvenient for testing a large number of clinical
isolates. PCR using intercalating dyes allows real-time
detection of amplicons, which reduces the duration
of testing compared to the previous method, but may
give false-positive results because intercalating dyes
bind to all double-stranded DNA, including primer
dimers and possible nonspecific PCR products, which
requires careful selection of primers and observance
of PCR conditions, including the reagents used [25].

Standard curve

Copy number

Fig. 2. Results of multiplex PCR sensitivity evaluation
for detection of gacA/B and smr genes in gram-positive
bacteria.
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A multiplex real-time PCR method has been developed,
which lacks the disadvantages of the above-mentioned
methods due to the use of TagMan probes labeled with
fluorescent dyes, as well as the presence of internal am-
plification control.

Conclusion

A multiplex real-time PCR with probes labeled
with fluorescent dyes for detection of gacA/B and
smr genes of Gram-positive bacteria. It differs from
the existing methods in its simplicity and rapidity of
analysis, as well as by the presence of internal amplifi-
cation control, which eliminates false-negative test re-
sults. The developed multiplex real-time PCR can be
used to monitor the prevalence of gacA/B and smr
genes to detect Gram-positive bacteria potentially re-
sistant to cationic biocides. However, it should be tak-
en into account that all molecular genetic assays are
diagnostic tools and do not exclude the necessity to
confirm the resistance phenotype by microbiological
methods.
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Abstract

The aim of the review is to describe existing laboratory methods for determining the sensitivity of bacteria to
a combination of antibiotics and bacteriophages. However, more and more often there are scientific papers in
which their combined action is described as synergism. The mechanisms of this phenomenon have not been
fully studied, but it has been proven that not only virulent but also moderate phages can enter into synergy with
antibiotics, allowing the minimum inhibitory concentration of the antibiotic to be reduced several times. Since
synergy cannot yet be empirically predicted, microbiological laboratories use various in vitro methods, most of
which are labor-intensive. The development of a new technique that can be introduced into the daily practice of
microbiological laboratories is relevant.
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AHHOMAauus

Llenb 0630pa — gaTb onucaHne CyLlecTByoLLMX 1abopaTopHbIX METOAO0B AN ONPeAeneHns YyBCTBUTENbHOCTH
6akTepui kK kombuHaLUMm aHTMBMOTMKOB 1 BakTepuodaros.

BakTepuodarn fo cvx nop paccmMaTpuBaloTCA HEKOTOPbIMU MCCNEAoBaTeNs MU Kak anbTepHaTnea aHTubuoTu-
kam. Ho Bcé valle BcTpevaloTcsl HayyHble paboTbl, B KOTOPbIX X COBMECTHOE AENCTBME OMUCLIBAETCA B BUAE
CcuHeprnama. MexaHvnambl 9TOro SsBNEeHNS 40 KOHLA He U3yYeHbl, OQHAKO JOKa3aHo, YTO B CUHEPTUIO C aHTMBNOTH-
KaMu MOTyT BCTynaTb He TOMbKO BUPYSIEHTHbIE, HO N YMepeHHble daru, Mo3BONsA CHU3UTbL MUHUMarbHYO nogda-
BMNSAIOLLYIO KOHLIEHTPaLUWIo aHTMBMOTHKA B HECKOMbKO pas. MoCKonbKy CMHEPro aMNUPUYECcK Noka npeackasaTtb
HEBO3MOXHO, B MUKpOBMonornyeckmx naboparopmsax UCNOMb3yT pasnuyHble METOAbI in Vitro, 6ONbLUMHCTBO 13
KOTOPbIX ABMASATCA TPYAOEMKUMU. AKTyarnbHa pa3paboTka HOBOW MeTOAMKM, KOTopas MOXET ObiTb BHeApeHa B
eXedHEeBHYI0 MPaKTUKy MUKpobrnonornyeckunx naboparopmii.

KniouyeBble cnoBa: pe3ucmeHmHocms, dyyecmeumeribHOCMb, aHmubuomuk, 6aKmepuod)ae, CUHepeus
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Introduction

In recent years, the problem of resistance of micro-
organisms to antibiotics used in medicine has become
increasingly urgent, and the widespread emergence of
pathogens resistant to them is of concern to clinicians all
over the world. Among etiologically significant bacteria,
the ESKAPE group (Enterococcus faecium, Staphyloco-
ccus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, Enterobacter spp.)
is distinguished, which is characterized by a variety of
antimicrobial resistance mechanisms. In May 2024, the
World Health Organization published an updated list of
antibiotic-resistant bacterial pathogens posing the great-
est threat to human health. Depending on the necessity
for the development of new antimicrobial drugs and new
treatment options, microorganisms are categorized into
priority groups. A. baumannii resistant to carbapenems
and microorganisms belonging to the order Enterobac-
terales, including producers of extended-spectrum be-
ta-lactamases, are classified as critically high-priority.
High-priority pathogens include Sal/monella spp. and
Shigella spp. resistant to fluoroquinolones, E. faecium
resistant to vancomycin, P. aeruginosa resistant to car-
bapenems, Neisseria gonorrhoeae resistant to third-gen-
eration cephalosporins and/or fluoroquinolones, and
methicillin-resistant S. aureus. The medium priority
level includes Streptococcus group A and S. pneumoniae
resistant to macrolides, Haemophilus influenzae resistant
to ampicillin, Streptococcus group B resistant to penicil-
lin'. In Russia during the year 2017, the Strategy for the
prevention and spread of resistance for the period up to
2030 was introduced, which provides for the introduc-
tion of modern methods to study the mechanisms of its
formation, monitoring of its spread and ways of con-
tainment. Special importance and attention is given to
ESKAPE pathogens in “Sanitary and Epidemiological
Requirements 3.3686-21” as the main pathogens of in-
fections associated with the provision of medical care’.

List of priority bacterial pathogens. URL: https://www.who.
int/ru/news/item/17-05-2024-who-updates-list-of-drug-resis-
tant-bacteria-most-threatening-to-human-health (date of access:
05.08.2024).

Resolution of the Chief State Sanitary Doctor of the Russian
Federation dated 28.01.2021 No. 4 “On Approval of Sanitary
Rules and Norms 3.3686-21 ‘Sanitary and Epidemiological

999

Requirements for the Prevention of Infectious Diseases’”.

© MyHuenko O.E., MyHuyeHko E.B., lNoctes B.B., CaByeHko M.B., 2024

Given the growing resistance of bacteria to chemical
medicines, there is a necessity to introduce alternative
approaches to the treatment of diseases caused by them.
Instead of antibiotics, different authors suggest using
probiotics, microbial enzymes, bacteriocins, bacterio-
phages and their lysins, synthetic phages, vaccines, se-
rums and other biologics [1-6].

The most promising in this list are phages — bac-
terial viruses, because they do not have a toxic effect
on the cells of the macroorganism and do not suppress
immunity, so there are practically no contraindications
for their prescription. At the same time, they have a
narrowly targeted effect and do not cause negative
changes in the composition of the human microbiota.
Unlike other antimicrobial drugs, bacteriophages are
able to overcome the bacterial immunity developed to
them using several strategies. Compared to -lactam
antibiotics, which cause microbial cell death within
3 h, bacterial lysis by phages can occur in less than
10 min. However, unlike antibiotics, the action
of bacteriophages does not lead to cumulative accu-
mulation of endotoxin when destroying Gram-nega-
tive bacteria [7].

The only Russian manufacturer of medicinal bac-
teriophages is Microgen, which produces more than
14 unique drugs. Today, the market offers bacterio-
phages active against not only ESKAPE pathogens,
but also against pathogens of diarrheal diseases —
shigellosis, salmonellosis, escherichiosis. Medicines
based on phages are produced either as combinations
drugs — against several genera of bacteria, or as mono-
therapeutics specific against a particular type of patho-
gen. It should be noted that in Russia the use of bacte-
riophages is enshrined in regulatory documents, while
most countries in Europe and Asia, Australia and the
USA have only recently started to develop documents
regulating the use of phages [8, 9].

Most studies have shown high efficacy and safety
of tested phages, including those against priority bac-
terial pathogens [10]. Phage therapy without antibiot-
ics has led to success against vancomycin-resistant en-
terococci, methicillin-resistant staphylococci (MRSA
and MRSE) [11]. In rare cases, antagonism phenome-
na have been described when antibiotic and bacterio-
phage are administered together [10]. Therefore, be-
fore their administration, the sensitivity of a particular



KYPHAJ1 MUKPOBNONOTUW, SNMUAEMMNONOTUUA N UMMYHOBWUOJTOTUN. 2024; 101(5) 701

DOI: https://doi.org/10.36233/0372-9311-581

OB30PbI

strain to antimicrobial agents should be determined.
In Russia, the determination of bacterial sensitivity
to bacteriophages is regulated by methodological rec-
ommendations for the rational use of bacteriophages®,
while sensitivity to antibiotics is regulated by clinical
guidelines®. This raises the urgent question of deter-
mining the sensitivity of bacteria to the combination
of antibiotics and phages in microbiological labora-
tories.

The aim of the review is to describe the existing
laboratory methods for the combined determination of
bacterial sensitivity to antibiotics and bacteriophages.

The combined effect of phage and antibiotics
was first described by Neter and Clark in 1944 using
S. aureus and penicillin as an example. In 2004, there
were results of experiments on a chicken model devoted
to studying the interaction of phage and enrofloxacin
against Escherichia coli by Huff et al., and a few years
later, A.M. Comeau and his research group conducted
in vitro testing and noticed that subinhibitory concen-
trations of certain antibiotics can affect the production
of virulent phages infecting E. coli. The authors named
this phenomenon Phage-Antibiotic Synergy (PAS). For
a long time, the mechanism of synergy remained un-
known, until electron microscopy was used to study
bacterial cultures treated with antibiotics and phages. It
was discovered that chemical medicines which disrupt
peptidoglycan synthesis lead to elongation of bacterial
cells, which promotes phage replication and possibly
its active attachment to the bacterium due to an increase
in the cell wall surface area [12—14].

The PAS phenomenon has been extensively stud-
ied in many laboratories, resulting in evidence of sy-
nergism for various combinations of phages with anti-
biotics of different pharmacological groups. However,
the methods used to evaluate these interactions are still
not unified, so the approaches of various researchers
have significant differences. The simplest way out of
the situation is to borrow the method used to study the
interaction of different classes of antibiotics, since com-
bination antimicrobial therapy is administered to pa-
tients with bacteremia, pneumonia, surgical infection,
and patients with septic shock in intensive care units.
To date, 4 methods have been described by which syn-
ergy of chemical medicines can be assessed in vitro:
the checkerboard method; combined testing of the bac-
tericidal effect of several antimicrobial agents; E-test;
analysis of the bacterial death graph depending on the
time of antibiotic action, also known as time-kill as-
says [15]. Among the available methods of synergism
determination, time-kill assays are the gold standard
[16, 17], which was first used to confirm the syner-

> Rational use of bacteriophages in therapeutic and anti-epidemic
practice: Methodological recommendations. Moscow;2022.

4 Russian recommendations “Determination of sensitivity of
microorganisms to antimicrobial agents”. Smolensk;2024.

gism of phage and antibiotics’. Interactions detected
in vitro are calculated and interpreted as synergistic, ad-
ditive, indifferent or antagonistic depending on whether
the antibacterial activity of the drugs in combination is
greater, equivalent or less than the activity of the drugs
used separately.

Broth microdilutions

In this method, 96-well plates are used in which
wells are co-cultured with a broth suspension of bac-
teria, antibiotic and phage. The phage activity and the
minimum inhibitory concentration (MIC) of the antibi-
otic are studied beforehand, since their sub-inhibitory
concentrations are used for synergy studies. The result
is evaluated by measuring growth kinetics by optical
density (OD) using a spectrophotometer or by bacte-
rial metabolism after staining with tetrazolium, which
changes color in response to cellular respiration. Evalu-
ation of the result with a real-time instrument allows to
determine the time taken for partial inhibition, to detect
late lysis and resumption of bacterial growth. However,
it is impossible to infer bacterial viability from the OD
alone and to distinguish dead (not yet destroyed bacte-
ria) from live bacteria. Additional staining eliminates
the error and allows detection of only metabolically ac-
tive (live) bacteria. On the one hand, this method makes
it possible not only to test any combinations of antibiot-
ics and bacteriophages, but also to change their concen-
trations. On the other hand, it should be taken into ac-
count that the use of a single concentration of antibiotic
(half of the previously known MIC) and phage (below
the lysing concentration according to Appelman) does
not always allow us to draw a conclusion about their
interaction and reveal a pattern. At the same time, us-
ing a more labor-intensive method, combining several
concentrations of antibiotic and phage, it is possible to
find those combinations of two antimicrobial agents in
which their synergy will be observed [18, 19]. Some
researchers have achieved the PAS phenomenon even
when the antibiotic was diluted 4, 10 and 100 times the
MIC, and 100 and 1000 times the initial concentration
of the phage [20].

In some cases, to study synergy, it is possible to
use a bacteriophage lysing a bacterial strain of at least
3+, with the antibiotic taken in two concentrations: the
MIC and half of the MIC. In case of resistance to the
bacterial phage, the antibiotic is added in the maximum
permissible concentration [19].

With the use of automated systems, this meth-
od allows the construction of sinograms in real time,
studying the concentrations of antibiotics and bacterio-
phage titer. The instrument reads the absorbance value

5 International Organisation for Standardization. Susceptibility
testing of infectious agents and evaluation of performance of
antimicrobial testing devices. 2019;Part 1.

URL.: https://iso.org/standard/70464.html
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from each well as a separate parameter and converts
the data into a heat map representing the percentage of
bacterial reduction. As a rule, sinograms can be divided
into three parts: the area of antibiotic action, the area of
bacteriophage action and the area of their joint action,
by which it is possible to assess the effect of their inter-
action (PAS). The use of this method allows visualizing
the effectiveness of the combination and selecting the
optimal concentration of antibiotic and phage. An addi-
tional advantage of this method is the ability to simulate
what is happening in the human body when adding bio-
logical fluids to the wells [21].

To simplify this technique, I. Nikolic et al. pro-
posed the checkerboard method, which is used to study
the interaction of 2 chemical medicines [22]. For more
reliable results, the method is implemented in an auto-
mated version. The choice of dilution depends on the
lytic activity of the phage and the MIC of the antibiotic,
so these parameters should be determined in advance
before the test. Antibiotic dilutions are added to the
wells of a sterile flat-bottom plate from left to right to
create a twofold serial decreasing concentration gradi-
ent in the range of 8-0.125 of the MIC. A two-fold serial
decreasing gradient of phage concentration in the same
range is created in the wells from top to bottom, after
which a suspension of the test microorganism is added
to the plate. The inhibitory concentrations of the anti-
biotic and phage allow the calculation of the fractional
inhibitory concentration index (FIC) using the follow-
ing formula:

MICac N MICbce
MICa MICb

where MICac — MIC of antibiotic combined with bac-
teriophage, pg/mL; MICa— MIC of antibiotic, pug/mL;
MICbc — MIC of bacteriophage combined with anti-
biotic, MICb — MIC of bacteriophage, pg/mL.

The following results indicated that:

* FIC < 0.5 — synergy (combination of com-
pounds increases the inhibitory activity of one
or both compounds);

* FIC = 0.5-4.0 — no interaction (the combina-
tion has no increase in MIC due to the additive
effect of both compounds);

* FIC > 4 — antagonism (combination of com-
pounds increases MIC) [22, 23].

Broth microdilutions, although considered to be
more reliable tests, are more complicated than the use
of a solid medium. They require working with large vo-
lumes under aseptic conditions, preliminary determina-
tion of the MIC and lytic activity of the bacteriophage,
and special equipment for continuous bacterial counts at
short intervals throughout the day. In the absence of a
spectrophotometer, OD measurement can be replaced by
quantitative seeding from wells after a day of incubation,
which makes this method less accurate and increases la-
bor costs and the turnaround time by at least a day [20, 24].

XFIC =

REVIEWS

The described approaches are not standardized in the
Russian Federation, and they require a lot of time for
staging, which has a limitation for determining the ef-
fects of PAS — joint administration of antibiotic and
bacteriophage in practical laboratory conditions.

Use of nutrient dense media

Double-layer agar method

The effect of PAS against uropathogenic E. coli
strain (UPEC) on a dense nutrient medium was first de-
scribed by A.M. Comeau et al. [25]. They noticed that
phage plaques were significantly larger around some
antibiotic disks overlaid on the medium seeded in depth
with the tested uropathogenic E. coli strain and bac-
teriophage. The authors hypothesized that a sublethal
dose of B-lactam antibiotics stimulates phage activity.
The results were further confirmed by adding antibio-
tics at different concentrations to a mixture of E. coli and
phage, which were all poured together into semi-liquid
agar: phage formed small plaques without cefotaxime
and large plaques in the presence of the antibiotic at a
concentration of 50 ng/mL. When the concentration of
antibiotic was further increased, it completely inhibited
the growth of the bacterium and the result of phage ac-
tion could not be studied due to continuous lysis.

The simplicity of the described methodology al-
lowed other researchers to conduct similar experiments
using different bacterial strains, phage and antibiotic
drugs, combining phages with bacteria or bacteria with
an antibiotic in agar, and placing antibiotic disks or
bacteriophage drops, respectively, on the surface of the
solidified layer [26-28].

E-test

The gradient diffusion method can be used to de-
termine synergy. There are two modifications of this
technique. In the first variant, two strips impregnated
with antibacterial drugs are placed perpendicularly to
each other on a Petri dish seeded with the test culture,
intersecting at the MIC level for each antibiotic. Much
like with the checkerboard method, the interpretation of
the synergy of the E-test is based on the calculation of
the FIC index. In the second variant of the test, a strip
with the antibiotic is placed on a lawn culture in a Petri
dish, after one hour the strip is removed and replaced
with a phage-impregnated strip. As a control, a second
dish is used in which the antibiotic and bacteriophage
strips are overlaid and not in contact with each other.
Synergy is defined as a decrease in MIC by at least three
10-fold dilutions, indifference — as a decrease in MIC
by at least two 10-fold dilutions, antagonism — as an
increase in MIC by three or more 10-fold dilutions [15].

Disk-diffusion method

In this variant, a bacterial culture (0.5 McF) with
bacteriophage (108 PFU/mL) is incubated for a day be-
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fore the classical disk-diffusion method, after which a
daily culture on a dense medium is obtained. The daily
culture without pre-incubation with phage is used as
control. Determination of antibiotic and phage syn-
ergy by this method is difficult because the diameter
of growth retardation around the disk with antibiotic
changes insignificantly [29]. The disadvantages of the
method also include the double consumption of stan-
dard disks due to the use of controls.

Conclusion

The analysis of available sources shows that there
are currently no available and reproducible methods to
determine the interaction between bacteriophages and
antibiotics in routine laboratory practice. When com-
paring known methods, it is not possible to obtain their
100% correlation; the coincidence varies from 44 to
88% when comparing time-kill assays with the check-
erboard method, from 63 to 75% — when comparing
time-kill assays with the E-test and about 90% — when
comparing the E-test with the checkerboard method.
Most of the studies propose an author’s method without
comparison with the existing ones, and use only one
species and strain of microorganism as a test strain. At
the same time, phage and antibiotic interactions depend
not only on the selected drugs, but also on the test strain
within the same species. Studies have shown that even
predictions derived from artificial intelligence and ma-
chine learning require double-checking in the laborato-
ry before treatment [15]. And although putative mech-
anisms of synergistic action of phages with antibiotics
that either do or do not induce SOS repair have been de-
scribed6, to answer the question whether phages can be
combined with antibiotics to treat an infection caused
by a particular strain, in vitro testing must be performed
each time. To determine the sensitivity of bacteria to the
combination of antibiotics and phages, all virulent bac-
teriophages should be included in the study, even if the
bacteria are initially insensitive to them, since the res-
toration of strain sensitivity to phages in the presence of
antibiotics and the manifestation of synergy of 2 drugs
have been described. One of the new areas of research
is the study of mechanisms of joint action of antibiotics
and moderate phages, which have always been consid-
ered as an insurmountable obstacle to therapy. Synergy
has already been described in 7 antibiotic groups with
moderate bacteriophage [30].

One of the key objectives of the microbiology
laboratory is to provide reliable information on the use
of antimicrobial agents, including their combinations,
for the treatment of infectious diseases. The methods

¢ A bacterial defense system that is activated in response to DNA
damage or inhibition of replication and triggers a complex chain
of defense reactions. SOS (save our souls) is an international
distress signal in radiotelegraphic communication using Morse
code.

by which a laboratory assesses sensitivity to antibiotics
and bacteriophages individually are highly standard-
ized and reproducible. It is this reproducibility that al-
lows laboratories to obtain comparable results. Given
that it is impossible to predict empirically the interaction
between antibiotic and phage, and the combination of
bacteriophages and antibiotics can cause both positive
and negative shifts in chemopreventive MIC changes, it
is necessary to develop the simplest possible methodo-
logy with a clear protocol and accessible equipment that
can be implemented in any microbiology laboratory.
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90 net PocToBCKOMY-Ha-[loHY NPOTUBOYYMHOMY NHCTUTYTY:
NCTOPUA, AOCTIKEHVA N NepCneKTNBbI

B 2024 r. PocroBckuii-Ha-JloHY NpPOTUBOYYM-
HBIH MHCTUTYT oTMeuaeT 90-metre. OcHOBHOM 3aja-
4yeil ¢ MOMEHTa OCHOBaHMs MHCTHUTYyTa M JIO HAcTOs-
IIET0 BpEMEHHU SBJISIETCs 00phOa ¢ 0000 OMACHBIMH U
NPUPOTHO-0YAarOBbIMH HH(EKIMOHHBIMA OOJIE3HSIMU,
pa3paboTKa METOJOB ITUArHOCTUKU W MPOQUIAKTHKH,
a Takxke obecrieueHre OMOIOTHYECKOl Oe30MacHOCTH
U MIPOTHBOJEHCTBUE OHoTeppopu3My. [IperepneB psia
peopraHu3alii 1 CMEHUB HECKOJIbKO Ha3BaHUM, WH-
CTHTYT OCTaeTCsi OAHUM W3 BEIYLIMX MHOTO(QYHKIHO-
HaJBHBIX HAy4YHO-TIPAKTHUECKHUX YUPEXJECHUH B cTpa-
He, JeSTeTbHOCTh KOTOPOro 3aK/II04aeTcs He TOIBKO B
NPOBEJCHNN HayYHO-HCCIIEA0BATENIbCKUX paboT, HO U
B Oopranu3zauuu 3pQeKTuBHON paboThl pedepeHc-1eH-
TPOB 110 MOHUTOPUHTY XOJIEPHI U TYAAPEMUH, IEHTPOB
WHJMKauuu U cekBeHuposaHus, [IL{P-uentpa u ucnsl-
TaTeJIbHOTO J1A0OPaTOPHOTO WEHTpPa, CIEIHaTH3HPO-
BaHHBIX MpoTuBo3NuaeMuueckux oOpuraz (CII9B).

Uctopus unctutyTa HaunHaercs ¢ 1934 ., korna
B pe3yJibTare peopraHu3anyu PoCcTOBCKOro ropoackoro
0aKTEepHOIOTHIECKOTO HHCTUTYTA U POCTOBCKOM Kpae-
BOI MPOTHBOYYMHOHN CTaHIIMU ObLT 00pa3oBaH «A30BO-
UepHomopckuii  kpail. HMHCTUTYT NpPOTUBOYYMHBIN,
r. PoctoB-Ha-/lony», mepenMeHoBaHHbIM B 1937 . B
«PoctoBckuii-Ha-JIoHy TOCYAapCTBEHHBIN Hay4HO-HUC-
CJIEJIOBATENIbCKUNA MPOTHBOYYMHBINH HHCTUTYT FOra
PCOCP». [lupexkTtopoM HHCTHTYTa OBUI Ha3HaueH
Muxaun Ucaesny JlroOaieBckuii, KOTOPBIHA OPraHU30-
BaJl TUIAHOMEPHYIO PaboTy 1o (OPMHUPOBAHHIO KAPO-
BOTO COCTaBa, 00ECIIEUEHHIO €ro HayqYHOH U MpaKTH4e-

CKOH JesTeTbHOCTU. B roibl CTaHOBIEHUS WHCTUTYT
COCTOSUT U3 8 CTPYKTYPHBIX MOJIpa3/IeIeHU, B KOTOPBIX
pabotanu 24 Hay4yHbIX coTpyaHuKa 1 100 yenoBek Tex-
HUYECKOTO MEPCOHAlIa, B HETIOCPEICTBEHHOM MO JYHHE-
HUM WHCTUTYTA OBUIO 9 MPOTHUBOYYMHBIX TYHKTOB.

C 1934 mo 1940 r. cneunanucTaMd HHCTUTYTA
OBUIO MPOBEICHO SMHM300TOJIOIHYECKOe 00CIe0BaHe
MPUPOIHBIX OYaroB omacHeIX HHGeknuii CeBepo-3a-
nagHoro [lpukacnus; pa3paboTaHbl U OCYIIECTBIECHbI
LIMPOKOMACIITaOHbIE MEPONpPUATHS IO JIMKBHIALIUU
SMU300THH YyMBI U TYJIIPEMHH Ha TEPPUTOPUHU A30BO-
Uepuomopckoro kpas u CeBepHoro KaBka3a; BeIIONIHE-
Hbl OPUTHHAJIBHBIE UCCIIEAOBAHUS 10 ATH300TOJIOTHH,
SMUIEMHUOJIOTUH, MAaTOreHe3y U MMMYHOTEHE3y UyMBbI
U TynspeMud. B mpenBoeHHbIe robl B HHCTUTYTE pa-
6ortanu kpynHble yu€nsle: Huxonait Hukonmaesuu XKy-
koB-Bepexnukos, I'eopruii Ilasnosuu Pynues, Iletp
Hukutna Crynaunkuii, Mocud CamconoBuu Tunkep.
Wx Bknag B u3ydeHHEe YyMbl IOUCTHHE HEOLIEHUM.

C 1939 1o 1964 r. UHCTUTYT BO3MIABIISLI JIaypear
CranuHckoil ipeMuy, K. M. H. Anekcanap Konaparse-
BHY [IIMIIKMH, HECOMHEHHOM 3aCIIyTr0il KOTOPOTIO SIBJISI-
eTCsl OpraHu3alus padboThl HHCTUTYTa BO BpeMs Bemnu-
kot OTeueCcTBEeHHOM BOMHBI U B ITOCIICBOCHHBIN ITEPHOI.
B 5Ty rozpl KOMUYecTBO MOpa3ieIeHUH YBEIUIMIOCH
no 13, B MOAYMHEHWHM HWHCTUTYTa HAXOJWJIOCH YyKe
30 mpOTUBOYYMHBIX J1abopaTopuii, OTAENEHUI U CTaH-
umit. B 1941 . A.K. IIWmkuH B TpyAHEHIINX YCIOBUAX
BOCHHOTO BPEMEHH, COXpPaHHB BCE MMYIIECTBO M OC-
HOBHBIE KaIpBI, IPOBEN IBaKyallMi0 HHCTUTYTA B C. 3a-

PocToBckmn-Ha-[1oHy rocyaapCTBEHHBIN Hay4YHO-UCCnenoBaTenbCkuin NPoTMBOYYMHBIN MHCTUTYT KOra PCOCP B 1930-€e roapi.
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BETHOE, ropoja Jnucty, Actpaxanb U ['ypreB (cHaua-
na B Kanmeitikyto ACCP, a 3atem B Kazaxckyro CCP).
Jlume B ampene 1943 1. KOJUIEKTHB BO3BpaTHIICA W3
9BaKyalluu B 0cBOoOOxIEHHBIM PocroB-Ha-IloHy, He-
MEJIEHHO MPUCTYNUB K BOCCTAHOBJIEHHUIO MHCTUTYTa
U PELIEHHUIO OCHOBHOM 3a/1a4u — OKOHYaTeJIbHOM JIMK-
BHUJAIMH MTU300TUH YyMbl B oyare CeBepo-3aragHoro
[Ipuxacnud. 3a ycreurHoe BBIMOJIHEHUE 3TOW 3aJauu
9 COTpyAHUMKOB MHCTUTYTa ObUIM ynoctoeHbl CrajuH-
ckoii mpemun. MacmTabHyto paboTy NpPOBOAWIU TIO
00opb0e He TOJNBKO C YyMOH, HO M ¢ TylapeMuei, opy-
nesie3oM, OpromHbIM TH(OM, JU3EHTEpUe U Xole-
poii. ImenHo B BoeHHble roasl (1943 1) B uHCTUTYTE
OBUI OpraHW30BaH OTIEN XOJEphl IMOJ PYKOBOJICTBOM
I. M. H., npodeccopa Mapuu CemeHOBHBI J[poskeB-
KHHOW, KypupoBajia paboTy oraena A. M. H., mpodec-
cop, akajgeMuk 3uHauga BuccapuonoBHa Epmornbesa.
3a 00pa31oBoe BBHINOIHEHUE 3aJaHUI BOGHHOTO KOMaH-
nosanus 1 Hapkomznpasa CCCP coTpyTHUKY HHCTUTYTa
OBLTH HarpaXxIIeHbl OpAcHaMu U MeaaIiMu COBETCKOTo
Coro3a (B ToM unciie 60eBbIMU). B TpyHBIE TOCIEBOEH-
HBIE TOJBI Ha CTAPhIX MAllIMHAX, a 3a4acTyI0 Jaxe Melll-
KOM, CIIEIMaJINCThl MHCTUTYTA MPOIOIKAIN UCCIIeI0Ba-
HUE CEeBEepO-3allaJHOT0 MMPUKACITMHCKOTO MPUPOTHOTO
o4ara gyymbl. Henb3st He OTMETHTH BKJIaJ B 3Ty paboTy
1. 0. H., mpodeccopa Hukonast IIpokopreBrnua MupoHo-
Ba, KOTOPBIN, HECMOTPSI HAa TO YTO TOTEPSUT JIEBYIO PYKY
B 00sIX, HE TOJIHKO MPUHUMAI aKTUBHOE YYacTUE B ITHX
MEpPONPHUATHAX, HO U MPEAJIOKHUI CXEMY KOHKPETHBIX
JEUCTBUIM TI0 OKOHYATEJIHLHOW JHUKBHUAAIIUM SH300THU
YyMbl B YKa3aHHOM od4are, co3zall laboparopuio OHo-
JIOTHYECKUX METOJOB OOPHOBI ¢ MEPEHOCUNKAMH H HO-
CHUTEIISIMU BO30OyAHTENEH 0C000 OMACHBIX MH(EKIUH.
Buumanue uccienoBareseil B Te rofsl ObUIO CO-
CPEJOTOYEHO U Ha COBEPILIEHCTBOBAHNHU METOZIOB CEpPO-
JIOTUYECKO# AuarHocTuku uH(ekuii. Ha 0a3e unctu-
TyTa A. M. H., npodeccop Mowuceir Nocudosuu JleBu
paspaboTan ¥ BHEJAPWI B IPAKTUKY aHTUTCHHBIC U M-
MYHOIJIOOYJIHMHOBBIE SPUTPOLUTAPHBIE JTUATHOCTHKY-
MBI, KOTOpPBIE UCTIONB3YIOTCS M B HACTOSIIIEE BPEMS.
MupoBBIM JOCTHKEHUEM SIBIISIETCS CO3ZAHUE U
BHEJIPEHUE B MPAKTHKY XUBOH TYJIPEMUNHON BaKIU-
HBI TI0J] pykoBozcTBOoM bopuca SIkoBnesnua Dnpdepra
u Nocuga CamconoBrnua THHKEpa HA OCHOBE IITAMMAa
Hukonast AxumoBuya [alickoro ¢ HCIONb30BaHUEM
JKUJIKOHM JKENTOYHOM Ccpefbl, paspaboTaHHONH Mapuei
CemenoBnolt JlpoxkeBkuHoM. [IpoBenénnsie ucciemno-
BaHUS U BBEJEHHE MAaCCOBOW BaKIIMHAIIMM HaceleHUs
CYLIECTBEHHO CHU3WJIM 3a00JeBa€MOCTh TYNIIpeMHEH
B cTpaHe. COBETCKOE NMPaBUTEIHCTBO BHICOKO OLEHHUIIO
3Ty paboty u B 1946 . yIOCTOMIIO 3BaHUs JiaypearoB
Cranunckoii mpemuu b.5. Dnpbepra u H.A. T"aiickoro.
B 1963 r. B uHCTUTYTE OBLTA CO37aHa J1abOPaTO-
pust TpoPpUIAKTHKU U JIEISHUS TyMBbl, KOTOpyio Oosee
30 et BO3MIABISIIA 1. M. H., ipodeccop JIro6oBs Hu-
kosacBHa Makaposckas. Ilog e€ pyxkoBoacreom Huna
Ky3pmuHnYHa 3aBbsuloBa 3alUTHIIA KaHIUAATCKYIO

MamsaTHuk 3.B. EpmonbeBoli B PoctoBe-Ha-[1oHy.

nuccepranio «OMBIT Je4eHUs YyMbD», MONAS 0C03-
HaHHO Ha 3apa)KCHUE ITOU OOJIE3HBIO C MENBIO UCIIBITA-
HUS Ha ceOe 3PPEKTUBHOCTH METO/IA JICUCHHSI.

[TonmonKoBHUK MEIUIIMHCKOW CIyXOBI 3armaca
I. M. H., ipodeccop ['puropuiit MounceeBnu Menun-
CKHM, KOTOPBIN UMEI OTBIT OPTaHM3alUN TPOTHBOOAK-
TEPHOJIOTUYECKON 3alllUTHl HaceNeHHsS U pa3paboTKu
OTIEpaTUBHBIX JOKYMEHTOB, MPEIIOKUI HMJEI0 COo3Jia-
Hus CIIOb (ITpuxa3z Munzapasa CCCP ot 30.09.1963
Ne 466 o dopmupoBanuu CIIDB Ha 06a3e mpoTHBO-
YYMHBIX YYpEeXIEHUI), 3aHuMaici mpobiemMaMu ca-
HUTAPHOM OXpaHbl TEPPUTOPHI OT 3aBO3a W PaCIpO-
CTpaHEeHUs1 KapaHTUHHBIX WHekuud. CoTpymHUKU
nHCcTHTyTa B cocTtae CIIOb npuanmMany ygactue B mpo-
BEJICHUH KOMIUIEKCA MPOTHUBOXOJIEPHBIX MEPOIPUATHI
B 1960-e rT. B pecrryonukax Cpenneit Asun (Y30eku-
craH, 1965), B moKaau3anuy 1 JIUKBUAJAITUN BCIBIIICK
xonepel B Actpaxanu (1970), Onecce (1970), Kepun
(1970), Houenxke (1971), BunkoBo Oxecckoii obmactu
(1991), Pecnybnmke Harectan (1994); B pabGote mo
JUKBUJAINH TIOCIEACTBUI 3eMIIeTpsiceHus] B Apme-
Huu (1988); B Ueune B yclnoBHsIX BOGHHOTO KOH(IMKTA
(1995) u mp.

ITon pykoBOACTBOM A. M. H., A. 0. H., aKaJieMHKa
PAMH u PAEH HUrops Banepuanosuua Jlomapancko-
ro, aupekTopa PoctoBckoro-Ha-/[oHy mpoTnBOUYyMHO-
ro uHcTHTyTa ¢ 1964 1. M0 1973 1., mpoBoAMIHCH DyH-
JTaMEHTaJIbHBIE HCCIIEOBaHUS B 00JacTH OMOXHMMUM,
TeHEeTUKH, MOJIEKYISIpHOM Onomornu Bo3OyauTeneit
YyMBI U JIPYTHX 0CO0O OMACHBIX MH(EKIHii; maro- u
MMMYHOTEHe3a, JIedeHUsI U MPOQUIAKTUKA WHEKIHN-
OHHBIX 3a00JIeBaHUi, BRI3BAHHBIX MUKPOOPTaHU3MaMHI
[-II rpynn nmaToreHHOCTH.

B 1970 1. a rore CCCP Bo3HHKIIA 3MTUAEMHS XO-
Jiepbl, B 00ppOe ¢ KOTOPOil COTPYTHUKH MPHHSIN aK-
THBHOE y4yacTHe. 3a MPaKTUIECKUE YCIIEXH U HayIHbIe
JOCTIKeHHsI HHCTUTYT B 1971 1. momyumn craryc ro-
JIOBHOTO TIO IpobiiemMe «XoJepay, COXpaHIIONTUHCS 10


https://ru.wikipedia.org/wiki/%D0%A0%D0%BE%D1%81%D1%81%D0%B8%D0%B9%D1%81%D0%BA%D0%B0%D1%8F_%D0%B0%D0%BA%D0%B0%D0%B4%D0%B5%D0%BC%D0%B8%D1%8F_%D0%BC%D0%B5%D0%B4%D0%B8%D1%86%D0%B8%D0%BD%D1%81%D0%BA%D0%B8%D1%85_%D0%BD%D0%B0%D1%83%D0%BA
https://ru.wikipedia.org/wiki/%D0%A0%D0%BE%D1%81%D1%81%D0%B8%D0%B9%D1%81%D0%BA%D0%B0%D1%8F_%D0%B0%D0%BA%D0%B0%D0%B4%D0%B5%D0%BC%D0%B8%D1%8F_%D0%B5%D1%81%D1%82%D0%B5%D1%81%D1%82%D0%B2%D0%B5%D0%BD%D0%BD%D1%8B%D1%85_%D0%BD%D0%B0%D1%83%D0%BA
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cux mop. Pe3ynmpraTel Hay4dHBIX HcCieqOBaHHMN J1a0o-
paropuu MUKPOOHOJIOTHH XOJIEPHI O PYKOBOJCTBOM
akcnepra BceMupHOW opraHu3alyy 31paBOOXPaHECHUS
npu OOH (1963-1973 rr.), k. M. H. Panta Muxaiino-
Brya CasMoBa JIEMIM B OCHOBY IpPU3HAHMS POJIU BU-
opuonoB El Tor B 3THONOTMU XONephl. 3aBeAyIOIIUi
naboparopuell maToQu3MONOTHH K. M. H. Brmamgumup
[TaBnoBuY ABpOpPOB ¢ KoJjleramH pa3paboTai, ampo-
OupoBasl M BHEJPUI B NMPAKTHUKY KOMIUIEKCHBIM MeTOA
JICUEHUS JUapEHHBIX 3a00JICBaHMI Yy JIIOACH, CO31aB
OTEUYECTBEHHBIN IIpenapar s OpalbHOW peruapara-
LUOHHOU Tepanuu xonepsl «Imrokoconan».

C 1973 r. nox pyKOBOJCTBOM 3aCiIy’KEHHOTO Jie-
arens Hayku PO, n. M. H., npodeccopa Bukropa Hu-
KojaeBrMua MWIIOTHHA TOJYYHUIIO pa3BUTHE HOBOE
HaMpaBJIeHHE IO CO3/IaHUIO CYXMX MHUTATENIbHBIX CPeX
JUIL KyJIbTHBUPOBaHUS M JUACHOCTHKH BO30yIuTe-
neil 0co00 ONMacHBIX WHPEKIHH U HEKOTOPBIX JPYTHX
MAaTOT€HHBIX MHMKPOOPTaHM3MOB. Takke B 3TH TOJBI
B PocroBckoM-Ha-/[0HY NPOTHBOYYMHOM HMHCTUTYTE
pa3paboTaHbl OCHOBBI PAHOHUPOBAHUS TEPPUTOPHH
CTpPaHBI TI0 CTENEHH OMACHOCTH 3aHOCA U paclpocTpa-
HeHus xoyepbl. B 1970-1980 rr. 1. M. H., ipodeccop,
3acily’K€HHbIN nedarens Hayku PO bopuc Hukonaesuu
MumanbkuH cOpMHUpPOBAJ HampaBlieHHE 10 H3yde-
HUIO OMOXUMHH XOJEPHBIX BUOPHOHOB: OBIIIM N3yUYEHEI
M 0XapaKTepU30BaHbl MHOTHE ()EPMEHTHI, OIIPECIICHEI
UX pOJIb U y4acTHE B MATOT€HE3€ XOJIEpHI; MOITyUEHBI
Ba)XXHBIE INPHOPUTETHBIE KaK TEOPETHYECKHE, TaK U
NPaKTHYECKUE JaHHbIE O OMOXMMUYECKOM ITOTEHIIHATIe
XoJiepHbIX BUOpHOHOB. B 1982 1. co3nana naboparopust
XOJIEPHBIX JIUArHOCTHUYECKHX (ParoB, KOTOpyro Oojee
30 net Bo3maBmsia . M. H. TaTbssHa AJEKCaHIPOBHA
KynpsixoBa. Ha ocHOBE COBOKYITHOCTH OHONOTHYECKUX
¥ MOP(QOJIOTUYECKUX PU3HAKOB, KAYECTBEHHOM XapakK-
TepUCTHKH OakTepruodaros Bo30yauTeneit 0codbo onac-

ANNIVERSARIES

HBIX WHQEKIHH MONyYeHbl JOKa3aTeIbcTBa OMOIOTHU-
YEeCKOro pazHooOpasusi STON TPYIIbl OaKTepHaTbHBIX
BHPYCOB, UMEIOIIHUX HE TOJIKO TEOPETHYECKOEe, HO H
Ba)XKHOE MTPpaKTHUECKoe 3HaYeHne. Hanuune oOmmpHOi
KOJUTIEKIIMK (haroB TMO3BOJIIMJIO pa3paboraTh cxemy (¢a-
TOTUIHMPOBAHUS XOJEPHBIX BHOPHOHOB, MPHU3HAHHYIO
BcemupHoli opranuzanuen 3ApaBOOXpaHEHUs U UC-
MOJIb3yEMYIO Ha MPAKTHKE.

3a 3aciayru B opranusanuu 00ps0bI ¢ 0000 omac-
HBIMH WHQEKIIMOHHBIMU Oojie3HsiMu B 1984 1. Ykazom
[Ipesuanyma Bepxosaoro Cosera CCCP Poctos-
cKkuii-Ha-J/loHY TPOTUBOYYMHBI WHCTUTYT OBIT Ha-
rpaxaéx opaenoM Tpynosoro Kpacnoro 3HameHu.

C 1986 mo 1988 r. MHCTUTYT BO3IIABISUI 1. M. H.,
npodeccop Anekcanap CepreeBuu HoBoxarckuii, ko-
TOPBIN CIOCOOCTBOBAN BHEAIPEHUIO B paboOTy HOBBIX
TEXHOJIOTUH ¥ METOIOB UCCIICAOBAaHUMI: THOPHIOMHOMN
TEXHOJIOTUU TIOJIy4YE€HUS! MOHOKIJIOHAJIBHBIX aHTHUTE,
MOJIMMEPA3HOH IEMHON peakIuu, UMMyHO(pEepMEHTHO-
r0 aHaJu3 U JIp.

YenemHo peanu3oBall MOTEHIMAT HHCTUTYTA Kak
TOJIOBHOTO METOIMWYECKOTO ILIEHTPa MO XOJepe 3aciy-
JKCHHBIH iesaTenb Hayku PD, 1. m. H., mpodeccop KOpuit
MuxaiinoBud Jlomos (mupextop ¢ 1988 mo 2010 r).
B sToT nepuox nHTeHCH(PUIIMPOBAIIICH UCCIIEI0BAHUS,
MOCBSIIEHHBIE DKOJOTHU XOJEPHBIX BUOPHOHOB U HX
COXpaHsIeMOCTH B okpyxkaromiei cpene. C 2008 r. un-
CTHUTYT sBIsieTCs PedepeHc-1leHTpoM 0 MOHUTOPHHTY
xonepsl Ha Tepputopun Poccutickoit denepanuu, ocy-
HIECTBIISII MOHUTOPHHT 3a00JieBaeMOCTH, (OPMHUPYS
MIPOTHO3bI PA3BUTHUS AMHIEMHUOJIOTHYECKOW CUTYaIUH,
M3ydasi MOJIEKYJISIPHO-OMOJIOTHYECKIE CBOMCTBA IIITaM-
MOB XOJIEPHBIX M APYTUX MATOTCHHBIX U YellOBeKa
BUOPHOHOB, B TOM YHCJIE C aTUITMYHBIMU CBOWCTBaMH.

B XXI B. ”HCTUTYT BO3INIABISUIN K. M. H Anlekceit
Bopucosnu Maszpyxo (aupextop ¢ 2011 mo 2013 r),

PocToBckun-Ha-[oHy NPOTUBOYYMHbBIA UHCTUTYT B HaLLW OHW.
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K. M. H. CBetnana BukropoBua TutoBa (IupexTop C
2013 mo 2019 ) u x. M. H. Anekceit KumoBruy Hockos
(mupexrtop ¢ 2019 no 2024 r.), xotopeiid 1 3hdex-
TUBHOTO PEIICHUS HAYYHBIX U MPAKTUYECKHUX 3ajad,
YUUTBIBasg BBI30BBI COBPEMEHHOCTH, ONTHMHU3HPOBAI
CTPYKTYypy HHCTUTyTa. Ajekceir KuMoBuY BO3IIIaB-
JIJT UCCIE0BAaHUS 10 COBEPILIEHCTBOBAHUIO TaKTHKHU
U pa3pabOTKU aNrOpUTMOB 0OECIeYeHUs] CaHUTapHO-
SMHUAEMHOJIOTHYECKOTO OJIaronoiIydusi Ha TEPPUTOPUN
cyonsekra Poccuiickoit @enepanuu, B TOM 4uCIie B yC-
JIOBUSIX DKCTPAOPIUHAPHOTO COOBITHS HAa TEPPUTOPHU
COTIPeIeNIbHOTO TOCYapCTBa U B YCIOBHUAX MaHIAEMHU-
YEeCKOTO pachpocTpaHeHusl Ooje3Hel; aKTHMBHO BHeE-
Ipsin B pabOTy MHCTHTYTa BBICOKONPOHM3BOIUTEIHHOE
CEKBEHUPOBAaHHUE U IMEpPeXo/l K TeHOMHOMY SIHUAEMHUO-
JIOTUYEeCKOMY Haj30py. bmaromapst B3anMonencTBHUIO
¢ yupexaenusmu PocnorpebHanzopa B PocToBckoit
00JIaCTH PACHIMPHIICS CIEKTP HM3yYaeMbIX Tpagulii-
OHHBIX WH(EKIUH 3a cuéT OoNe3Hel KkpaeBoi MH(DEK-
LUOHHOM maTojoruu — KphIMCKON reMopparnyeckoi
JUXOPaJKH, KJIEHeBOro Ooppennosa, JTUXOpaakd 3a-
nagHoro Huma m ap. B pamkax ocymiecTBiIeHUS Me-
POTIPUATHI 1O YKPEIUIEHHWI0 MEXIyHapOJHOW CeTH
10 MPOTUBOACUCTBUIO YPE3BBIYAHHBIM CHUTYyalUAM
CaHUTApPHO-AMHIEMHOJIOTMUECKOTO Xapakrepa 7 JeKa-
Ops 2021 1. mpomna nepeaaya MOOHIBHOTO KOMILIEKCA
CII9b ®KVY3 «PocroBckuii-Ha-/[0Hy MPOTHBOYYMHBIH
nHCTUTYT» PocnoTrpebHan3opa MuHHCTEpPCTBY 37pa-
BOOXpAHEHHsI W COIHAIbHOTO pa3BuTHs Kuprusckoit
Pecnyonuku. Ilox pykoBoactBoM Anekces Kumouua
cnennanuctel CII9b yvacTBOBanu B obecrieueHny ca-
HUTAPHO-3MUAEMHUOIOTHYECKOTO OIaronoay4yust B 30-
Hax Ype3BbIUaifHBIX CUTYAIN, Pa3IMYHBIX IO XapaKTe-
py (r. Cumdepomnons, 2021; . Dopoc, 2021; . Mapuy-
ok, ¢ 2022 mo Hactosmiee Bpems; I. [enndeck, 2023;
T. PacckazoBo, 2023), B MecTax MpOBEACHUS MaCCOBBIX
meponpusatuii (. Coun, 2024). Kpome toro, 6511a mpo-
BejieHa paboTa B paMKax MEKIYHApOAHOTO COTPYAHU-
yectBa (PecnyOiuka Kownro, 2023; BonuapuaHckas
Pecnybnuka Benecyama, 2023).

B 2024 r. Ha 06a3e uHCcTUTyTa co3maH Pede-
PEHC-LIEHTP 0 MOHHUTOPHUHTY TYJSIPEMUH, (QYHKIIUU
KOTOPOTO 3aKJIIOYalOTCd B OKa3aHUM KOHCYJIBTAaTHB-
HO-METOIMYECKOM U MPAKTUYECKON MOMOIIM OpraHam
U ydpexnaeHusM PocnorpeOHaazopa U MeIUIIMHCKUM
opranuzanusaMm cyobekToB Poccuiickoit denepanuu mo
BOIPOCaM 3IMUAEMHOJIIOTUH, MHU300TONIOTHH, Tpodu-
JIAKTHKH U JJUaTHOCTHKH TynsapeMuu. Pedepenc-uentp
MIPOBOJUT aHAIU3 SMH300TOJIOTUYECKON U 3MHIEMHO-
JIOTUYECKON CUTYallMU MO TYASIPEeMHUH U YIIyOIEHHOE
M3y4eHHUe KyJAbTyp BO3OYIUTENS TYIIPEMUH C UCIIONb-

30BaHMEM TPAJAULMOHHBIX U COBPEMEHHBIX METOJOB
aHanuza. Ha ocHOBe pe3ynbTaToB paclIipeHHOMN HleH-
TU(PHUKAIUU COCTABIISIETCS TEHOMHBIN MOPTPET IITaM-
MOB TyJsipeMuitHoro Mukpo6a. I[lpoBoaurcs pabdora mo
CO3/IaHUIO JJIEKTPOHHOM 0a3bl NaHHBIX W TeouHGop-
MAaI[MOHHOW CHCTEMBI MPHUPOJHBIX OYaroB TYISPEMHUH
Ha teppuropun Poccuiickoit ®@enepanuu. B unHcTH-
TyT€ CyIIECTBYET MOMOIHIEMasl KOJUICKIHS IITaMMOB
Francisella tularensis, maciopTHbIe JTaHHBIE KOTOPBIX
COZIepKAT XapaKTEPUCTHKH (HEHOTHITMIECKUX U MOJIe-
KYJISIPHO-OMOJIOTMYECKIX CBOMCTB.

C MOMeHTa OCHOBaHHMA HHCTUTYyTa Ha ero 0Oase
MMOCTOSIHHO MAET TOATOTOBKA KaApOB IO Pa3TUYHBIM
acrmektaM 0co00 omnacHbeIx uHGeKuin. B3anmonei-
CTBUE C yudpexaeHusMu PocrorpebrHanzopa n Mun-
3[paBa MPOUCXOJUT HE TOJIBKO MpH 00yUYEHHH Clierra-
JICTOB, HO U B MPOIECCE BBITIOJIHEHHS OOIIMX HAYYHBIX
Y TIPaKTHYECKUX 3a/1a4. Ba)kHBIM MOMEHTOM SIBIISIETCS
WU COTPYAHHYECTBO C POCTOBCKMM rocCymapCTBEHHBIM
MEINIMHCKAM YHUBepcuTeToM, HOXHBIM (enepains-
HBIM YHHBEpCUTETOM, POCTOBCKHM 0a30BBIM METUIIHH-
CKAM KOJUIEJDKEM M JIPYyTMMH 0Opa30oBaTeIbHBIMHU yU-
pexnenusiMu PocToBckoit o0macty, 9To obecreunBaeT
B3aMIMOJICHCTBHE C MOAPACTAIOIINM MTOKOJIEHUEM.

Becompie pesynsrarel 90-eTHel MacmTaOHOU U
Pa3HOIIaHOBOI HAYYHOH AESITETFHOCTH HHCTUTYTA OT-
paXeHBI B ThICAYaX OITyOIIMKOBAHHBIX HAYyYHBIX PadoOT.
B xoze BBIONHEHNS HAYYHBIX TEM COTPYIHWKAMHU WH-
CTUTYTa TPEMJIOKECHBI HOBBIE M YCOBEPIICHCTBOBAHBI
METOABI JTa0OpaTOPHON AWArHOCTUKK BO3OyauTENeit
OTNacHBIX MH(EKINOHHBIX Ooye3Heil. Co3maHbl aua-
THOCTHYECKHE Tpenaparsl, 6a3pl JaHHBIX U TeonH(Op-
MAaI[MOHHBIE CHCTEMBI, Pa3padOTaHBl METOIUYECKHE
JIOKYMEHTHI (pe/IepaTbHOTO ¥ PETHOHAIFHOTO YPOBHEH,
3ammuieHo 6osnee 50 JokTopckuX u 250 KaHIUAATCKIX
nuccepranuii. Ha 6a3e wHCTUTYTa MOATOTOBIEHBI THI-
CAYM CHEIUAINCTOB, COCTABUBIIMX TOPAOCTH OTEUe-
CTBEHHOUN HAyKH W MIPAKTHYECKOTO 31PaBOOXPAHCHUSI.

B Hacrosimee Bpemsi moj pykoBojcTtBoM Hara-
mpu  EBrenpeBHBl ['aeBckod crenumannuctel PocToB-
CKOro-Ha-JIoHy HPOTHMBOYYMHOIO HMHCTHTYTa, OCHO-
BBIBASICh HA OTPOMHOM OIIBITE INPENUIECTBEHHUKOB U
COBPEMEHHBIX 3HAaHUAX, MPOJOKAIOT TPaJULIUOHHEIE
Hay4HBIE HAIIPaBJIICHUs UCCIIEIOBaHUN.

Peoaxyuonnas konneaus u pedaxyus
«Kypnana anudemuonozuu, Mukpoobuonrocuu

U UMMYHOOUONIO2UUY NO30PAGAAEN KONIEKMUSG
Pocmoeckozo-na-/[ony npomusouymmnozo
UHCMUMYma c 10ouneem uHCmumyma

U JIcenaem Ycnexo8 8 Uccae008amenb kol

u npakmuyueckou pabome!
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CHRONICLE

XPOHUKA

PE3OJ1IOLUUA

V Bcepoccninckoin HayyHoO-MpakTuyeckom
KOHpepeHLnn ¢ MeXXAYHapPOAHbIM y4yacTuem
«CoBpeMeHHasA UMMYyHonpodunakTnka:
BbI30Bbl, BO3SMOXHOCTI, NepCneKTUBbI»

(MockBa, 10-11 oktabps 2024 roaa)

10-11 oktsi0pst 2024 . B MoCKBe COCTOsIIACH
V Bcepoccuiickas Hay4HO-TIpakTU4ecKass KOHQepeH-
U C MEXIyHapoAHbIM YydactueM «CoBpeMeHHas
UMMYHOIPO(HIAKTHKA: BBI30BBI, BO3MOKHOCTH, Iep-
CIEKTHBBI».

Mepomnpusitue  uHMIMKUpoBaHO  DenepanbHOU
CIIy>k00# 1o Han3opy B cdepe 3amuThl MpaB HOTpe-
Outenell u OIATONONYYHs] YEIOBEKa U OPraHW30BaHO
LleHTpanpHBIM Hay4YHO-HMCCIEIOBATENbCKUM HHCTUTY-
TOM snuaeMuonoruu Pocnorpe6GHan3opa mpu copei-
ctBuM Poccuiickol akazemuu Hayk, Bcepoccuiickoro
HayYHO-TIPAKTHYECKOTO  OOIIECTBA SIHIEMHOJIOTOB,
MHUKPOOMOJIOTOB M TMapa3uTonoroB M HammoHanbHOM
acCOIMalH CIIEUAIMCTOB 10 HHPEKINOHHBIM 00JIe3-
HAM uMeHHU akagemuka B.W. [TokpoBckoro.

[TpuBeTcTBeHHOE CNOBO IaBbl PocmorpedHanzo-
pa A.IO. [TonoBoit y4yacTHUKAM KOH(EPEHIUH TMpeJ-
cTaBui nupekTop LleHTpaibHOro HayyHO-HCCIIEN0Ba-
TEJIbCKOTO MHCTUTYTA 3nuaemMuonorun PociorpebHan-
3opa akagemuk PAH B.I. Axumkun. «PykoBoacTBoM
CTpaHBI MOCTAaBJIEHA CTpaTernyeckas 3ajada coxpaHe-
HUS 3/I0pOBBS HallUU, CHIDKEHUS YPOBHS CMEPTHOCTH,
NPEO0JICHHsSI IEMOTpaQUyYecKoro cnajaa B CTpaHe, —
TOBOPHUTCS B TPUBETCTBUH. — BaknuHompoguiak-
THKa — Haubonee 3PPeKTUBHOE M SKOHOMHUYECKHU
peHTabenbHOE MPOPHUIAKTHUESCKOE MEPONPUATHE T10
COXpPaHEHHUIO 37I0POBbSI HACENEHHs M OO0ECIEYeHHIO
AaKTUBHOTO JIOJTOJETHS, W3BECTHOE B COBPEMEHHOM
MeAULMHE. DTO OAWH U3 IIaBHBIX MHCTPYMEHTOB IO
NPOTHUBOACHCTBHIO HOBBIM H YK€ H3BECTHBIM OHOJIOTH-
YECKUM YIpo3amy.

[o3npaBienuss Mo MOBOAY OTKPHITHSI KOH(DEpeH-
UM W TIOKEJaHWs TJIO0TBOPHON pPadOTHI Mepenal
ciymiarensaM wieH npesuguyma PAH, akagemuk-cekpe-
Tapk otaencHus Mmeaunuackux Hayk PAH B.U. Crapo-
JyOOB.

[IpuBercTBeHHas wyacTh 3aBepIINIach Harpax-
JIeHuem: 3osorad Menainb uMenu B.U. TlokpoBckoro
3a BKJIaJ B 00pbOy ¢ MHQekuusmMu Obula BpydyeHa JIu-
pextopy LleHTpanabHOTO Hay4HO-MCCIIEA0BAaTEIBCKOTO
WHCTUTYTa dnHjeMuonorun PocriorpebHan3opa akane-

muky PAH B.I'. Axumkuny. Ero mporpammHbIit Jokazm,
NOCBSMIEHHBIA BOMpOCaM YHH(UKAIMH W COBEpIICH-
CTBOBaHHUS CHCTEMBI SMHIEMHOJIOTHYECKOr0 Haa3opa
3a MHOEKIMOHHBIMU OOJIC3HSIMH, OTKPBLI IUICHAPHOE
3aceqaHue.

B cBoem BricTyruienuu B.I. AkuMkuH OoT™METHI,
4TO HEOOXOMUMOCTh ONTHMHU3AIMH MPOJUKTOBAHA Psi-
JIOM (paKTOpPOB: pPOCTOM HHMCIIA HO30JOTHH, MOJJIeKa-
MIUX DMUAHAA30PY, BHEIpEHUEM HWH()OPMAIMOHHBIX
TEXHOJIOTUH AMUJEMUOJIOTMYECKON IMarHOCTUKH, TIpa-
BOBBIMH M OpPraHM3allMOHHBIMHU acrnekramu. CeromHs
MOSIBIISIIOTCSL BCE HOBbIe MH(EKIMOHHBIE OOJIE3HU, U
BOXHEUIINM Hay4IHBIM HallpaBlIEHUEM B 3IMHIHAI30DE
CTaHOBUTCS MOJIEKYJSIPHO-TEHETUYECKUI MOHUTOPUHT
MaToreHoB. «3JTO JOCTOSHHE MOCIEAHEro AECITHIe-
THs», — cka3an B.I. AKMMKWH, oTMeTuB, 4to lleH-
tpanbhbiii HUW Onuaemuonoruu PocniorpebHam3opa
paspabotan u BBEN B nmeictBue 1watdopmy VGARus
(Virus Genome Aggregator of Russia) — oquH u3 Bax-
HEHIINX MHCTPYMEHTOB Ui OOeCTedYeHus >Smuadia-
roroiry4rsi 1 0M00e30MacHOCTH B TIEPHO MAHIACMHUH.
B HanmonanpHYI0 6a3y JaHHBIX 3arpy’Kar0TCs HE TOJb-
ko cBenenus o SARS-CoV-2, B HacTosmee BpeMs OHa
conepKuT nH(popmanwmio yxxe o 47 marorenax, a k 2025—
2026 Tr. MX YMCIO MJIaHWpYeTCcs pacmuputh a0 150.
«CerogHst MBI HAXOJMMCSI HA HOBOM BUTKE TIOHUMAaHHS
SMUIHAA30pa, — HoadepkHyn nupexktop HUM Drmne-
MHUOJIOTHH. — MONEKyISIpHO-TeHETHIECKIE HCCIIEH0-
BaHUS ITO3BOJISIT PACTIPOCTPAHUTH OTIBIT SMHUIHAA30pa U
Ha Jpyrue WHEKINOHHbIe 00NIe3HN, YHH(PHIIUPOBATH
€ro, B TOM 4HCJIE Ui HEWH(PEKIIMOHHBIX OOJe3HEeH,
a Taxke pa3paboTars YHHUBEpCaJbHBIE CPENCTBA U Me-
TOZBI KOHTPOJIA 32 STHIEMUYIECKIM ITPOLIECCOMY.

3a mocnemnue ToAsl Poccum ymamock QoCTHYB
CYLIECTBEHHOTO CHIDKEHHUS 3a0oiieBaeMOCTH HH(EK-
LUSAMH, YIPABISIEMBIMHA CPEICTBAMH BaKIIMHOMPOGhH-
JIAKTHKH, U 00eCIeunTh HacelleHue 3amuron. Cerogus
B Mupe paspadborano Oosee 100 pa3mTuIHBIX BaKIHH-
HBIX TpenapaToB, KOTOPHIMH KOHTPOJHUPYIOTCS OKOJIO
46 3aboneBanmii. Ciennudeckas BakuHONpoduIax-
THKa WH(EKIMOHHBIX 0O0JIe3Hel B psije ciaydaeB MpH-



KYPHAJ1 MUKPOBNONOTUW, SNMUAEMMNONOTUUA N UMMYHOBWUOJTOTUN. 2024; 101(5) 711

XPOHUKA

BOJUT K CHIKEHHUIO HE TOJBKO 3a00JIeBa€MOCTH, HO U
CMEPTHOCTU OT 3a00JIeBaHUI, UMEIONINX HEUH(EKIIH-
OHHYIO TIPUPOLY.

IIpencraBisas «LElyr0 apMUIO JNETCKUX Bpauyeiin,
[JIaBHBIN BHEIITATHBIN AETCKUH CIICIIHATHCT 10 Ipodu-
JIakTH4Yeckol meauumue Munsapasa Poccuu akageMux
PAH JI.C. Hama3oBa-bapaHoBa oTmeTHsa Ba)KHOCTh
OTBETCTBEHHOTO OTHOIIEHUS K CBOEMY 370POBBIO, UTO
HEBO3MOXHO 03 IPUBEPKEHHOCTH UMMYHHU3AIHH.

JocTikeHHnsT OTEUEeCTBEHHOW HayKHM B 00JacTu
pa3paboTKH TeHHO-WH)KEHEPHBIX BaKLUUH MPOTHB BO3-
Oynuteneil 0ocobo omacHbIX MH(EKUWI MpeacTaBUl B
CBOEM JI0KJaie qupekTop [ocyaapcTBEHHOrO Hay4YHOTO
LEHTP NPUKIIAJTHON MUKPOOUOIOTHH U OMOTEXHOJIOTHU
Pocnorpebnanzopa akagemux PAH U.A. [Istnos.

Ha nnenapHoM 3acefaHnu Taxke Ipo3ByYalu J0-
kianel akanemuka PAH B.B. 3Bepesa, akanemuka PAH
10.B. Jlo63una, akanemuka PAH H.W. Bpuko, npodec-
copa 1.B. ®enpaomrom.

B pabote koH(pepeHIMH NPUHSIN y4acTHE Be-
yle y4€Hble HayYHBIX YUPEKACHUH, MEIUIIMHCKUE
CHELUUAIUCTBl Pa3IMYHOTO MPOQUIS, OPraHU3aTOPHI
3/IpaBOOXPaHEHUS — BCETO B OHJIAHH- U oaitH-dop-
Mmate Oosee 2000 yennoBek u3 72 peruonoB Poccuiickoit
Oeneparuu 1 9 cTpad Mupa.

B pamkax Hay4HOH mporpaMMbl Yy4acTHUKH 00-
CYIWIIH BOTPOCHI pa3paboTku 3PpeKTUBHBIX CpPENCTB
U CXEeM BaKIWHOMPO(QHIAKTHKH, COBEPIICHCTBOBAHUS
HAIIMOHAJILHOTO KaJeHAaps Mpo(UIaKTHUECKUX MpU-
BHBOK, TMOJATOTOBKH BBICOKOKBATH(UIIMPOBAHHBIX Ka-
npoB. Beero 3aciymano 104 moknana.

CeromHsi HWMMyHONpO(MWIAKTHKA TMpHOOpeTaeT
0c000¢ 3HAYCHHE HE TOJBKO KaK €IMHCTBEHHAS 3(-
(eKTHBHAs W TEPCIEKTUBHAS TEXHOJOTHsI OOpBOBI C
WHQPEKIHUAMH, HO U KaK HEOTHEMJIEMBIH KOMIIOHEHT
CHUCTEMbI 3[PaBOOXpAaHEHMs, HempepbiBHAs paboTa
KOTOPOTO o0ecreyrBaeT 3MUAEMHUONIOTHIecKoe Oaro-
MOJTy4He MO LEJIOMY psiny MH(EKIHOHHBIX OOJe3HEH.
BricTymenus: Ha KoH(QEpeHIUH MPU3HAHHBIX KCIep-
TOB B c(hepe MMMYHOITPO(UITAKTHKY U STTUISMHUOJIOTHU
W Hay4HbIE JUCKYCCHU TIOMOTYT B 3((EeKTUBHOU pea-
JIN3allMM KOHKPETHBIX HANpaBICHUI B 3TOH OTpaciu
3paBOOXPAaHEHMs, a TaKXKe MOCITyXaT 0O0OTalIeHHIO
Y4aCTHHUKOB COBPEMEHHBIMH 3HAaHUSAMHU, YKPETAT Hay4-
HBIE U JIETIOBBIE CBA3H CIIEIIHAIINCTOB.

VYuactHukn V Bcepoccuiickoil Hay4dHO-IIpaKTH-
YEeCKOW KOH(EPEHIIMU C MEXIyHApOIHBIM YYaCTHEM
«CoBpeMeHHass IMMYHOIIPO(HUIIAKTHKA: BBHI30BBI, BO3-
MOYKHOCTH, TEpPCHEKTHUBBI», OOCYIMB IIUPOKUN Kpyr
BOIIPOCOB, CBS3aHHBIX C TEKYIIUM CTaTyCOM CHCTEMBI
ummyHonpodunakTuku B Poccutickoit @enepanuu, pe-
LIWJTH:

1. [Tpu3HaTh HEOOXOAMMOCTH peaIn3allii B yKa-
3aHHbIe Cpoku [lnmaHa MeponpusTHil BO HCIIOIHEHHE
«Crtpareruu pa3BUTUSI UMMYHOIIPOQHUIAKTHKHA HH(EK-
LMOHHBIX Oose3neil no 2035 roma», yTBepKIEHHOM
18 centabps 2020 r. Pacnopspxenuem [IpaButenscTBa

Poccuiickoit deaepariu Ne 2390, 11 coBepIIeHCTBO-
BaHMS 3aIUTHl OT MH()EKIUOHHBIX 3a00JeBaHUI Ha-
cenenust Poccuiickoit denepanyu, rapaHTUPOBAHHOTO
obecriedyeHust JOCTYITHOCTH JIJIsl BCEX TPaX<1aH CTPaHbI
Ka4eCTBEHHOW MMMYHH3AIIUH CAMBIMU COBPEMEHHBIMHU
1 () (HEeKTUBHBIMH BaKI[THAMH.

2. KirroueBpIM HaIpaBlIEHUEM Pa3BUTHS CUCTEMBI
MMMYHONIPO(MIAKTUKA CYUTATh COBEPIIEHCTBOBAHHE
HAIIMOHAJIBHOTO KaJeHAaps Mpo(WIAKTHYECKUX MpPH-
BUBOK ITyTEM paclIMpeHus MepedHs UHPEKINH, TPOTHB
KOTOPBIX MPOBOJATCS IUTaHOBBIE MpuBHBKH. Obecrie-
YUTH BHEAPEHHE MPUBUBOK MPOTHB MEHMHTOKOKKOBOI
W POTaBHPYCHOUM MH(MEKIUI B HAIIMOHANBHBIA KaJeH-
Japb IpodUIaKTHICCKUX TPUBUBOK B 2025 T.

3. [Ipoananm3upoBars U 00OOIINUTE OTBIT CYOBEK-
TOoB Poccuiickoit denepanuu 1o Co31aHNI0 PEruoHab-
HBIX TPOTpamMM, KOTOpbIE CIy>KaT NMHUJIOTHBIMH MpPO-
eKTaMH Ui anpoOaIiyl MOAXOAO0B ISl paCIIMPEeHHS
HAIIMOHATBLHOTO KaJeHAaps Mpo(WIAKTHYECKUX MpPH-
BHUBOK, Ha TIOCTOSSHHOW OCHOBE OCYIIECTBIISITH OLIEHKY
nX 3QPEKTUBHOCTH, B TOM YHCIIC IKOHOMUIECKOM.

4. B ycnoBusiX CaHKIMOHHBIX MEpP B OTHOIIEHHUH
MOCTAaBOK 3apy0eKHBIX MIMMYHOOHOJIOTUYECKUX Tpera-
paroB HEOOXOAVMO YBETUYUTH MOITHOCTH OTE€YECTBEH-
HBIX MPENNTPHUSITUIN, BBITYCKAIOIUX BAKITUHBI, BXOJISTITHC
B HAIOHAJBHBIN KaJleHAaph MPpOopMIaKTHIECKHX MpH-
BHUBOK, M 00ECTICUYMBATH COBPEMEHHBIM 000PYIOBAaHHEM
Y KaJipaM{ Hay4YHO-HCCIIEOBATENLCKUE IEHTPHI, 3aHU-
Maromrecs pa3paboTKON 1 UCTIBITAHUSIMH BaKIIMH.

5. B coorBerctBum co «Ctparerueit pa3BUTH
MMMYHOTIPO(MITAKTUKA UHPEKITMOHHBIX OOoJe3HeH 110
2035 roma» HeoOXomMMa rocylapcTBEHHAs MOIIEPIKKA
POCCUICKHX MPOU3BOJACTBEHHBIX MPEANPUATUHN 110 BbI-
MTyCKy MMMYHOOHOJIOTHYECKHX TTpenapaToB, OpraHu3a-
uuu B Poccuiickoit denepannn NoaHOTO MUKIA TPOU3-
BOJICTBA TIOJIMBAJICHTHBIX IMTHEBMOKOKKOBOH, MEHHHTO-
KOKKOBOW KOHBIOTHPOBAHHBIX BaKIIMH, POTaBUPYCHOU
M TanWIIOMaBUPYCHON BaKIWH, BaKIMHBI TPOTHB
BHUpyca Varicella zoster, KOMOMHUPOBAHHBIX ILITH- H
IIECTUKOMITOHEHTHBIX BAaKIMH C OECKIETOYHBIM KO-
KIFOITHEIM, Hib-KOMITOHEHTOM W WHAKTHBHPOBAHHOU
BaKIMHOM ITPOTUB MOJTHOMHETUTA.

6. IIpuMeHNUTH OTPabOTAHHBIC HA MPHUMEpPE BaK-
[WHOYTIPaBIAeMbIX WH(EKIHMA ¥ uMelomue yHUuH-
[UPOBAaHHBIA XapakTep METOMOIIOTUYECKUE TOAXOIbI
K OCYIIECTBIICHHIO AMHIEMHUOJIOTHIECKOTO Ham3opa U
YIpaBIeHHS JHIEMIYECKIMH PUCKaMH Ha IPyTHE HH-
(heKITMOHHBIE ¥ MacCOBBIE HEMH(EKIIMOHHBIE OOJIC3HM.

7. IloBBICUTH ONIEPATUBHOCTh, YYBCTBUTEIBHOCTh
U CHENU(QUIHOCTD SMUAEMHOIOTHIECKOTO HAI30pa 3a
BaKIIMHOYTIPABISIEMBIMU WHEKITNAMH, a TaKXKe 3a I10-
OOYHBIMH TIPOSIBIICHUSIMH TIOCIIE MMMYHHU3AIINHU ITyTEM
MIPUMEHEHHUS] COBPEMEHHBIX MOJIEKYIISIPHO-OHOIOTHYe-
CKHX, B TOM YHCJI€ MOJEKYISIPHO-TEHETHYECKNX, TEX-
HOJIOTHH.

8. B pamkax wummopro3amMemnieHuss TpeOyercs
pa3pabaThIiBaTh W COBEPIIEHCTBOBATh OTEUECTBEHHBIE
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UMMYHO(EPMEHTHBIE TECT-CUCTEMBI I CEpOaNarHo-
CTHKHU U CEPOMOHUTOPHHIAa BaKLMHOYTIPABJIIEMBIX WH-
Gbexuii.

9. HeoOxomuMo pa3BUBATh HCCICAOBaHMS MPO-
O5eMBbl BOCIIPpUMMYUBOCTH U PE3UCTEHTHOCTH C TIpUMe-
HEHHEM METareHOMHOW METO/I0JIOTUH, KOTOPhIE 3HaMe-
HYIOT Mepexo]l K MepCOHAIM3UPOBAHHON HMMYHOIIPO-
¢$unaKTHKe 1 UMMYHOTEPAITHU.

10. B ycrnoBusix Mo3TamHOIroO mepexoyia MeIullnH-
CKUX OpTraHu3alMil K OKa3aHUI0 MEIULHUHCKOW MOMO-
I Ha OCHOBE KIMHHYECKUX PEKOMEHJAIMH CleayeT
pa3BUBATh NPAKTHKY pa3paboTku M BHeApeHus dene-
pPaJbHBIX KIMHUYECKHX pPEKOMEHIAalMi MO0 MMMYHO-
NpO(QUITAKTHKE OTACIBHBIX MHPEKIIMOHHBIX 0OJIC3HEH,
BKJIIOYAsi NPUHLUIIBI «JOTOHSIOMIEH» W COYETaHHOU
MMMYHH3aLI1H, a TaKKe GOPMUPOBAHUS HHANBUAYAIIb-
HOro rpaduka BakiuHamy. Oprann3oBarth pa3paboTky
KIMHAYECKUX DPEKOMEHJAIMH MO BaKIHUHOMpPOQHIaK-
THKE OIOSICHIBAIOIIIETO JIUIIAs.

11. YuuThIBast BBICOKYIO COIMAIbBHO-3KOHOMMYE-
CKYI0 3HaYMMOCTH TPHUIINA, HEOOXOIUMa peann3aris
COBPEMEHHBIX KOMMYHHUKAIMOHHBIX CTpaTerui Jis
obecmneuenus 75% oxBaTa IMMYyHHU3aIHE.

12. OOocTpeHHE OSNHUAEMHYECCKOW CHTYaAIMH
no kopu B Poccuiickoit ®@enepanuu TpeOyer axTu-
BU3AI[MM KOMITJIEKCa MPO(UIAKTHUECKUX M MPOTH-
BOJMHUJEMHUYECKUX MEPONPUATUH B COOTBETCTBHUHU
¢ yTBepkéuHoi PocrorpebHaa3zopom u MuH3paBoM
Poccun mporpammoit «QnuMUHAINS KOPU U KPACHYXH,
JIOCTIKEHMs CIIOpaJndecKol 3a00/ieBaeMOCTH 3IH-
JIEMUYECKUM MapoTuToM B Poccuiickoin dexnepanuun
(2021-2025 rr.)» 1 HAIMOHAIBHBIM IIAHOM IO €€ pe-
anusanuu. Crenyer cuuTaTh BBIIOJHEHHE IMpOrpam-
MBI SJIUMHHALIMK KOPU U KPACHYXU Ha MPOCTPAHCTBE
ConpyxectBa HezaBucumbix locymapctB onmHoOi U3
MPUOPUTETHBIX 3a/lad COTPYAHHYECTBA TOCYdapCTB-
ydacTHUKOB. HeoOxomuMo obecrieunTs Oecriepeboii-
HBbIE TOCTaBKH YK€ pa3pa0OTaHHBIX W CEPTUQHIIHU-
POBAaHHBIX OTEYECTBEHHBIX BAKIMH B JIOCTaTOYHOM

CHRONICLE

KOJIMYECTBE B MEPBUYHOE 3BEHO, COXPAHUTH BBICOKHE
TEMITbI PaOOTHI 1O IJIAHOBOH UMMYHH3aIIMU HACEICHUS
MIPOTHUB KOPH, aKTUBHOMY BBISIBJICHUIO U UMMYHH3AIIH
JILI, HE IPUBUTHIX IPOTUB 3TOH MHPEKIMH, B TOM YHC-
Jie cpeny MHOCTPAaHHBIX TPaXKJaH, a TaKXkKe yCUIICHHIO
UHQOPMAIIMOHHOW PabOThl C HaceJeHHEeM MO Mpora-
ranje BakuuHonpoduiaktuku. [Ipemaraercst paccMmo-
TPETh BOIMPOC O (OPMUPOBAHHUN HE3ABHCUMOH KCIIEp-
TH3bI KAY€CTBA OT€YECTBEHHBIX BAKI[MH.

13. B ycnoBusix pocTta 3a00JIeBaEMOCTH KOKIIIO-
IEM ONTUMAJbHON CTpaTervel Mo MpeaoTBpalleHUIO
COLIMAJIBHBIX M 3KOHOMHYECKHX IMOTEpPh OT ATOH WH-
(dexum sBIAETCS 00ECIEYeHNE CBOCBPEMEHHOTO OX-
BaTa BaKIMHAILIMEN NIeTeil MEepBbIX NIByX JIET )KU3HU B
CPOKHM, ONpeAeNEHHbIE HAI[MOHAJIBHBIM KaJleHAapEéM
npoQHUIAKTUYECKHX TPUBUBOK (TprKa3 MuH3apaBa
Poccum ot 06.12.2021 Ne 1122), mosTamHOro BHEIpE-
HUS BO3PACTHBIX PEBaKIMHAIIMK MPOTUB KOKIIIOIIA Jie-
TeH, MOAPOCTKOB M B3POCIBIX — Kaxble 10 et ¢ Mo-
MEHTa TOCTIeIHeN PEeBaKIMHALNK, a TAKXKe JOTOHSIO-
e UMMYHH3alIUH JIMLI, He TIPUBUTHIX CBOEBPEMEHHO.
C 1enbio MPOQUIAKTHKH JIETATBHBIX UCXOI0B KOKITIO-
I1a y JeTeil MepBhIX MECSIEeB KU3HU CIeIyeT UCIOIb-
30BaTh BO3MOYKHOCTH CO3JaHUS Y HOBOPOXKIEHHOTO
MAaCCHBHOTO MMMYHHUTETa MyTEM UMMYHH3aluu Oepe-
MEHHBIX KEHIIHH.

14. OmHuUM W3 TIPHOPHUTETHBIX HAMpaBICHUN B
Pa3BUTHH WMMYHOIPOQMIAKTHKA CYHTATh YIydIle-
HUE TPOPECCHOHATHHON MOATOTOBKH MEAULINHCKUX
PpabOTHHMKOB BCEX CIENMAIBHOCTEH MO BOIPOCAM Bak-
UHONIPO(UIAKTHKH C UCIIOIB30BAHUEM COBPEMEHHBIX
00y4aromux TeXHOJIOTHIA, B TOM YHCIIe HAIIPABICHHBIX
Ha (OpPMHUPOBAHHE HABHIKOB KOMMYHHUKAIIUU JIS CTH-
MYJIMPOBAHHUS CIPOCa HA UMMYHH3AIIHIO.

15. B paMkax 3nuIeMHOJIOTHYECKOTO Ha/30pa 3a
UMMYHONIPO(QHIAKTUKONH IPOBOJUTH HA PETYISPHOM
OCHOBE aHaJM3 NPUBEPKEHHOCTH BAKIIMHOIPOQIIAK-
TUKE MEIUIMHCKUX PAaOOTHHUKOB WU Pa3UYHBIX TPYII
HacCeJIeHUs.
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