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OK30COMbI — BHEKINETOYHbIE BE3UKYMbl 9HAOCOMArbHOIO NMPOUCXOXAEHUSA C OBYXCMOWHOW MeMbpaHou, aname-
Tpom 30—160 HM. SK30COMbI BbICBOOOXAIOTCS M3 KNETOK Pa3HOro NPpOMCXOXAEHMS 1 ONPeaensitoTCs B Pa3fnnyHbIX
61oNornyecKknx XnaKocTax opraHmama. OHM cogepKaT KNeToYHbIe HYKINEMHOBBIE KACMOTbI, 6enkn, nunuapel, MeTa-
6onMTLl 1 MOTYT NepefdaBaTb COAEPXKMMOE KneTkam-peumnueHTam. B GrnoreHese aK30COM y4acTBYHOT KINETOYHbIE
6enkn cemerictea Rab N'M®as n cuctembl ESCRT, KOTOpbIe perynupyoT nodkoBaHue, TpaHCMopT BE3UKYI, COPTU-
POBKY MOfeKyn, CrnnusiHne membpaH, obpasoBaHne MynbTUBE3UKYNAPHbLIX TENEL, U CEKPELMIO 3K30COM. M3 KNeTok,
VHMULMPOBaHHbIX BUPYyCaMu, BbICBOBOXKAAIOTCA 9K30COMbI, KOTOpPbIE coaepxaTt reHoMHble BupycHble OHK n PHK,
a takke MPHK, mnkpoPHK, opyrve Buabl PHK, 6enku n BupnoHbl. 3K30COMbI CNOCOBHBLI MEPEHOCUTE BUPYCHbIE
KOMMOHEHTbI B HEMHMMLMPOBAHHbIE KIETKM pasnuyHbiX OpraHoB M TkaHel. B HacTosiwem ob63ope npoaHanunau-
POBaHO BNMNSHWE 3K30COM Ha XMU3HEHHbIN LMK LUMPOKO PacrpOCTPaHEHHbIX BUPYCOB, BbI3blBAIOLLMX CEPbE3HbIE
3aboneBaHust Yenoseka: BUPYC MMMyHodeduumTa yenoseka 1-ro Tuna, Bupyc renatuta B, Bupyc renatuta C,
SARS-CoV-2. Bupycbl cnoco6Hbl MPOHMKATb B KMNETKM MYTEM 3HAOLMTO3a, UCMONb3YHT MOSEKYNspHbIEe U Kie-
TOYHble NyTu ¢ yyacTmem benkoB Rab n ESCRT ans BbICBOGOXAEHMS 3K30COM U pacnpoCTpaHeHUs BUPYCHbIX
nHdeKUMI. MNMokasaHo, YTO 3K30COMbI MOTYT OKa3blBaTb pa3HOHanpasreHHble AeVCTBUSA Ha NaToreHe3 BUPYCHbIX
WHMEKUMIA, NOAABMSAS UNN CMOCODCTBYSA Pa3BUTUIO Bbi3blBAEMbIX UMUK 3a00neBaHunin. JK30COMbl NOTEHUMAanbHO
MOTYT MCNOMb30BaTLCA B HEMHBA3MBHOW AMArHOCTMKE Kak Buomapkepbl CTagmn MHMEKLUA, a 9K30COMbI, Harpy-
XXeHHble BromorneKynamy 1 nekapcTBeHHbIMK NpenapaTamMu, — Kak TepaneBTu4eckme cpeactea. [eHeTu4eckm mo-
ANdULMPOBaHHbIE 9K30COMbI — NEPCNEKTUBHbIE KaHANAATL! 415 HOBbIX MPOTUBOBMPYCHBLIX BAKLIVH.
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Exosomes are extracellular vesicles of endosomal origin, with a bilayer membrane, 30—160 nm in diameter.
Exosomes are released from cells of different origins and are detected in various body fluids. They contain nucleic
acids, proteins, lipids, metabolites and can transfer the contents to recipient cells. Exosome biogenesis involves
cellular proteins of the Rab GTPase family and the ESCRT system, which regulate budding, vesicle transport,
molecule sorting, membrane fusion, formation of multivesicular bodies and exosome secretion. Exosomes are
released from cells infected with viruses and may contain viral DNA and RNA, as well as mRNA, microRNA,
other types of RNA, proteins and virions. Exosomes are capable of transferring viral components into uninfected
cells of various organs and tissues. This review analyzes the impact of exosomes on the life cycle of widespread
viruses that cause serious human diseases: human immunodeficiency virus (HIV-1), hepatitis B virus, hepatitis C
virus, SARS-CoV-2. Viruses are able to enter cells by endocytosis, use molecular and cellular pathways involving
Rab and ESCRT proteins to release exosomes and spread viral infections. It has been shown that exosomes
can have multidirectional effects on the pathogenesis of viral infections, suppressing or enhancing the course of
diseases. Exosomes can potentially be used in noninvasive diagnostics as biomarkers of the stage of infection,
and exosomes loaded with biomolecules and drugs - as therapeutic agents. Genetically modified exosomes are
promising candidates for new antiviral vaccines.
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BBenenne

DK30COMBI BIIEPBbIC ObLIA UIACHTUPHUITUPOBAHBI B KYJIb-
TypaJIbHOH JKUAKOCTU peTukynouuroB. B 1983 r nge
TPYNIIBI UCCIIENoBaTeNell MPaKTHYECKH OTHOBPEMEHHO
COOOLIMIN, YTO TpPaHC(EPPHHOBBIC PELENTOPbl PETH-
KYJIOIIUTOB AaCCOIMUPYIOTCS C BHYTPUKIETOUYHBIMU Be-
3MKyJaMU HeOONbIIUX pa3mepoB (okoo 50 HM) U 3aTeM
«OykBabHO BBIOpackiBaroTes» (literally jettisoned) u3 co-
3pPEBAIOIIUX PETUKYJIOIMTOB BO BHEKJIETOUHOE MPOCTPaH-
ctBo [1, 2]. C.V. Harding u coaBr. [1, 3] mokasamu, 4To
WHTEPHAIN30BAHHBINA TPaHCHEPPHH B KICTKAX JIOKAIH3Y-
eTcsl Ha OOJIBIIOM KOJIMYECTBE MAJICHbKUX YaCcTHIl BHYTPH
OpraHesli, KOTOpble aBTOPHI HAa3BaIM MYJIBTHBE3UKYISIP-
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HBIMH 3HI0coMaMu (multivesicular endosomes). Mynbsru-
BE3UKYJISIPHBIC SHIOCOMBI CIIMBAIOTCS € MUIA3MATHICCKON
MeMOpPaHOW C MOCHEIYIOIUM BBICBOOOXKACHUM (IKCTEp-
HaJIM3aluen) Be3UKyIl, BIIOCIIECTBUH Ha3BaHHBIX 3K30CO0-
MaMmu [4]. Bpu1o BRICKa3aHO MPEAIONIOAKEHHUE, YTO KIETKU
MOTYT UCIIOJB30BaTh ATOT MEXaHU3M B KaueCTBE OOIIETO
croco0a BBICBOOOXKIECHHS MEMOpPAHHBIX BE3HKYIL. OTO
OTKPBITHE BBI3BAJIIO OTPOMHBIH HHTEPEC MCCIEI0BATENCH,
U C TEX MOp OIyOJIMKOBaHBI COTHH CTaTei M0 AK30COMaM,
CO3MIaH CIeIMaabHbIN KypHan — Journal of Extracellular
Vesicles), chopmMupoBaHbl CIICIIMATH3NPOBAHHBIE 00IIE-
crBa: International Society for Extracellular Vesicles, The
American Society for Exosomes and Microvesicles.
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B 0030pe KpaTko paccMOTPEHbI HEKOTOPBIE BOMPOCHI
ouorenesa u GpyHkuuit sk30coM. Ocoboe BHUMaHUE yIie-
JIEHO YYacCTHIO 9K30COM B BUPYCHBIX HH(EKITHIX.

Xapakmepucmuka 9K30COM

OK30COMBI — BHEKJIETOUHBIE Be3UKYIbl (BB) ¢ nBycnoii-
HOW MemOpaHoi aumamerpoM 30-160 HM (B cpemHem
okoiro 100 HM), UMEIOT PHIOCOMHOE IMPOUCXOXKICHUE.
K xmaccuueckum Mapkepam 3k30coM oTHociIT CD63,
CD81 u CD9, daortmwmunel, uepamunasl, TSG101
(tumor susceptibility gene 101) u Alix (apoptosis-linked
gene 2 interacting protein X) [5, 6] (puc. 1). B s3x30co-
Max OOHapyXeHBI JIUMHBI, OEJIKH, BCe U3BECTHBIE BUIBI
PHK, metab6omutst [7, 8]. [locae BEICBOOOXKACHHUS C TI0-
BEPXHOCTH KJIETKH 9K30COMBI MOTYT B3aUMOJIEHICTBOBATh
C BHEKJIETOYHBIM MaTPUKCOM | (WJIM) IPOHHUKATh
B KJIETKU-PEIUTTUECHTHI [9]. DK30COMBI BEICBOOOXKTAIOTCS
13 KJIETOK Pa3IUYHOTO MPOUCXOXKIEHHSI, OHU OOHapyxe-
HBI B Pa3JIMYHBIX OMOJIOTUYECKUX KHIKOCTSX: B TUIa3Me
1 CHIBOPOTKE KPOBH, MOY€, CTHTHHOMO3TOBOI KUIKOCTH,
TPYZHOM MOJIOKE, CIIIOHE, KEIYJIOYHOM COKEe, CEeMEHHOM
U QOIUTUKYJIAPHON XKUAKOCTIX, B Kaye [7, 10, 11]. Ot
BE3UKYJIBI XapaKTEPHU3YIOTCs OOJBIION TeTePOTeHHOCTHIO
o pasmepam u gynkuusm [12]. Conepxanue (Tpy3) K-
30COM Pa3NIn4aeTcs M ONpeeNsieTcs KISTOYHBIM MPOHC-
XOXKJICHIEM, METa0OTMICCKIM CTaTyCOM U OKPY KaroIiei
Cpefoil KIIETOK-IOHOPOB, TOATOMY pa3IN4aroT MHOTO-
YHCIICHHBIE TOATPYNIbI 3k30coM [8]. [lepeHocs paznmny-
HbIe OWOAKTUBHBIC MOJEKYIBI B KICTKH-PCIUITACHTHI,
9K30COMBI MOTYT Y9aCTBOBATh B PETYISLUU TPAHCKPHII-
UM ¥ TPAHCISIAN; poirdepanuy, penpoayKIum, pas-
BUTHH, KJICTOUYHOU IH(PepeHINPOBKE, TATOTOTHIECKUX
mpoleccax, B TOM 4ncie B Heorasuu [12, 13].

OnHa W3 BaXHEWIIMX TPOONEM HM3Y4YEeHHUS U TpuMe-
HEHHS 5K30COM COCTOHUT B HEOOXOAMMOCTH YCOBEpIIEH-
CTBOBaHMSA METOMIOB DAa3JeNCHHS U OUYUCTKH BE3UKYII.
Benen 3a ynmerpaneHTpudyrupoBaHHeM, TPagUeHTHBIM
LEeHTPU(YTUPOBaHNEM U yIabTpaduiIsTparuei pazpabdo-
TaHBI 00JIE€ COBEPIICHHBIC METOIBI U HHCTPYMEHTBI: YT
ExoTIC [14], texuonorus AF4 (asymmetric-flow field-
flow fractionation) [15], MeTon nBo#HOW HMMYHO(HITB-
tpammu (dual-patterned immunofiltration — ExoDIF) [16].
[NosiBrHCch MeTONBI HIIEHTU(UKAIIMY, OLIEHKH Pa3MepoB
1 COZIEP)KUMOTO SK30COM C HCIIONB30BAHUEM CIEIIHANb-
HBIX METOJOB MHUKPOCKOIHUH, MPOTOYHON HUTOMETPUU
[5]. OnieHka 4acTOTHI MCTIONE30BAHUS IEBITH Pa3IMYHBIX
METOJIOB BBIJICJICHHS M OYHCTKH SK30COM, BBHIITOJTHEHHAS
B 2019 ., mokazana, 94To pabOTHI, B KOTOPBIX HUCIOIB30-
B MMMYHOAa(pQUHHBIE METOIBI, COPTHPOBKY KIIETOK
mo ¢uyopecuennuu (FACS) u mpenunuranuio Ha T0-
JUMepax, COCTABILIIN MpUONMM3nTensHo 3—5%, 1eHTpu-
(¢yrupoBaHue B TpagueHTe TIOTHOCTH — 25%, dunbTpa-
uuto — 34%, ynerpaneHTpudyrupoBanue — 58% u nud-
(epennuansaoe neHTpudyruposanue — 73% ot obuero
KOJIMYECTBA BCEX MPOAHAIM30BaHHBIX MmyOnmukanuid. Ta-
KHM 00pa3oM, tuddepeHnrnanbHoe HeHTPHPYTHPOBaHNE
ocTaércst HanboIee HCIOoNb3yeMbIM METOAOM, OTHAKO OT-
MedaeTcsl, 4TO B OOJIBIIMHCTBE UCCIIEOBAHNI HCIIONB30-
Bajach KoMOMHaNMs 3TUX MeTonoB [17]. s HanéxHOH
KJIACCU(UKAIINH 3K30COM U CTaHIAPTHU3AIUH TEXHOJO-

OB30PbI

TMid MX HCIOJb30BAaHHUS HEOOXOIMMO [albHEHIee co-
BEPILICHCTBOBAHNE METOJIOB MICHTU(UKAIIMNA 1 OYHCTKU
sk30coM. BB mozppasgeinsitorcs Ha TpU OCHOBHBIX THIIA
B 3aBUCUMOCTH OT MECTa UX MPOUCXOXKAEHUS, IIOTHO-
CTH, SKCIIPECCHHU MapKEpOB U pa3Mepa:

a) ak30comsbl (30—150 um);

6) Mmukpoe3uky:bl (100—1000 HM);

B) amonrtoTrueckue Tenbna (500-5000 am) [18].

Ilpu 3TOM ciemyeT yuuThIBaTh OOJBIION pa3dpoc HpH
ompeneneHn pasmepoB Besukyn [19]. B 2018 . skcmep-
Thl MeXIyHapOmTHOTO OOIIeCTBAa BHEKJIETOUHBIX BE3WKYI
(The International Society for Extracellular Vesicles) omy-
OJMKOBaIM PEKOMEH[IAIINH, COINIACHO KOTOPBIM B TE€X CITy-
Yasx, Korna OnoreHe3 M OTIMYHUTEbHBIE CBOICTBA HCIIONb-
30BaHHBIX BE3MKYJ MOAPOOHO HE M3YYEHBI, a UX pa3Mephl
3HAYUTEIIFHO BapbHUPYIOT, OoJiee KOPPEKTHO HCIIOIb30BaTh
TEPMUH «IKCTPAKIIETOYHBIE BE3UKYJIbI», B PYCCKOA3BIYHON
nMTeparype HpHuHATOo obo3Hauenne BB. TepmuH «3k30c0-
MBD» COOTBETCTBYET MajibiM BB ¢ pasmepamu, He mpeBbl-
warormmmu 200 HM [20]. OnHaKo CTeneHb OYUCTKUA BE3UKYJT
BO MHOTHX HCCIICIOBAHHAX HE OIPeeIsIach, U MOMYIALMU
BE3UKYJl MOIVIM COACP)KaTh KaK 3K30COMBI, TaK M MHKPO-
BE3UKYNBL. B CBf3M ¢ 3TMM TpH M3JIOKEHHH PE3yIIBTaToB
B JaIbHEHIIeM MBI OyeM HCIIOIb30BaTh TEPMUHOJOTHIO,
MPUBECHHYIO B OPUTMHAIIBHBIX UCCIIEOBAHUSIX.

Buocenes sxzocom

[Tocne MpOHUKHOBEHUS B KJIETKY KOMIIOHEHTOB BHEIII-
HeW cpeibl MyTEM 2HIOIIMTO3a HHTEPHAIU30BAHHBINA Ma-

Puc. 1. Comepxumoe 3K30COM U OHOMapKEPHI.

B BepxHeil MOIOBHHE — OCHOBHBIC MapKePhl SK30COM, MPEACTABICHHBIC MEM-
OpanubIME Oenkamu — TepacnanuHamu CD9, CD63, CD81 u ¢norwmumina-
MH; JIMIUJaMH — LEPAMHUAMH, a TAK)Ke KOMIOHCHTAMH KJICTOYHOH CHCTEMBI
ESCRT (Endosomal Sorting Complex Required for Transport): Alix (apoptosis-
linked gene 2 interacting protein X) u TSG-101 — npoxayxt Tumor Susceptibility
Gene 101 (#sg/01). B HiDKHEl TIONOBHHE — BUPYCHBIC KOMIIOHSHTHI, KOTOPBIS
3aXBaTHIBAIOTCS YK30COMAMH B 3apaXEHHBIX KieTkaX, — reHomuble JJHK wmm
PHK, BHpYCHBIC CTPYKTYPHBIEC U HECTPYKTYPHBIC OCIIKH H BUPHOHBI.
Fig. 1. Exosome biomarkers and content.
In the upper half are the main markers of exosomes: membrane proteins — tet-
raspanins CD9, CD63, CD81 and flotillins; lipids — ceramides, components of
the ESCRT system Alix u TSG-101. In the lower half — viral components that
are captured by exosomes in infected cells — DNA or RNA, viral structural
and non—structural proteins and virions.
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Tepuaj JOCTaBJIsETCs B paHHUE HI0cOMBI (PD) (puc. 2).
3areM MpoUCXoauT co3peBanue PJ, 4To BKIIOYAET CHU-
skerue pH BHYTpH opraHesuibl, HAKOILICHUE B MeMOpaHe
¢docoarumumunosuTon-3-pocdara (PI3P), a Taxke mpu-
BJIeUeHHE pAna pepMeHToB ceMeiicTa pabantuHoB (Rab)
U UX aKTHBAIMIO. DTO MPHUBOIUT K 00pa30BaHMIO MO3/-
Hux 3H10coM (I19). I13, Tak ke kak U PD, BBIMOMHSAIOT

Puc. 2. Cxema Ouorenesa 3K30COM H y4acTHE KIETOYHBIX OSITKOB
cemeiicta Rab.

MoreKyabl 1 MHKPOYaCTHIIBI, IPOHUKAIOIIHE B KJIETKY IyTEM JHJOIMTO3a,
YCIOBHO 0003HAYEHB! KaK 3€NEHBIH TPEYTONBHUK U JKENTHIH KpyxkoK. Rab5
y4acTBYET B CIIMSIHUH 3HJIOLUTHPOBAHHBIX BE3UKY/ C 00pa30BaHHEM paHHEH
sunocomsl (PD); Rab5 u Rab4 — Tpancnopt k mo3aneii sanocome (I19); Rabl
peryiupyer TPpaHCHOPT OT 3HJOIUIA3MAaTHYECKOro petukyinyma (3P) k kom-
mwiekcy Tonpmxu (KI'). Rab2 ydgacTByeT B penUpKYISAIUU U PETPOrPaTHOM
tpatcrnopre ot KI' o6parno k OP. Rab6 peryaupyer nepemerieHusi BHyTpU
KT Rab7 perymupyer SHIOCOMaNbHBIA TpaHCIOPT OT [1D M MyIBTHBE3HKY-
msipubix Tenen (MBT) k mu3ocome. Rab4 u Rabll, a taxke Rab 9 u Rab 25
PEryIupyIoT IepepaboTKy CONEPXKUMOTO B PEIUKIHPYIOMNX YHIOCOMAax
(PLID) 1 TpaHCHIOPTUPOBKY K Iuta3Marndeckoil MemoOpane (IIM). Rab27a u
Rab35 yuactByioT B cTeikoBke MBT ¢ mnasmarnueckoit MmemOpanoii; Rab 11
u Rab35 — B BBICBOOO)KICHIH BE3HKYIT. B cekpern Be3UKy y4acTBYIOT TaK-
ke RabSa n Rab9a, ycunuast BBIX0[] 9K30COM.

Fig. 2. Scheme of exosome biogenesis and participation of cellular
proteins of Rab family.

Molecules and microparticles that penetrate into the cell by endocytosis
are conventionally designated as a green triangle and a yellow circle. Rab5
participates in the fusion of endocytized vesicles to form an early endosome
(EE); Rab5 and Rab4 — to the late endosome (LE); Rab1 regulates transport
from the endoplasmic reticulum (ER) to the Golgi complex (GC). Rab2, on
the contrary, participates in recycling and retrograde transport from GC back
to ER. Rab6 regulates movements within GC. Rab7 regulates endosomal
transport from LE and multivesicular bodies (MVB) to the lysosome. Rab4
and Rabl1, as well as Rab 9 and Rab 25 regulate the processing of contents
in recycling endosomes (RCE) and transport to the plasma membrane (PM).
Rab27a and Rab35 are involved in the docking of MVB with the plasma
membrane; Rab 11 and Rab35 are involved in the release of vesicles. Rab5a
and Rab9a are also involved in the secretion of vesicles, enhancing the release
of exosomes.
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COPTHPOBKY COAEPKUMOTO, a TaK)K€ CEHCOPHYIO U CHTI-
HAJIBHYIO (DYHKIIUH, pearupysi Ha BHYTPHU- W BHEKJICTOU-
Hele cutyaruu [21]. YuacTku MeMOpaHBI BBITMOAIOTCS
BHYTPb SHIOCOMBI U OTIIOYKOBBIBAIOTCS, CO3JaBasi MHO-
JKECTBCHHBIC BHYTPUIIPOCBETHBIC (MHTPATIOMIUHAILHBIC)
Be3ukyisl (MJIB), koTopbie 00pa3yroT MyIbTHBE3UKYIISAP-
Hele Tenblia (MBT). MHTepHAIM30BaHHBIE MaTepHUabl,
uHkopnopuposanseie B WJIB, u3 MBT Hanpasmistorcs
[0 OTHOMY M3 TPEX BO3MOXKHBIX ITyTeil (puc. 2): mep-
BBl — B PEIUKIMPYIOIINE SHIOCOMBI IS TepepaboTKHy,
3aTeM K IUTa3MaTH4eckod MeMOpaHe WM K KOMIUIEKCY
Tonpxu; BTOpoil — K TM30COME JUIsl CIAUSIHUS C JIU30CO-
MOW W JIerpajallid; TPETUH — K TUIa3MaTUYECKOW MEM-
OpaHe 111 CIIMSHUS M BEICBOOOXKIEHHSI B OKPY’KAIOIIYTO
Cpeny B BHIE 9K30COM.

B OworeHese SK30COM YYacTBYIOT MHOTOYHCIICHHBIC
KieTounbie Oenku [22]. JloBONMBHO MOAPOOHO HM3YUIECHEI
6enxu Rab, mpunaanexamue cemeilcTBY KOHCEpBaTHB-
HbIX KieTouHblx ['Tda3 cynepcemeiictBa Ras, Bkiroda-
forero 6osnee 60 wWieHOB, MPUYEM OIHA KIIETKA MOXKET
conepxarb Oonee 40 paznuuneix OenkoB Rab [23]. Vua-
CTHe OT/EeNbHBIX OenkoB Rab B pasHbIX craausx Ouore-
He3a 9K30COM OTpakeHO Ha puc. 2. BaxkHyto pons B 6H0-
TeHe3€ 9K30COM TaKKe UIParoT OEIKH 3HI0COMAaIbHOTO
coptupoBounoro kommiekca ESCRT (Endosomal Sorting
Complex Required for Transport), Bkiarogass ESCRT-0, -1,
-II, -III u BcrmomorarenbHbIe O€IKU, B TOM uucie Vps4
AT®a3zp1. ESCRT-0, -1 u -II yuacTByIOT B CeNeKTUBHOM
COPTHPOBKE YOMKBUTHHUPOBAHHBIX MOJIEKYIT; KOMILIEKC
ESCRT-1II u Vps4 — B uaBarnHanuu MeM6pas u hopmu-
poBanuu UJIB, coctamstonux MBT [24].

Ponb sx30com 6 supycnuix ungexyuax

HccnenoBanus mokasaiy, 4To B 9K30COMax MOTYT Ha-
XONIUTKCS U TIePEeNaBaThCsl KICTKaM-PEIUITACHTaM HYKJIe-
HMHOBBIE KUCIIOTHI, OCIIKH U 1a)K€ BUPUOHBI 000JI0UETHBIX
BupycoB (puc. 1). [lyia co3nanust yciIoBui, CriocOOCTBY-
FOIUX Pa3MHOXKEHUIO M PACIIPOCTPAHCHUIO, BUPYCHI HC-
MIONIB3YIOT PA3JIMYHBIC CTPATETUH, BIHSIS HA PETYISITOP-
HbIe MEXaHWU3MBI KIETKH U OpraHu3Ma, B TOM 4YHCIIe Ha
Omorene3 Sk30coM. B cremyronmux pasmenax o63opa Oy-
IyT pacCMOTPEHBI OCHOBHBIE PE3yIBTAThI, OTPAKAIOIINE
y4acTHe 9K30COM B UETHIPEX IIMPOKO PACIIPOCTPaHEHHBIX
U COIMANIFHO 3HAYMMBIX BHPYCHBIX MH(EKINIX, BO30Y-
TUTEISIMU KOTOPHBIX SIBIIOTCA BHPYC MMMYHOnIe(dUIInTa
yenoBeka 1-ro tuma (BUY-1), Bupyc renarura B (BI'B),
Bupyc renaruta C (BI'C) u xoponasupyc SARS-CoV-2.

Orzocombl u ungexyus BUY-1

ITocne 3apakenust kietok BIIU-1 pekpyTHpyer Kom-
mwiekcel ESCRT-], -1I u -I1I, koTopble y4acTBYIOT B Ipo-
1eccax B3aMMOJCHCTBHUS BHpPYCa C KJIETKOW Ha pasHBIX
CTaIusIX JKM3HEHHOTO IMKia Bupyca [25]. dnsa cOopku
BNY-1 npusnekatorca Oenku kommiaekca ESCRT-1 —
TSGI101 u Alix. DTH e KOMIIOHEHTHI HEOOXOIUMBI IS
BBICBOOOXKACHNST BUY-1 13 3apakénHoii kietku [26, 27].
B mporecce BbIxoma u3 KJIeTKH ydyacTByeT Oesnok Gag
BUY-1, koTOphIli HaKalaWBaeTCAd U 3asKOpEBaeTCs Ha
IUTa3MaTHIecKoil MeMOpaHe. M3ydeHne KIIF04eBOro KoM-
noneHTa ESCRT — TSG101 ¢ ucnoiap30BaHNEM CHCTEMBI
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CRISPR/Cas9 B kieTkax dYenoBeka, WHOHUIIMPOBAHHBIX
BHY-1, moaTBepAnIIo KOJIOKATHU3AIHIO KJIETOYHOTO Oeka
TSG101 ¢ 6enkom Gag BUY-1 B MecTax cOopku BHpyca.
ITonaBnenue unu noBsieHue skcnpeccuu rena TSG101
CHJIHO BIIMSET HA BBIXOJ HOBBIX BHPHOHOB H3 MEM-
OpaH 3apaxEHHBIX KJIETOK W Ha mpoaykuuio BHY-1.
Takum o6pazom, B3aumoneiicteue TSG101 ¢ Gag BUU
MOXET CITYXXHUTh HOTCHIHAIFHON MHIIECHBIO JJIS IPOTH-
BoBHpycHON Tepanuu [28-30]. CO0pKy BUpPYCHBIX dYa-
CTHIl U CEKPEUHI0 HK30COM TaKKe PerylupyroT OenKu
cemeiicta Rab [31].

Pons 3x30coM B matoreneze BUU-un(pexkunn HeonHo-
3Ha4Ha. [loka3aHo, 4To 3k30coMBI U3 T-KIETOK copepkar
Oosprroe KonmmuecTBO Mosekyn CD4*, xotopsie KOHKY-
PHUPYIOT C KJIETKaMHU XO3sIHA 3a CBS3bIBAHHUE C OelKaMu
BUU-1, mpenarcTBys TaKUM 00pa3oM pacrpoCTPaHCHHIO
Bupyca. IIpoTuBOBHUpYCHOE IEHCTBUE MOTYT MpPOSBIATH
TaKXe 9K30COMBI, BBIJIENIIEMbIE U3 CEMEHHOM KUIKOCTH,
TPYAHOTO MOJIOKA M JPYTHX OMOJIOTHYECKUX KHUIKOCTEH,
nopanisis perwtakaimio BUU-1 [32]. C apyro#t cTopoHBI,
9K30COMBI U3 KIETOK, MH(puimposanusix BUY-1, cmo-
COOHBI MHIYIIUPOBaTh akTuBaIuio CD4*-T-mumdonuTtos
1 pEeTUTUKAINIO BUPYCa, B TOM YHCIIE B JIATEHTHO MH(H-
LMPOBAaHHBIX KJIETKAX, YTO MOXKET IMPUBECTU K MOOMIH-
3aIuu JlaTeHTHOTO pesepByapa BUY B opranusme [33].

Ix30combl u upyc eenamuma B

Hecmotpss Ha ucnonb3oBanue 3h(HEKTUBHON Hpodu-
JAKTUYECKOM BaklUMHBI, rematut B mpomomxaer ocra-
BaThCs BaXKHOM MPOOIEMOi 3ApaBOOXpaHEHNUs, TIOCKOMIb-
Ky COBPEMEHHBIE METONbI Tepaluu HE MOTYT BBUICUUTH
XpoHndeckue (popMbl renaruta. OTIacTH ITOMY CIIOCO0-
CTBYET OTCYTCTBUE JIOCTATOYHO MOJHOTO IPEACTABICHUS
0 IMyTAX COOpKH U BeICBOOOX AeHUsT BI'B. Cunraercs, uro
BxoxzaeHue BI'B B ki1eTKy NpOUCXOAUT MOCPENCTBOM H-
JOLKTO3a, B uHTepHanu3auuu BI'B u TpancnoptupoBke
u3 PO B [1D yuactByror Rab5 u Rab7 [34]. UHTepecHoO,
YTO Ha MO3JHUX CTanusx perumkanuu BI'B 1ot ke Rab7
CIOCOOCTBYET TPAHCHOPTUPOBKE BUPYCHBIX YAaCTHIL B JIU-
30coMBI T uX Aerpamaruu [35]. [lomumo GenkoB Rab,
KOTOpBIE JEHCTBYIOT KaK MOJIEKYJISIPHbIE IEPEKITIOUATENN
B TpaHcmopre Be3ukyn npu BI'B undexunu, Bupyc uc-
noib3yeT komiuiekcsl OenkoB ESCRT [36, 37]. BaxHo,
YTO MHTaKTHbIE BUpHOHBI BI'B MoryT BRICBOOOXKIATHCS
B BHJIE 3K30COM U IEpelaBaThCsl HE TOJIBKO B UYBCTBH-
TEeJbHBIC, HO U B HEUYBCTBUTENBHBIC K 3aPAKECHUIO KIIET-
ku [38]. Takum oOpazom, 1t obecriedeHust COOCTBEHHON
perumKanuu U pacnpocrpanenuss BI'B ucnonssyer 3H-
JOLUTAPHBIN IyTh C yY4acTHEM KJIETOYHBIX crcTeM Rab
u ESCRT.

HccnenoBanus NMpoAEMOHCTPUPOBAIM, YTO 3K30C0-
MBI MOTYT UIpaTh ONpPEICNEHHYIO PONb B ITUArHOCTHKE
U JledyeHuu renatuta B. Y nanuueHToB ¢ akTUBHOM peruiu-
kaimeir BI'B (HBeAg-nonoxuTensHbIX) OOHapy>KEHbI
Ooree BBICOKHE YpOBHH HEKOTOphIX MHKpOPHK (miR)
B BB mnasmsl kpoBu 1o cpaBHeHuo ¢ HBeAg-orpuuna-
TEJIBHBIMH, 1 YPOBHH 3TUX MiR KoppenupoBaiu ¢ ypos-
HamMu JJHK BI'B 1 moBepXHOCTHOTO aHTUTE€HAa BUpYycCa
(HBsAg) [39]. CpaBHUTENHHOE N3YUCHIE 3K30COM B KPO-
BHU 37I0POBBIX BOJIOHTEpOB, Hocuteneid BI'B u 60mbHBIX

OB30PbI

XpOHMUYECKUM renatutoM B mpuBeso K BEIBOIY, UTO 9K30-
comanibHble MUKpOPHK MoryT ciyxuts 6nomapkepaMu
IUTSI BBIIBJICHUSI PA3HBIX CTAAWi MH()EKINH, BEI3BAHHOU
BI'B [40]. OTmeueno, uto TeTpacnanud CD63, accou-
upoBanHbli ¢ MJIB u 3x30coMamMu, KOJIOKAaJIU30BaH CO
cTpykrypHbIME Oenkamu BI'B LHBs u core (HBc). Ilo-
nasienue skcrnpeccun CD63 PHK-unTepdepenmnmeit mo-
Kazayo, uyTo TepacrnanuH CD63 Brnusier Ha cOopky BI'B
u ero nHpekuoHHocTh [41]. [lpyrue aBTOphl BBLAETSIIN
9K30COMBI U3 KYyJBTYypalbHOIO CyNEpHATaHTa Ienarolu-
toB HepAD38, permunmpytomux BI'B (nmuus, anamo-
ruuHast HepG2.2.15), u ucnons3oBaiu X 11 00pabOTKU
YeJIOBEYECKUX MOHOHYKJICAPHBIX KIETOK Iepudepuyde-
cxoii kpoBu (PBMC) [42]. DK30COMBI IPOHUKAIHA B MO-
HOLIUTHI, HO HE B TUM(OLUTHI, ¥ 3TO MIPUBOAMIIO K TIOBBI-
meHuto skcrpeccun PD-L1 Ha moBepXHOCTH MOHOIIMTOB
U cHWkeHuro skcnpeccun CD69 — mapkepa akTUBUPO-
BaHHBIX HUMMYHHBIX KJIETOK. COOTBETCTBEHHO, 3K30CO-
MBI, cekpeTtupyemble kietkaMu HepAD3S8, cmocoOHBI
BBI3BIBATh MMMYHOCYIIPECCHIO, HCTOLIeHHE T-KIETOK
U MOTEHIIMAJIbHO MOTYT CIHOCOOCTBOBAaTh MPOIPECCHPO-
BaHuio BI'B-undexnuu. B To jxe Bpems mpenaparsl, HH-
rubupyronie ooparHyro TpaHckpunTady BI'B (sHTeka-
BUD, TAMUBYIUH U TEHO(DOBUP), U3MEHSIOT CONEPKUMOE
9K30COM TaKHM 00pa3oM, 4TO ATO MOKET OCIA0IATh HM-
MYHOCTUMYJHPYIONUi moTeHnuan supyca [42]. dis 60-
Jiee JeTalbHOM OLIEHKH BIUSHMA 9K30COM Ha MaToTeHe3
rernaruta B HEOOXOMMMEBI TaTbHEHIIIE UCCIIeIOBAHMSL.

Ix3ocomsl u eupyc eenamuma C

BI'C BbI3bIBaeT ocTpyto MH(DEKLHUIO, KoTopas B OO0Jb-
[IMHCTBE CIy4aeB MEPEeXOAWT B XPOHWYECKHN TemaThuT
(XI'C) u mporpeccupyet B (pubpo3, IUppo3 U remnaro-
knerounyto kapuuHomy. XI'C ompeznensiercss 6osee yem
y 50 MJIH Jioned, OJHAKO BaKIMHBI MPOTUB TeraruTa
C moka Hert, a mpenaparsl MIPSIMOro NMPOTHBOBHPYCHOTO
JIEHCTBUS HEAOCTYIIHBI AJI1 MHOTHX MAI[UEHTOB 13-3a BbI-
COKOW CTOMMOCTH, HE MPETMATCTBYIOT IIOBTOPHOMY MH(H-
IUPOBAHUIO U PEIMINBAM IeaTOKIETOYHON KapPIIMHOMEI
Ha (OHE Tepamuu mpenaparaMy TMPSMOTO MPOTHBOBH-
pPYCHOTO JAEHCTBHA. DTO O3HA4aEeT, YTO IS pa3pabOTKU
HOBBIX CPEICTB U, IJIAaBHOE, AJIS1 MOHUMAaHUS IaToreHe3a
WHQEKIMA HeoOXOAUMBI OoJiee AeTalbHbIe 3HAHUS JKU3-
HEHHOTO ITMKJIa BHUPyca W B3aUMOIEHCTBHS €ro ¢ Kie-
TOYHBIMU Tpoueccamu. M3ydeHne >KU3HEHHOTO IIMKJIA
BI'C nokasaino, 4To OH MOXXET BBICBOOOKAATHCS U3 KIIET-
KM B COCTaBE 3K30COM, MPOMJA 3HIOCOMAIbHBIA MyTh
[43, 44]. B npoxoxaeHHH 3TOTO MyTH y4YacTBYIOT JBE
knerounble cucteMbl — ESCRT u kommnekc OenkoB ce-
MeticTBa Rab [45—48]. AkTuBHOE ydacTre OCIKOB ceMeli-
ctBa Rab HaBOIUT Ha MBICIb O BO3MOXKHOM IIOy9CHUHU
WHTUOUTOPOB, KOTOPbIE MOTYT IMOJABUTh WM ONOKHPO-
Barb BI'C-undexnmro. Iloka Takre WHrHOUTOPHI HE TO-
JIydeHbl, HO MOUCK IyTel Bo3zaeicTBua Ha Rab I'Tda3sr
npomoinkaetcs [49]. benku o6onouku u 6emok core BI'C
obHapyxumu B UJIB B coctaBe MBT, 3T0 mokasano, 4to
9TH OCJIKM JIOKAJM30BaHBl U B DK30COMaX, MPHUEM IS
BbIcBOOOXKAeHUs BI'C B 3K30cOMax KpHTHYEH KOMIIO-
HeHT ESCRT-0 HRS (hepatocyte growth factor-regulated
tyrosine kinase substrate) [50, 51]. MaTepecHo, uto HRS
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REVIEWS

TpeOyeTcs Tarkke IS CeKpEelMH 3K30COM U3 JICHAPHT-
HBIX KJIETOK M TIPEICTABICHIS aHTUTEHA Y4epe3 K30 COMBI
[52]. ABTOpPHI MONAraioT, yTo OoJiee MOTHOE TOHUMAaHHE
B3aumogericteust BI'C ¢ knerounsiMu mytsimu ESCRT
MTOMOKET BHIOpAaTh HOBBIC MHIICHH JJISI TPOTHBOBHPYC-
HOM Tepanuu MIMPOKOTOo criekTpa neicTBus [53]. Obna-
py’Xe€HHE B DK30COMaX CTPYKTYPHBIX U HECTPYKTYPHBIX
oenxoB 1 PHK BI'C mo3BoisieT paccMarpuBaTh 3K30C0-
MBI KaK UCTOYHHK IUPKYIUPYIOIINUX OHOMAapKepOB, CBs-
3aHHBIX C MATOJOTHYECKUMH TPOIIECCaMU TIPU TelaTHTe
C. D10 0cOOEHHO BaYKHO ISl TUATHOCTUKH XPOHUIECKUX
TeraTuToB, TaK Kak 3(Q(EKTHBHOCTh COBPEMEHHBIX He-
WHBA3MBHBIX METOJIOB TPH3HAETCH MEXTyHAPOIHBIMU
AKCIEPTAMHU CEPbE3HBIM TPEISTCTBUEM JIJISL YCIICITHOTO
JIeUEHUS] XPOHUUIECKUX 3a0oneBanwmii [54, 55].
ConepkrMoe 3K30COM 3HAYHUTENLHO BapbHpyeT B 3a-
BHCHMOCTH OT TIPHUPOIBI KJIETOK-IOHOPOB, (DHU3HOIIOTH-

Puc. 3. Cxematndeckoe npencTaBiIeHUE MIepeiadn
Bupyca renaruta C uepes 3K30COMBI.

B chIBOpOTKax KpoBH MamueHTOB ¢ renatutoM C oOHapyXeHBI 3K30COMBI,
coneprkamue PHK BI'C B xommtekce ¢ MukpoPHK (miR-122), 6emxom Te-
miooro moka HSP90 u Genkom argonaute-2 (Ago2). DK30COMBI CIIOCOOHBI
IIPOHMKATh B He3apa)KEHHBIC KIETKH, B TOM YHCJIE B TEaTOLUTHL, IIyTEM JH-
Jlo1MTO3a. B remaronuTax, 3aXBaTUBIIHX 9K30COMBI, COJIEPIKAILIE BUPYCHYIO
PHK, nabmromaercs npoxykrusHas BI'C-undexnus, koTopas MoxeT mepeaa-
BaThCsl 4€Pe3 BUPYCHbIE YACTHIIBI B BHICBOOOKIAIONIMXCS 9K30c0Max. Takum
00pa3oM, pacIpoCTpaHEHHE BUPYCa BO3MOXKHO Yepe3 DK30COMBI, MUHYS KIle-
ToyHble penentopsl. HK — Hykneokancun BI'C, OP — sHIoma3mMaTnyeckui
petuxynayM, KI' — xommutekc Tonbmxu, MBT — MynsTuBe3UKyIIpHbBIC TelbLa
(o T.N. Bukong u coasr. [59]).
Fig. 3. Schematic representation of hepatitis C virus transmission
through exosomes.

Exosomes containing HCV RNA in combination with microRNA (miR-122],
heat shock protein HSP90 and argonaute-2 protein (Ago2) were found in
the blood sera of patients with hepatitis C. Exosomes are able to penetrate
uninfected cells, including hepatocytes, by endocytosis. In hepatocytes that
have captured exosomes containing viral RNA, a productive HCV infection
is observed, which can be transmitted through viral particles in the released
exosomes. Thus, the spread of the virus is possible through exosomes, bypass-
ing cellular receptors. NC — HCV nucleocapsid, ER — endoplasmic reticulum,
GC — Golgi complex, MVB — multivesicular bodies, cocyn — vessel, 3x30co-
MBI — exosomes, TernartonuT — hepatocyte, sapo — nucleus, SHIOIMTO3 — en-
docytosis, 3k3o1uTO3 — exocytosis (according to T.N. Bukong, et al. [59]).
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YECKOTO COCTOSIHUS, U3MEHEHHs BHYTPUKJIETOYHOH aK-
TUBHOCTH, MHUKPOOKPYXKeHHA. B cBs3u ¢ 3TUM 0COOBIi
HMHTEpEeC TPEACTAaBIAIOT LHUPKYIUPYIOUIHE 3K30COMBI,
MOTy4EHHBIE TOJNBKO U3 KJIeToK medeHu. K mpeumye-
CTBaM 3K30COM I10 CPaBHEHHIO C IUPKYIHPYIOLUIMH Oerl-
kamu U komIuiekcamu PHK MOXHO OTHEcCTH BBICOKYIO
CTaOMJIBHOCTh B OMOJIOTMYECKHUX KXHUIKOCTSAX, KOTOPYIO
00ecreunBalOT BYXCIIOWHBIE JHMHUIHBIE MEMOpaHbI.
BaxHO OTMETHTH, YTO M3MEHEHHUS B 3K30COMax MOTYT
ObITH 0OHAPY>KEHBI HA OoJiee PAaHHUX CTAIMAX, YEM IBHOE
MTOBPEXJICHNE TKaHEeH WM IpyTHe KIMHUIECKHUE U THCTO-
JIOTMYECKHE MPU3HAKH, KaK 3TO ObUIO YCTAaHOBJIEHO Ha
MOJZIETM HEAJIKOTOJIBHOTO CTeaTorenarura y Muiuiei [56].
Juarnoctuka renarura C MpOBOIUTCS CEPOIOTHMUECKH-
MH U MOJEKYISPHBIMH METOIaMH, KOTOpBIE MO3BOJIIOT
OLIEHUTb BUPYCHYIO HAarpy3Ky U UMMYHHBIH cTaTyC Hanu-
eHTa. Pa3BuTHE AMAarHOCTUYECKHX ITOIXOJ0B Ha OCHOBE
9K30COM MOXKET IOTIOTHUTD U YITy4ILIUTh OLIEHKY MTOBPEX-
JICHUs TIEYEHU U BBIIBUTH PaHHNE MapKephl TOBBILIIEHHO-
TO PHCKa Pa3BHUTHS TeNaTOKAPIWHOMBI HEHMHBAa3WBHBIMHU
Metonamu. OgHa U3 MpoOIeM HCIOIB30BAHUS SK30COM
kaK 6nomapkepoB XI'C coCTOUT B TOM, YTO U3 OOJIBILIO-
O IMyJa OUPKYIUPYIOUINX YK30COM TEXHHYECKH CIIOKHO
BBIUWIEHUTH 3K30COMBI, 00pa30BaBIIMecs B KJIETKax Iede-
Hu [57]. IlpeononeHue 3TUX TPYAHOCTEH OTKPOET HOBbBIE
BO3MOXKHOCTHU B nuarHoctuke XI'C, B TOM yucie npume-
HEeHHe KUIKON OMOIICHH.

OKCIIEpUMEHTBHI MOKA3alli, YTO OYHIIECHHBIE SK30COMBI
3 BI'C-mHUIMPOBAHHBIX KIETOK TEIaTOMBI YellOBEKa
Huh7.5.1 comepxanu nonHopasmepHyto BupycHyto PHK,
OCJIKM 1 BHPYCHbIEC YacTHIBI U ObLIN CIOCOOHBI Iepena-
BaTh NpoaykTuBHY0 HHpekmo BI'C HezapaxEHHBIM Te-
naronutam [58]. Kpome Toro, onpenenuiy, 4To aHTATENA
oT OonpHBIX renarutoM C JIMIIb YaCTUYHO HEHTPajn30-
Ba BI'C-nHdekuuro, mepeqaHHyl0 dYepe3 HK30COMBI,
10 CPAaBHEHMIO CO CBOOOJHBIM BHPYCOM. DTO CBUAETEIb-
CTBYET 0 ToM, uTo nepegada BI'C ¢ ax3ocomamu noteHnu-
ITFHO MOXKET OBITH OHUM M3 MEXaHW3MOB YCKOJIb3aHHS
OT UIMMYHHOTO oTBeTa Ipu renarute C [58]. ng orBeTa Ha
BOIIPOC, BO3MOXHO JIU pacnpocTpaneHue BI'C uepes sk30-
COMBI, aHAJTU3UPOBAITH, MOKET JIU BUPYC MCIIONB30BaTh JK-
30COMBI JUIsl HE3aBUCHMOM OT perentopoB nepenadn BI'C
renarouutam [59]. Ilokazanu, 4To B CHIBOPOTKaxX KpPOBU
BCeX IMarueHToB, uHpumpoBanHsix BI'C 1 He oTBeTHB-
mux Ha jedeHne (uHTepdepon o-2b (MPH) + pudasu-
PHH), a TaKKe HEKOTOPBIX JIML, HE MIOJTy4YaBIINX JICYEHUE,
NPUCYTCTBOBAJIM 3K30COMBI, COAEpIKAIle MHUHYC-IIETh
PHK BI'C, o6pa3yromrytocst B Iporecce peruiuKaliuy BH-
pycuoit PHK. Onpenenunu, uto PHK BI'C B 3x30coMax
HaxXoJuJIach B KOMIUIEKCe ¢ OenkxoM argonaute-2 (Ago2),
6enxom TerutoBoro moka 90 (HSP90) u mukpoPHK miR-
122 (puc. 3). [lonyyeHHbIE NaHHBIE, IO MHEHUIO aBTOPOB,
JIOKa3bIBAIOT BO3MOXHOCTh nepenaun BI'C uepes mupky-
JMPYIOIINE 3K30COMBI M YKa3bIBalOT Ha MOTEHIMATbHBIE
TEpaneBTUYECKUE CTPATETHH, OCHOBAHHBIE Ha IOJaBIe-
Huu nepenaun BI'C uepes sx30coMbl. OgHAKO crlexyeTr
OTMETHTBh, YTO (aKT OOHAPYKEHHUsSI aHTUCMBICIIOBOH IIETTH
MOXKET M HE TOBOPHUTBH O Iepeaade BUpyca MPH Y4acTUU
9K30COM, TaK Kak e€ mepefada B KJICTKH HE 00eCHednuT
TpaHCILILUIO TeHOMa BUpyca 1 obpa3oBanust Oenxos BI'C
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— KOMITOHEHTOB PEIUTUKAIlMOHHOTO KoMIuiekca. HTepec-
HO, YTO 9K30COMBI MOT'YT OKa3bIBATh U IPOTHBOIOIOKHBIN
a¢dexrt. Tak, sx3ocomsl, conepxkamue PHK BI'C, 6pum
CIIOCOOHBI TpaHCcTIopTUpoBarh BupycHyto PHK k nenapur-
ueM KitetkaMm (pDC), PHK BI'C nefictBoBana Ha TLR7,
aktuBupoBana pDC, cTuMynupoBaia CHHTE3 U CEKPEIHIO
N®H-0, uyro BhI3BIBANIO momaBieHue perukaimu BI'C
U pacrpocTpaHenus Bupyca [60, 61].

HomeHuuaﬂ I9K30COM 6 mepanuu cenamuma C

[IporeomHBIli aHanmu3 BBIABHI OKolo 250 OenkoB
B BB, nosmyueHHBIX U3 TEPBUYHBIX I'€MAaTOLUTOB KPBICHI
[62]. B nupkynupyromux BB 310poBbIX ntoaeit naeHTH-
¢urmpoBano okoso 70 OenkoB, OOIBITUHCTBO U3 KOTO-
PBIX y4YacTBYIOT B TpaHcHopTe Be3ukyn [63]. [Tomumo
KJIaCCHYECKUX MapKepoB, OOHAPY)KEHHBIX B OONBIIMH-
ctBe BB M3 npyrux THUIOB KJIETOK, B 3K30COMax U3 re-
MAaTOIIUTOB OOHAapyXeHbl U clenu(UIHbIE KOMIIOHEH-
Tel. Kpome Toro, mpakTHYecKd BCE€ THUIIBI MMMYHHBIX
KJIETOK, BKIiodas T- m B-mumdonuTs, IeHAPUTHBIE
KJIeTKH, Makpodary, kineTku Kyndepa u vHerpoduisl,
IPOOYLHUPYIOT 3K30COMBL. B cBs3u ¢ 3TuM OOnbLION
HMHTEpEeC MPEICTAaBIIAIOT UCCIIEAOBAHNS, HAlIPaBICHHBIE
Ha BBIICHEHHE CBA3M MEXJy MaTOJIOTHYECKUMHU H3Me-
HEHUSMH B TIEYEHU U COIEPKHMMOM 3K30COM M3 KIIETOK
nedeHu OONBHBIX rermaTuToM. MccnenoBanus mokasand,
yto BB/3K30COMBI, BHICBOOOXKAAIOIIMCS U3 TIelIaTOLM-
TOB, B OTIMYME OT HK30COM U3 APYIUX KJIECTOK MCUCHH,
MMEIOT TOBBIMICHHBIA ypoBeHb Hu3odopmbl 2E1 mwm-
toxpoma P450 (CYP 2E1) u acnanorinKonpoTenHOBOTO
peuentopa 1 [24]. [IpeanonararoT, 4TO NMeYEHb BHICBO-
o6oxnaer CYP-conepxamue BB mist ctumynupoBaHus
MeTabonu3Ma JIeKapcTB B APYTHX KIETKaxX, KOTOpHIE
HOIVIOIIAIOT 3TH Be3UKYNbl. B pabore Taxke NpuBOAUT-
csl TIepedeHb MOJIeKyN, oOHapykeHHBIX B BB, xoTopsie
aCCOLIMUPOBAHBI C Pa3BUTHEM MATONOTUi meueHu [24].
Knerku neueHn MoryT OBITh Kak JTOHOPaMH, TakK M pe-
LHUITUEHTaMH 9K30COM, YTO OIPEENSIeT CI0KHbIE CBSI3U
MEXy Pa3lIUYHBIMU KJIETKaMH MEeueHH, KOTOpbIE OCy-
MIeCTBIIOTCA Ocenkamu, a Takxke MPHK n MmukpoPHK.
OK30COMBI NOTEHIIMAIEHO MOTYT HCIIOIB30BaThCs KaK
Ouomapkepsl NpH pa3iIMYHBIX 3a00JIEBaHUAX MEUEHU
[64]. Tak, npu renatute C B HK30COMax M3 CHIBOPOTKU
KPOBH OIIpENIeNHIN YBEINUEHUE COAEPIKaHUS YETBIPEX
miR; mpu anKoroJpHOM TeNmaTuTe 3K30COMBI, TOITyYeH-
HBIC U3 I'eNaTOLNTOB, coAepkaT miR, koTopsle acconu-
HPYIOTCSl C TUIIEPBOCHAIIEHUEM; TIPH TeNaTOIEILTIONSP-
HOM KapIIMHOME B 3K30COMaxX 00OHapPy>KUBAIH MOJIEKYIIbI
CEACAM1/6 (Carcinoembryonic antigen-related cell
adhesion molecules), cBsi3aHHBIE C TPOTPECCHPOBAHUEM
omyxonu [64].

OtmMmeuaroT, uTo Hcnonb3oBanue BB nmeer psn npeu-
MYIIECTB 10 CPAaBHEHHIO CO CBOOOAHBIMU OENKaMHU U HY-
KJICMHOBBIMH KHCJIOTaMH, B TOM YHCIIE:

1) HyK/IEHHOBBIE KHCJIOTHl HE PEIUTULHUPYIOTCS TOCIIEe
BBEJICHUS;

2) copeprkaiuecs B 9K30COMax BelecTBa MOTyT o0a-
Jath Oosiee HU3KOH MMMYHOT€HHOCTBIO;

3) o0namaroT BHICOKOH CIIOCOOHOCTHIO ITPEO0IEeBaTh
TKaHEBBIE U KJIETOYHbIE Oapbephl;
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4) yCTOHYMBHI K AETpajalliy [IPoTea3aMu B IIUPKYJIs-
[IUH U K 3aMOPaXMBAHUIO/OTTANBAHUIO TPH JUTUTEIIEHOM
XpaHeHu# [65].

OpauH 13 TepaneBTUUYECKUX MOAXO0A0B Ul OJABICHUS
nepcucteHTHOM BI'C-mH(pexnmn npemmaraercs B pabo-
te [66]. [lokazaHo, YTO COEOUHEHHMS, HAPYIIAIOIINE IH-
JIOCOMAJIbHBIA MyTh (POPMUPOBAHUS HK30COM M BBIXO[
BE3WKYJ M3 KJIETKH, 3HAYUTEIHHO TOAABIAIOT PEIlInKa-
U0 BUpYyca B kieTkax Huh7.5, 3apak€HHbIX XUMepHBIM
BI'C, conmepskarumM 3eNEHBINA (ITyopeCcIUPYIONTHi OeToK
(GFP), n ipu 5TOM He BIUAIOT HA )KU3HECTIOCOOHOCTH ca-
MUX KJIETOK. J[pyrue moaxozasl MOTYT OBITh HalpaBieHBI
Ha yJaJeHue LUPKYIHPYIOLIUX 3K30COM, COJEpKaIIUX
BupuoHbl unu PHK BI'C, a Taxke Ha npenoTBpaileHue
WX BXOXKACHUSA B KIICTKU-MHUIIEHH. « BpemnHbIe» SK30COMBI
MOYXHO BBIBECTH U3 KPOBOOOpAIICHUS, HAIIPUMEP, C HC-
MOJIH30BAaHIEM METOAOB, aHAIOTHYHBIX YAAJICHUIO IIUPKY -
JUPYIOUIMX aHTUTEN C ITOMOIIBIO SKCTPAKOPIIOPAIEHOTO
nuanusa. OnucaHsl U Jpyrue CTpaTerull CHUKEHUS WIN
0TOOpa KOHKPETHBIX THIIOB SK30coM [67, 68]. bombmH-
CTBO pabOT IO OLIEHKE PO 3K30COM B TEPAIMH renaTh-
Ta C BBINOJIHEHB! C UCIOJIB30BAHUEM ME3EHXUMAaJIbHBIX
cTBOJOBBIX/cTpoMaibHBIX KiIeTok (MCK). Kierounas
Tepanus Ha ocHoBe MCK npuBnekaeT MHOTHX HCCIEI0-
BaTelel, SK30I€HHbIe WM aKTUBUPOBAaHHBIE HIOTCHHBIE
MCK ucnons3ytorcs 6onee ueM B 1200 KITHHUYECKIX HC-
neiTaHusAX [69]. Kimmanyeckue ucciaeqoBanus MOKa3aiy,
yro Tepanuss MCK yMeHbIIaeT moBpeXAeHUE IEYEHHU,
yaydmraer e€ (QyHKIHUI0 M CIOCOOCTBYET pereHeparuu
TkaHel. 1Ipyu ocTpoil miKu XpOHUYECKOM NEYEHOUHOM He-
noctaroyHocty npuMeHeHre MCK moBblaeT BbIKHUBA-
€MOCTh MAIMEeHTOB M 00Ja/laeT XOpoIIeH MepeHOCHMO-
cthio 1 OezonacHocTrio [70]. X. Qian u coast. B 2016 .
BIIEPBBIEC TTOKa3aJd CIIOCOOHOCTh 9K30COM, HPOAYLHPY-
emeix MCK, mogasmsate BI'C-urdexmuro [71]. B atux
JKCTIEpUMEHTAaxX 3K30COMBI, cekpeTupyemMble 3 MCK my-
noBuHBI (UMSC-Ex0), ObITH HE TOKCHYHBI U HHTHOUPO-
Banu perutnkanmto BI'C in vitro. OTomy ciocoGcTBOBaN
onpenenénabie miR u3 sx3ocom. Kpome Toro, 3K30C0OMBI
u3 uMSC ycunuBanu 3¢ dext UPH-a u Temampesupa,
ucmnoib3yeMbix Jis Jieuenust XI'C.

CepbésHyto mpoOiieMy IS JICICHHS BCeX 3a00IeBaHUN
MeYeHd, B TOM yucie remarura C, npeacrasiseT puodpo3
MIEYeHH, BO3HUKAFOIIIHA TIPH XPOHNIECKOM MTOBPEKICHUN
oprana. KiroueByro poib B 3TOM MPOLECCE UTPAIOT aKTH-
BUpOBaHHBIe cTeymarHble kineTku nedeHu (CKII), koto-
pBIe IpeBpaImaTcs B MHO(QHUOPOOIaCcThl, yCHITHBAIOIINE
OTJIOKEHHE BHEKJIETOYHOTO MaTpHKca B MEYEHH U, Kak
ciencTBue, nporpeccuio Guodposa [72]. BB u sx30coMbl
MOTYT WUTpaTh pa3HOHAINpaBJeHHbIe poin B (hudpo3e 1me-
yern. ABTopHI [73] mokazanu, yto miR-19a n3 BI'C-un-
(UIMPOBAHHBIX T'EMATONUTOB aKTUBHPYET MyTh STAT3-
TGF-B u B pesymprare CKII. MiR-192 u3 kierok, uH-
¢unupoBanasix BI'C in vitro, Taxke Oblna crocoOHa
axktuBupoBath CKII myTtém momeimenust ypoBHs 1GFEf
B CTEJUIaTHBIX KJeTKax [74]. B mpyrux uccienoBaHMsax
MOJTY4YEHBbl TPOTHUBOMONOKHBIE 3(PGHEKTH. DK30COMBI,
MOJTyYEHHBIE U3 CTBOJOBBIX KJIETOK IEYEHU YEIOBEKa,
MOAABISUTH  TTPO(GHUOPO3HYI0 aKTHBHOCTH CTEJUIATHBIX
KIIETOK in vivo [75], 1 3TOT 3 eKT CBA3BIBAIM C JOCTAB-
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Ko aHTH(HUOPO3HBIX MiR-146a-5p yepes 3k30COMBI [76].
Coobmranoce, uro 3k30coMmbl 13 MCK xocTtHOro mosra
MoryT uHruouposars aktusanuio CKII in vivo u in vitro
yepes nmyTh Wnt/B-karenuna [77]. Ilokazano, yto miR-
486-5p, cogeprkamasics B sk3ocomax u3 MCK munpanux
YeJIOBEKa, CBS3bIBAacTCA C 3’-HETpaHCIUpyeMod o6mia-
ctio (UTR) MPHK SMO 1 uHrHOHpYET ero SKCIPECCHIo,
u 310 ipuBoAUT K nHakTuBanuu CKII [78]. Onpenenexo,
gyro npu (pubposze nedenn miR-150-5p cmabo sxcmpec-
cupoBaHa, a xeMokuH CXCL1 skcnpeccupoBaH CHIIBHO.
Ilepenoc miR-150-5p B CKII ¢ momomsio BB, Beinemns-
embIx n3 MCK, unrubuposano axtusaruio CKII mytém
nonasnenus 3xcnpeccu CXCL1 [79]. BB u3 ceiBopoToK
3JI0POBBIX MBIIIEH BBOJIMIIN MBIIIAM C OKCTIEPUMEHTAIILHO
BBI3BaHHBIM (pUOPO30M MEUSHH U HAOIIONATN CHUKEHHE
YpOBHEW THOeNn renaToluToB, BOoCHaleHus, pepMeHTOB
acmapraTaMHHOTpac(epasbl/aJaHHHAMHHOTPaHC(hepasbl
Y TIPOBOCIHAIHUTEIBHBIX IIUTOKWHOB B MIEYCHH U nepude-
pudeckoit kpou. BB U3 cBIBOpOTOK (hPHOPO3HBIX MBITIICH
Takoro AercTBus He okaszbpiBasm [80]. [TokazaHno, uTo oc-
HOBHBIMU MuIeHsAMH BB Obumn aktuBupoBannasie CKII.
B BB HOpManbsHBIX MbIIIei 1o cpaBHeHHIO ¢ BB hrbpos-
HBIX MBIIIECH ObUIM 0oJiee BHICOKHME YpOBHH psja miR.
Kaxxgas miR morna He3aBUCUMO TOAABIIATE KCIIPECCHIO
¢ubporeHHsIx reHoB B akTiBHpoBaHHBIX CKII. CxonHbIe
Pe3yNbTaThl TOMyYeHBI C YeIOBEYeCKUMHU aKTHBHUPOBAH-
HeiMu CKII B kynerype: BB U3 CBIBOPOTOK 370pPOBBIX
monedt cHwkanu yposeHb aktuBauuu CKII u cogepxa-
mu Oonee BBICOKHE ypoBHH miR, uem BB oT mamuenToB
¢ ¢pubpo30M medeHu.

Ornenka ponu BB/3k3ocom B ¢ubpo3e medeHu mo3Bo-
JISeT 3aKIOYUTh, UTO:

1) ma CKII u pasBurue ¢pubposa Moryt BiuATs BB
U HK30COMBI U3 pa3nuuHbIX uctouHukoB — MCK, remaro-
IIUTOB, TTa3MbI KPOBH, IMMYHHBIX KJIETOK;

2) nefictBue BB 1 3K30C0M MPOMCXOOUT MyTEM Mepe-
HOCa COAEPKAIINXCS B HUX OHMOIIOTHYECKH aKTUBHBIX
MoJIeKys1, B ToM grciie 6enmkoB, MPHK, miR B aktuBupo-
Bannsie CKII;

3) BB u 3K30CcOMBI, IPOHUKIINE B aKTUBHUPOBAaHHBIE
CKII, crmocoGHBI MHTHOMPOBAaTH MOJEKYISPHBIE MYTH,
B KoTopbIx yyacTBytoT LPS/TLR, STAT3/Bcl-2/Beclin-1,
TGFB/SMAD, Wnt/Beta-catenin u ap.;

4) npu ¢ubpoze nmedern mnormomienne BB axtuBupo-
BaHHbIMH CKII cHIKaeT ux npomnudepannio, co3peBaHne
KOJUIareHa, YpPOBEHb MPOBOCHAIUTEIBHBIX IUTOKUHOB
Y TIOBBIIIACT ayTO(aruio.

Taxkum 00Opazom, MHOGHUOPOOIACTEI MOTYT BEPHYTHCA
B coctosinue mokos [81]. Bricka3piBaeTcsl Mpeanonoxe-
HUE, YTO ChIBOPOTOYHbIE BB M 3K30COMBI OT 30pOBBIX
JOfeH Mo CBOEH NMpHUpOAE SABIAIOTCS aHTH()HUOPOTEeHHBI-
MU U aHTU(UOPO3HBIMU M COepkaT miR, KOTophie OKa-
3BIBAIOT TEPANIEBTUIECKOE ICHCTBHE HAa AaKTUBUPOBAHHBIE
CTEJJIATHBIE KJIIETKH WM TMOBPEXKACHHBIE TeMaTOLUTHI
[80]. OTmeuaercs, uTo crienuPUICCKUE U3MEHEHUS CO-
craBa (mpodmist) miR B BB mMoryT paccmarpuBarscs kak
BO3MO)KHBIE JMAarHOCTHYECKHE OHMOMapkepsl uid Aud-
(epeHIMaK pa3IMYHBIX THUIIOB U CTaJWN MPOTPecCH-
pOBaHUsl XpOHUYECKUX renatutoB [82]. B To ke Bpems
pe3ynbrarsl uccienoBanus [83] mokasanu, uto BB/ak-
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30COMBI, cofieprkaline onpenesnéHnple miR, mMoryrt pac-
CMAaTpHBAaTbCs U KaK MOTCHIHANIFHBIE TeparieBTHUECKUE
areHThl. MIHTEepeCcHbIe NaHHBIC TONXYYCHBI IPH U3yUYEeHUN
HarypaibHbIX KHiutepoB (NK-KkJeTok), KoTopble y4acTBy-
ot B aktuBaruu CKII [84] u MoryT BnusATh Ha QyHKINH
KJIETOK-MHIIIeHeH yepe3 cexperuro ax3ocoM [85]. Ompe-
neneHo, uyto NK-knetku (muHus NK-92MI) skckpetupy-
1ot 3k30coMbl (NK-Exo). ITocne ounctku NK-Exo BHO-
CWIIH B KynbTypy akTuBupoBaHHBIX CKII yemoBeka muHun
LX-2 u mpimam ¢ CCl4-unayiupoBaHHbIM GHOPO30M
(puc. 4). O6padorka NK-Exo 3Ha4HMTENbHO TOAABISAIA
nponudeparnuo u akruBanuoo CKII in vitro. Kpome To-
ro, NK-Exo cHmkanu ypoBeHb Gubpo3a y mblmiei [86].
[IpenmonoxurensHO ekt cBs3aH ¢ aeiictBrueM miR-
223, koTopas dKcrpeccupyercs B sk3ocomax NK-Exo Ha
BBICOKOM ypoBHe. JlelficTBUTENBHO, TOAABIECHUE SKCIIPEC-
cur miR-223 B NK-Exo ormensuto narnbupytomiee aei-
ctBue NK-Exo na aktuBanuro CKII. C momormrsio mpo-
rpaMMbl Targetscan yCTaHOBJIEHO, YTO IpEAronaraeMon
MutIeHb0 miR-223 seisiercs ATG7 — oquH U3 MapKepoB
aytodaruu [87]. DKkcliepuMeHTaIbHBIA aHaIN3 [ToKa3al,
yto ATG7 sBisieTcss mpsiMoii muieHbto miR-223. Tak
Kak ayTodarus MOXeT ydacTBoBaTh B aktuBarmm CKII,
MOXXHO CH€NaTh BBIBOA, 4TO 3K30cOoMbl HM3 NK-kieTok
nofassaoT akTuanuo CKII nmenHo 3a cuét nmepeHoca
miR-223, xoTtopass mHTHOMpOBana ayToparuto B pe3yib-
tare B3auMmozaeicTBusa ¢ ATG7 [88]. OTu maHHBIE CXOTHBI
C pe3yabTaraMu, TIOKa3aBIIMMH, YTO OJIOKMPOBAHHE ayTO-
(arnu nHTNOMpYeT paszBuTHe (udposa meueHu [89, 90].
[TomyuenHsie pe3ynbTaThl CBUACTEIBCTBYIOT O MEPCIEK-
TUBHOCTH JAJIBHEWINX HCCIEIOBaHUNA MO pa3paboTke
CHCTEMBI JOCTaBKM 3K30COM Ui JIEYEHUS MaTONOTHH
[IEYEeHU, BKIIOYAs XPOHHYECKHE BUPYCHBIE TEIaTUTHL
B T0 xe BpeMs BOopoc 0 TOM, KaKHM 00pa3oM KIIETKH-pe-
LUUIIMEHTHI pacno3HaioT BB u kak BB B3aumopeiicTBytor
C KJIETKaMH-MUIICHSIMU i VIVo, II0Ka HE pelI€H. YIIOMU-
HAIOTCSl pa3HbIC MOJIEKYJbl Ha MOBEPXHOCTH KJIETOK-pe-
LUIIMEHTOB, C KOTOPBIMH MOTYT CBsi3biBaTbcsi BB [91].
Mognens st usydenus ¢pyukuuu BB in vivo pazpabotanu
Ha OCHOBe aHamu3a skcrnpeccun CD63-pTopuHa y M-
OproHOB pBIOOK JaHN0. OGHAPYKHUB HK30COMBI B IIUPKY-
JSIIUH, aBTOPHI OTIPENEIIIIN, YTO B HJOLUTO3E BE3UKYI
YYaCTBYIOT MaTPYJUPYIONIHEe Makpodard ¥ SHAOTEIH-
aNbHBIC KJIETKH B XBOCTOBOH YacTH 3MOpurona [92]. Poin
MakpodaroB B paco3HaBaHUU IK30COM OTMEUEHA TAKKe
B paboTe Ha MbImIax [93], mokasaBiel, 4To B pacro3Ha-
BaHMM Makpo(daraMu BHYTPHBEHHO BBEIEHHBIX SK30COM
BaKEH OTPHUIIATENBHBIN 3apsn GochaTuauiceputa B K-
30COMHBIX MeMOpaHax.

PaccmarpuBas sx3ocombl, BB, a taxke BB, Brinense-
meie 13 MCK (MCK-BB), otmeuaroT pactymuii ”HTEpeC
k pou MCK-BB B 3a6oneBanusx neuenu [94]. MCK-
BB 6onee ynoOHBI 1 MeHee mMMyHOTeHHBI, 9eM MCK,
HE MPWKUBISIIOTCS, UIMEIOT BEICOKUN TPOIU3M K IIEUCHH,
HE BBI3BIBAIOT a0eppaHTHOM AU PepeHIIMPOBKHA CTBOJIO-
BBIX KJIETOK, HE MPOSBISIIOT MMMYHOTEHHOCTH M PHCKa
KaHieporenesa. becknerounas repanus MCK-BB, a Tak-
xe BB, MmonndunmupoBaHHbIe MPOTUBOBUPYCHBIME MOJIE-
KyJIaMH, OTKPBIBAIOT HOBBIE IEPCIIEKTHBHI IS JIEUEHUS
3a00eBaHMI [TEUYCHH.
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Okzocombi 0ns npodurakmuxu cenamuma C

CBOICTBa PK30COM MO3BOJISIFOT PacCMaTpuBaTh UX Kak
MOTeHITHaNbHBIC BakuHBL. OJHAKO MOKa paboT B 3TOM
HampaBlieHuH He MHoro. OTmedaercsi, 4to, Omaromaps
CHOCOOHOCTH ITUPKYIHPOBATh B OPTaHU3ME M TOCTHUTATh
nepudeprudecKkiue OpraHsl, 3K30COMBI CIIOCOOHBI YIyd-
LIUTH pacupenesnenue anTureHos [95]. ITokazaHo, 4To K-
30coMbl U3 HHpuIMposanHbIx BI'C kiteTok, copeprkamme
PHK BI'C, moryt unaymupoBars npoaykuuio MDOH-o
B HEeMH(UIIMPOBAaHHBIX TUIa3MAIlUTOUAHBIX JECHAPUTHBIX
xierkax [60]. Oxcnopr BupycHoil PHK ¢ sk3ocomamu
MOXET CIIy’KUTb KaK CTpaTerueil Bupyca /Ui yKIOHEHUS
OT OOHapy)KeHHs MaToreHa, TaK U CTpaTerHell Xo3suHa
JUId MHIYKIMA UMMYHHOTO oTBeTa. IlokaszaHa croco6-
HOCTb 3K30COM IPOHMKAaTh B T€HaTOLUTHI, MHOUIMPO-
BaHHBIE BUpYycoM renaruta B, n nepenasars UOH-0, ak-
TUBUPYS. COOTBETCTBYIOIIUN IMPOTUBOBUPYCHBIM KaCKaJ
[96]. DTOT 1 npyrue pe3yabTaThl MPEAoIaraT, YTo K-
30COMBI MOTYT OBITh HE TOJBKO IIEPEHOCUYMKAMU aHTHTE-
HOB, HO U HHAYKTOpaMU UIMMYHHOI'O OTBETA.

DK30cOMbl U KOPOHABUPYCHASL UHDEKYUL

KopoHaBupycel MOTYT BXOIWTH B KJIETKY IyTEM JHOO
MPSIMOTO  CJIMSHHUS BUPYCHOM MeMOpaHbl C Il1a3Marhye-
CKOM MeMOpaHO# KJIeTKH, JIH0O0 3HAoImTo3a. IlomydeHbt
JAHHBIE O BO3MOXKHOM YYaCTHH 3K30COM BO BXOXKICHHUU
KOPOHABHpPYCa B KIIETKU-MUIIIEHH. YCTaHOBJICHO, YTO B CO-
cTaB OCJIKOBBIX KOMIUIEKCOB C KJICTOYHBIMH PEIIEITOPaMHU
KopoHaBupycoB 1 nporeasoit TMPRSS2 Bxopsr terpacna-
Hunbl CD9, kotopsie, Hapsany ¢ CD81 u CD63, BcTpoeHbI
B MeMOpaHbI 3k30coM [97]. OOpa3oBaBIIHECs KOMIUICKCHI
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obecrnieunBaroT ObIcTpoe M 3(Q(HEKTUBHOE BXOXKICHHE KO-
poHaBupycoB. [Ipu orcyrcrBun CD9 BUpYCHI IPOHHUKAIOT
C yJ4acTHeM KaTeIlCHHOB, HO TOPa3o MO3kKe u MeHee (-
¢dexTrBHO [98]. DK30COMBI, BHICBOOOAMBIIMECS U3 KIle-
TOK, WH(HIIMPOBAHHBIX KOPOHABHPYCOM, MOTYT CIIOCO0-
CTBOBAaTh IPOHUKHOBEHUIO BUPYCa B HEMH(DUITUPOBAHHBIE
KJIETKH MyTéM nepeHoca Mosekyin CD9I.

Oxzocomwl 8 namoeeneze COVID-19

Dx30combl y 60mpHBIX COVID-19 Moryt comepxarb
Bupycubie PHK, 6enxu n naxe Bupnonst SARS-CoV-2
[99, 100]. B ogno#t U3 paboOT, BHITOJTHEHHBIX B 3TOM Ha-
npasieHud [101], BBLAETATN 9K30COMBI M3 MJIa3Mbl KPO-
Bu 20 nauuentoB ¢ COVID-19 u 8 310poBbIX BOJIOHTEPOB
Y TIPOBEJH IPOTEOMHBII aHaIU3 CONEPKUMOTO IK30COM.
[Tokazano, uto comepkanue 163 GenkoB u3 1637 uueH-
TAQUIUPOBAHHBIX 3HAYUTEIBHO IIPEBBINIAET TaKOBOE
B 3K30COMax 3740POBBIX JHIL. ConepxaHue IByX OEIKOB —
teHaciHa-C (TNC) u pubpunorena- (FGB) u3mens-
J0Cch 0coOeHHO cTbHO — Oosee yeM B 200 u 700 pa3 co-
OTBETCTBEHHO. JIJ1s1 BBISICHEHHS BO3MOXHOCTH IepeHoca
COZEP’)KUMOTO 3K30COM B APYTIHE KIETKH HCIONb30BaIN
nMMopranuzoBanHele renaronuTs! IHH 1 Huh7. B knet-
Kax ob0enx auHui Habmoganu npucyrcrsue TNC u FGB,
npuuéM Ooiee BBICOKOE COICP)KaHUE ITUX OCIKOB 00-
HApYXWIN B TENaTOIUTaX, 00pabOTaHHBIX HK30COMaMHU
ot narenToB ¢ COVID-19. Tak kak TNC — nmmyHo-
MOZYJSITOP, KOTOPHI MOXKET HHAYIHPOBaTh XPOHHYE-
ckoe Bocnanenue [102], a nossimieHHbI yposeHs FGB
B KPOBH CBSI3aH C COCYAUCTHIMH HapYIICHUSIMH, HAOIIO-
naemMbiMu ipu COVID-19, wuccnenoBaiv BO3MOXKHYIO

Puc. 4. Dx30cOoMBI 13 KJICTOK HaTypalbHEIX KuntepoB (NK) CHIDKaIOT ypoBeHb SKCIIEPHMEHTAIBHOTO (prdpo3a nedeHw.

HeakTuBHEIC cTeIUIaTHBIE KIETKH IIeUeHH YenoBeka JuHuu LX-2 akruBupoBanu ¢ nomomsio TGF-B1 u 3arem oOpabaTbiBany 9K30COMaMH, BBIIEICHHBIMU U3
kietok NK — NK-Exo. B pe3ynbrare akTHBHOCTb CTEIUIATHBIX KJIETOK Oblia nojasieHa. Beenenne NK-Exo MbliaM ¢ 9KCriepuMeHTanbHO BbI3BaHHBIM (HOpPO-
30M HPHBOIMJIO K CHHXKEHHIO YpOBHs (prOpo3a. AutudguoposHoe neiicteue NK-Exo accorunpoBanoch ¢ BBICOKAM ypoBHEM 3kcnpeccun MUKpoPHK miR-223,
HarpasieHHOW Ha GOenok aytodarun ATG7 u nonasnenue ero Gynkiuu. brnokana ayrodaruu Bbi3bIBaja CHIKEHUE YpoBHs (GuOposa neyenu (mo L. Wang u
coasr. [86, 88]).
Fig. 4. Exosomes from natural killer (NK) cells reduce the level of experimental liver fibrosis.
Inactive human hepatic stellate cells of the LX-2 line were activated with TGF-B1 and then treated with exosomes isolated from NK cells — NK-Exo exosomes.
As a result, human liver stellate cells activity was suppressed. The injection of NK-Exo into mice with experimentally induced fibrosis led to a decrease in the

level of fibrosis. The antifibrotic effect of NK-Exo was associated with a high level of miR-223 expression directed at the autophagy protein ATG7 and suppres-
sion of its function. The blockade of autophagy caused a decrease in the level of liver fibrosis (according to L. Wang, et al. [86, 88]).
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CBSI3b 9K30COM C BocmajeHueM. J{is aToro Obuia n3ydeHa
akcpeccust pakropa Hekposza omyxonu o (TNF-o), uH-
tepneiikuna 6 (IL-6) u xemokuHoBoro auranga 5 (CCLS)
B TENaTolUTax, MOABEPTUIMXCS BO3JEHCTBUIO JK30COM
ot nanueHToB ¢ COVID-19 u ot 310poBsix nul. Oka3za-
JIOCh, YTO IKCIPECCUS] IUTOKHMHOB M XEMOKHHA B Tema-
TOLMTAaX ObUIa 3HAYUTENFHO IOBBIIIEHA TOJILKO IOCIE
00paboTku 3K30coMamu OT mamueHToB ¢ COVID-19
U accouuupoBanach ¢ akruBaureit NF-kB B remaronurax
(puc. 5 a). D10 yka3pIBaeT Ha MOTEHIIMAIBHYIO BO3MOXK-
HOCTBH 9K30COM M3 TuI1a3Mbl KpoBu OonbHBIX COVID-19
MHAYIUPOBATh MPOAYKIHIO TPOBOCHATUTEIBHBIX IIH-
TOKMHOB ¥ BBI3bIBaTh KIIMHHYECKHE IMPOSBIECHHUS 3200-
neBaHusd, accoruupoBanHoro ¢ SARS-CoV-2 He Tonbko
B JETKHUX, HO U B TEMaTOIUTaX — KIETKaX yAalEHHOTO
opraHa. DTOT BBIBOJ MOATBEPXKIAETCS HAOIIOICHUSMHU
0 BHeJI€royHsIx nposieiaeHusx COVID-19 [103].

Pone BB/sk30com B uaeximu SARS-CoV-2 n3yvanach
TaKKe B OIBITAX C SMHUTENHATGHBIMUA KJIETKaMH JIETKUX
A549 [104]. IToka3aHo, 4TO MOCIE TPAHCAYKLUH JIEHTH-
BUPYCOM, KOJMpPYIOLIIMM JBa HecTpykTypHbIX (Nspl and
Nsp12) u nBa cTpykrypHbIX (envelope E u nucleocapsid N)
o6enka SARS-CoV-2, BB, Boigenennsie u3 Kierok A549,
comepxkar BupycHyto PHK (puc. 5 6). BB ucnons3oBamu
11t 00pabOTKH KapAMOMHOIIUTOB, TTOMYYEHHBIX U3 MHITY-
[IUPOBAHHBIX TUTFOPUTIOTCHTHBIX CTBOJIOBBIX KJIETOK YeIO-
Beka (hiPSC-CMs). Metomom qRT-PCR B kapmuomuonu-
Tax Obutm oOHapyxeHbl MPHK Bcex ueThpéx BHpPYCHBIX
reHoB. Kpome Toro, B KapauOMHONNTAX, COMEPIKAIIX
Nspl, 3HaUUTENBHO YBENMYMBAIACH HKCIPECCHs IIPOBOC-
nayuTenapHbIx reHoB IL-1P, IL-6 u MCP1. Ilomy4yeHHble
TTAHHBIC YKA3BIBAIOT HA TO, YTO KIIETKH, KOTOPHIE HE JKC-
npeccupytotr pernentop ACE2 SARS-CoV-2, moryt mo-
Jy4aTh BUPYCHYIO TEHETHYECKYI0 WH(OpPMAIUIO MyTEM
norotieHuss BB/sKk30coMm, a sxcnpeccust BUpyCHBIX T€HOB
MOXET CIIOCOOCTBOBATH YCHJICHHIO BOCHAJICHHUS, UTO Xa-
pakrepHo s maroreneza COVID-19. B 1o xe Bpems BB/
3K30coMbl MOryT jaocTaBiisite ACE2 B KJIETKH, KOTOpbIE
HE KCIPECCUPYIOT WX Clab0 3KCIOPECCUPYIOT PELEHTOP
SARS-CoV-2, Tpancmoptupys OEJIOK OT IPYTHX KIETOK
[105]. B mia3me kpou nauueHtoB ¢ COVID-19 uaenru-
¢ummpoBamu 3x30combl, comepxanme ACE2 (ACE2+),
u nokazanu [106], uto 3x3ocombl ACE2+ KOHKYpHPYIOT
¢ xinerouneiM ACE2 3a Heltpammsamuio SARS-CoV-2,
JI0303aBUCUMO OJIOKHPYSI CBA3bIBAaHHE BHPYCHOTO S-0€nka
¢ kietkamu ACE2+ (puc. 5 B). DK30COMBI, comeprKalime
ACE2, B 120135 pa3 Gonee >h¢heKTUBHO OIOKHPOBAITH
CBSI3BIBAHME pELENTOp-CBs3bIBaromero gomeHa (RBD)
S-Oenka 1Mo CpaBHEHWIO C PEKOMOWHAHTHBIM YeJloBede-
cxkuMm ACE2 (thACE2), He cBsi3aHHBIM ¢ Be3ukyiamu [ 107].
Kpome Toro, sx3ocomsr ACE2+ B 60—80 pa3 6omnee adpdek-
THUBHO 3allIMINAIN TPAHCTEHHBIX MBIIIEH, SKCIIPECCHPYIO-
X TeH aceZ YeIIOBEKa, OT MOBPEKICHIUS JIETKUX ¥ THOSITN
roce UHTpaHasanbHoro 3apaxeHns SARS-CoV-2. Ok3o-
combl ACE2+ nHrnOupoBamy HHGEKIHIO BapUAHTOB 0, [3
1 8 SARS-CoV-2, conepsxamnmux myTamnuu B RBD, ¢ paBHO#t
i Oosee BBICOKON 3(h(hEKTUBHOCTBIO, YEM ILITAMM JIUKO-
r0 THIA. DTOT pe3yJbTaT MMOKa3all, YTO 3K30COMBI, COIep-
xamme ACE2, MOTYT CITy)XHTh OCHOBOW JJISI pa3pabOTKH
TEParieBTHYECCKUX CPENCTB IIMPOKOTO CIIEKTpa ACHCTBUS
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MPOTHB CYIIECTBYIOIIUX M OyIyIMX KOPOHAaBUPYCOB, KO-
Topble ucnons3yrot peuenrop ACE2 [108].

WHTepecHble naHHBIE TOTYYEHBI MPH 00CIeIOBaHUH
nanueHToB ¢ COVID-19 ¢ pa3nuuHO#i CTENEHbIO TsKe-
ctu 3abonesanus [109]. IlpencraBiaeHbl KOTUYIECTBCH-
Hele maHHbie u3ydeHus 1002 MeTabomuTOB B IIazMe
KpOBH, IOKa3aBIINE 3HAUUTEIBHOE YBEIUUYCHUE CONEP-
)KaHusl TaHmo3naoB GM3, kotopoe KoppeaupoBaio
CO CHIDKEHHEM KOoJMuYecTBa LHpKynupyrommx CD4*-
T-xnerok y manuerato ¢ COVID-19 u mporpeccupy-
FOIM YBEITUYCHHUEM TIO0Ka3aTelIed CHCTEMHOTO BOCITa-
neHus, BkiIodast C-peakTuBHBINA O6enok, 1L-6, ckopocTs
OCelaHusi HPHUTPOLUTOB, CHIBOPOTOUYHBIH (eppuTuH
U TPOKANBIIMTOHUH 10 MEpE YBEIMYCHUS TKECTH 3a-
OoneBanus. CpaBHUTEIBHBIA aHAN3 BBISBHII CHIIHLHYIO
CBSI3b M@Ky TSDKECTBIO 3a00JIeBaHHs U OOHApY)KEHUEM
B CHIBOPOTKAX KPOBH 3K30COM, HECYIIMX TaHTIIHO3HIBI
(GM3) (puc. 5 r). Ilokazano, uro GD3, npucyrcTBy-
IOIME Ha MOBEPXHOCTU 3K30COM B MHKPOOKPYXKECHUHU
OTIYXOJIH, TIOAABIISIOT PYHKIMH T-KJIETOK, CITOCOOCTBYS
nmmyHocynpeccun [110]. I'aHmMO3uABI TPUCYTCTBY-
IOT BO BCE€X KJIETKaX MO3BOHOYHBIX, SKCIIPECCUPYIOTCS
Ha HApyXHOH IMMOBEPXHOCTH IIa3MaTHIECKUX MeMOpaH
knetok [111], cnennduueckn CBA3BIBAIOTCS C PEryind-
TOPHBIMU O€JKaMH U APYTUMH MOJIEKYJIaMH, MOJYJIH-
PYIOT aKTUBHOCTh OCIKOB KJIETOYHOW ITOBEPXHOCTH
U ACUCTBYIOT KaK PEHeNTOPHI IPH MEXKIETOUHBIX B3a-
UMOJICHCTBUSIX, SIBISIOTCS MUIICHSMU JJIS MaTOTCHOB,
B ToM umucie SARS-CoV-2 [112]. Takum obpazom, 06-
Hapy>KEHHBIE B LUPKYISLUUA SK30COMBI, COIEprKalne
TaHTJIMO3UIbI, MOTYT YTskenarh Tedenune COVID-19
gepe3 HapyIlieHHE KIETOYHBIX PETYIATOPHBIX ITyTel
1 UMMyHHOTO oTBeTa [113].

Omuum u3 nposieiaeauin COVID-19 spnstercst 06pasosa-
Hre TpoMOOB. KimHn4geckoe nccneoBanue 1mokasaso, 9To
y marmenToB ¢ COVID-19 B mupKymsiiuy MpHCYTCTBYIOT
BB, conepxarue aktuBHbIe MosieKyiibl CD142, TecHO cBs-
3aHHBIE C IOBBIIIEHHONW IPOKOArYISIHTHOM AKTMBHOCTBIO
(puc. 5 m). Briceoboxnenue BB, comepxanmx CD142,
U3 SHIOTEIUANBHBIX KJIETOK aCCOLMUPYETCS C IPOBOCTIAIHU-
TeNbHOU akTUBHOCTHIO [ 114]. Ha coctosiHue cocynucroii cu-
cremsl ipu COVID-19 prusttor Takxke BB u3 TpoM6onnTos,
HarpyxeHabie CD142. B mupkyssiimu 6oapHeIx COVID-19
KOJIMYECTBO TAKUX BE3WKYJ 3HAYUTEIBHO YBEIMUMBACTCS.
OmnpeneneHa mpsMas B3aUMOCBSI3b MEXKAY LUPKYIUPYIO-
mmmu BB, poncxoasmmmuy n3 TpoMOOIIUTOB, U TSHKECTHEO
3a00NICBaHMS, YTO TIOCITYXXHJIO OCHOBAHHEM IMPEIIOKHUTE
9TH BE3UKYJBI B KaueCTBE OMOMAapKEpOB ISl IPOTHOZUPO-
BaHMs ucxonoB y narmenToB ¢ COVID-19 [99, 115-117].

CyMMHpPYSI, MOXKHO 3aKITIOUUTH, 9TO YIaCTHE PK30COM,
BBIZICTICHHBIX U3 KJIETOK MAlMEHTOB, MH()HIIMPOBAHHBIX
SARS-CoV-2, B natorenesze COVID-19 onpenensercs:

a) copeprkanueM BupycHsIx PHK, OenkoB 1 BUPHOHOB;

0) mepeHoCcoM BUPYCHBIX KOMIIOHEHTOB OT MECT Ipo-
HUKHOBEHMSI (3IUTEINH NbIXaTeIbHBIX MyTeH) B ApyTUe
OpTaHEkl;

B) CIIOCOOHOCTBIO M3MEHATH YKCIPECCHIO KICTOYHBIX
T€HOB, BOBJICUEHHEIX B rmaroreue3 COVID-19;

T) YCHICHHUEM COCYIUCTON MUCHYHKITUN U ITUTOKUHO-
BOTO IITOPMA.
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Puc. 5. Yuactue sx3ocom B maroredeze COVID-19:

a — 9K30COMBI, CEeKpeTHpyeMble KieTkaMy, HHpuuupoBaHHEIMH SARS-CoV-2, oboramens! TeHacunHoM-C (TNC) u ¢pubpunorenom-p (FGB) u, nponnkas B
renaronuTsl, THUIUUPYoT npoaykimioo TNF-a, IL-6 u CCLS5 B renarornmrax (no S. Sur u coasr. [101]);
6 — sk30combl, coneprxkasmme reHsl SARS-CoV-2, BHOCHIN B KYIBTYpY KapJ{HOMUOLMTOB U HAOMIONAIN B HUX SKCIIPECCUIO BUPYCHBIX T€HOB M 3HAYUTEIHEHOE
YBEIMYEHHUE YKCIPECCUH TEHOB MTPOBOCTIANUTENbHBIX IIMTOKMHOB ¥ XeMOKHHOB (110 Y. Kwon u coasr. [104]);

B — KieTounbli penentop ACE2, B3auMozelcTByeT ¢ penenrtop-casasbiBaomuM gomeHoM (RBD) S-6emxa SARS-CoV-2, uTo BBI3BIBAET 3apaKeHHE KIIETOK
(cneBa); B kpoBu marueHToB ¢ COVID-19 oOHapy:xumu sx30combl, copepxaiue ACE2, n mokasanu, 4To OHU KOHKYPHUPYIOT ¢ KiIeTouHbIM perientopom ACE2,
Gmokupys cBs3biBaHKe S-6enka ¢ ACE2 kieTok u HeliTpann3ys HHGEKIMOHHYI0 aKTHBHOCTB BUpyca (crpaBa) (1o L. El-Shennawy u coasr. [107]);

T — B CBIBOPOTKaxX KpoBH mnaiueHToB ¢ COVID-19 o0HapyXumy yBeInueHHE KOIMYECTBA SK30COM, HECYIIUX Ha MOBEPXHOCTH raHnIHo3uapl GM3, nmpucyTcTBHE KO-
TOPBIX CONPOBOXKAATIOCH yBenmmuenneM C-peaxtusHoro 6enka (CPB), natepneiikuna 6 (IL-6) n ckopoct ocenanus spurpormto (COD), CHIDKCHHEM KOJIMYECTBa
CD4*-k11eToK, a TaKKe KOppearnpoBaIo co CTENEHBIO TshkecTH 3aboneBanus (1o J.W. Song u coasr. [109]);

Jl — 9K30COMBI, BEICBOOOKIAFOIINECS W3 SHOTEINAIBHBIX KJIETOK H TPOMOOIMTOB B UPKYyIAuio y narmeHtos ¢ COVID-19, conepxar akTHBHbIE MOJIEKYIIBI
CD142 u o0nafaroT MOBBIMIEHHOI MPOBOCTIAIUTENBHOM U MPOKOATYISIHTHOW aKTUBHOCTBIO, IIPSIMO CBSI3aHBI C TSHKECThIo 3a0oneBanus (mo W. Holnthoner u
coagr. [114] u C. Balbi u coasr. [115]).

Fig. 5. Exosomes in the pathogenesis of COVID-19:

a— exosomes secreted by cells infected with SARS-CoV-2 are enriched with tenascin-C (TNC) and fibrinogen-f (FGB) and, penetrating into hepatocytes, initiate
the production of TNF-o, IL-6 and CCLS in hepatocytes (according to S. Sur, et al. [101]);
b — exosomes containing SARS-CoV-2 genes were introduced into the culture of cardiomyocytes and the expression of viral genes and a significant increase in the
expression of proinflammatory cytokines and chemokines were observed in cardiomyocytes (according to Y. Kwon, et al. [104];
¢ — cell receptor ACE2 interacts with the receptor-binding domain (RBD) of SARS-CoV-2 S protein, causing cell infection (left); exosomes containing ACE2
were found in the blood of patients with COVID-19. They competed with the ACE2 cell receptor, blocking the binding of S protein to cells and neutralizing the
infectious activity of the virus (right) (according to L. El-Shennawy, et al. [107]);

d — in the blood sera of patients with COVID-19, an increase in the number of exosomes carrying GM3 gangliosides on the surface was found. The presence of
GM3-exosomes was accompanied by an increase in C-reactive protein (CRP), interleukin 6 (IL-6) and ESR rate, a decrease in the number of CD4" cells, and also
correlated with the severity of the disease (according to J.W. Song et al. [109]);

e — exosomes released from endothelial cells and platelets into circulation of patients with COVID-19 contain active CD142 molecules and have increased
pro-inflammatory and procoagulant activity, directly related to the severity of the disease (according to W. Holnthoner, et al. [114] and C. Balbi, et al. [115]).

Ixzocomor 6 mepanuu u npoguraxmuxe COVID-19 CoV-2, ogHako ocTaércs HeOOXOIUMOCTh B JICYEHNUHN 3HA-
[IupoKuii CIEKTp BaKIUH, HCIIOIB3YEMBIX B HACTOA-  YMTEIBLHOTO YHMCJIA MAIMEHTOB, Y KOTOPBIX Pa3BUBAIOTCA
IIee BpPeMs, CHUKAET YPOBEHb MHpUIMPOBaHHsA SARS-  NHEBMOHMS M Jpyrue cepbesHble 3aboneBanus. Cpean
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MHOTOYMCIICHHBIX CPEJCTB, MPearacMbIX sl Tepamnuu,
JIECSITKH OIyOIMKOBAaHHBIX PAa0OT, a TAKXKe KIMHHYECKIX
UCTIBITAHUHM TIOCBSINEHBl M3YYEHUIO BO3MOXKHOCTH HC-
nosib3oBaduss MCK paziandHoro mpoucxoxaeHus [69].
ITokazano, yro MCK nogapisitoT BoCHajeHUE, yaydllla-
IOT COCTOSIHHE JIETKHUX, HE BBI3BIBAIOT MOOOUHBIX 3 dek-
TOB M CTaTHCTUYECKU 3HAYUMO CHIDKAIOT CMEPTHOCTh
naureHToB ¢ COVID-19 [118]. ABTOpbI 3aKIIIOYMIIH,
gyt0o ucnonb3oBanne MCK sBisercss 6e3omacHbiM 1 d¢-
¢dextuBHBIM MeTonOM JiedeHus COVID-19. Hccnenosa-
HUS TIPOJIOJDKAIOTCS, TaK KaK HU OJHO M3 TECTUPYEMBIX
CPEeZCTB IOKa HE MOIY4HIIO pa3pelieHne Ha UCTI0Ib30Ba-
Hue B Tepanuu COVID-19.

B mocnenHee BpemMst BHUMaHKE HMcCeq0BaTelel npu-
BJIEKaeT OecKJIeTOuHasl Tepanus, KOTopas UMeeT psJ Ipe-
UMyIIecTB 1o cpaBHeHuto ¢ Tepanueir MCK [119]. Ona
Brutogaet cekperom MCK (Habop daxTopoB u Ouomore-
KyJ, CEKpETHPYEMBIX KJIeTKaMu) 1 BB/3K30Cc0OMEI, BBICBO-
o6oxmaembie n3 MCK. Ananus nericteus cekpetom MCK
Ha IOBPEXAEHHBIE JIETKUE KPBIC IIOKA3aJl YIIy4IICHUE
CTPYKTYpHI JETKUX, yMeHbIIeHHE 0-SMA U CHHKeHne
colepKaHus KoJlareHa. T0 MO3BOJIWIO IPEANONI0KHUTS,
yT0o cekperoM MCK MoOXeT NmpelcTaBisaTh HOBBIA Tepa-
MEBTUYECKUM TOAXO/ K JICYEHUIO TaKOTO CEPHEZHOTO I10-
cnencteust COVID-19, kak ¢pudpo3 nérkux [120].

[IpeamocsuIKaMn MCTIONIB30BAHUS OK30COM IS Jie-
geHuss COVID-19 cramm pe3ynsrarsl paboT, B KOTOPBIX
AQHAJIM3UPOBATIU JEHCTBUSA 3K30COM IPU CEPhEIHBIX MO-
BpEeXKACHUAX JETKuX. JlaHHBIE HECKOJNBKUX HCCIIENOBa-
HUH nokaszanu, uto BB/ax30comsl, nomydennsie n3 MCK
KOCTHOT'O MO3T'a YeJlIOBEKa, OKa3bIBAIOT MOJOKUTENbHOE
TEpaneBTHIECKOe JICHCTBHE MPH OCTPOM IOBPEXKICHUN
NETKUX U OCTPOM PECHHPATOPHOM IHCTPECC-CHHIPOME
y JabopaTopHBIX KUBOTHBIX [121]. Braromapst mpucyT-
CTBHIO B DK30COMax OHMOJIOTHYECKH aKTHBHBIX MOJEKYI
9TH BE3UKYJBI CIIOCOOHBI aKTHBHPOBATh PETEHEPALIUIO
MOBPEXIEHHBIX TKAHEH, TIOIaBIATH BEIPAOOTKY BOCTIAIH-
TENBHBIX IIUTOKMHOB ¥ MOIYIHPOBaTh (YHKIUN HMMYH-
HBIX KJIeToK [122].

OaHO U3 NPEeUMYIIECTB 3K30COM COCTOMT B UX CIIO-
COOHOCTH TIPOHHWKATh B pa3IM4YHbIE OpraHbl W TKaHH,
YTO MO3BOJISIET MCIIONIB30BaTh UX B Kau€CTBE TepareBTH-
YEeCKOTO CPEJCTBa MPH adPO30JbHON MHTransAuu (HeOy-
naifsepHas Tepamus) [123, 124]. [IponemoHCTpHpOBaHO,
YTO MHTAALMS CEKPETOMa U HK30COM, ITOIYUYECHHBIX IPU
KyJBTUBUPOBAHUU KJIETOK U3 JETKUX MBIIIH, COAEPKa-
LIUX SMUTENUaNbHbIE, POreHUuTOpHble KieTku U MCK,
CHOCOOCTBYEeT BOCCTAHOBICHMIO JETKUX Tpu (Hhudpo-
3e. Habmomaercss yMeHbpIlIeHHe HaKOIUIEHHUS KOJUIareHa
n mponudepanun MuopuOpoOIacTOB, BOCCTAaHABIMBA-
eTcd TUIHMYHAas aJbBeoNIsipHas CTPyKTypa ne€rkux [125].
WHransunoHHbIN crioco0 BBeieHNs MeHee 00JIe3HeHHBIH,
JIEHCTBYeT OBICTpee W IPW MEHBIINX J103aX ITO3BOJISIET
JIOCTHYb TAKOTO K€ TePareBTHUECKOTo AP PeKTa, Kak mpu
MepopaIbHON WM HHBEKIIMOHHOM Tepanuu [121].

Otmeuarot, 9To BB/3K30COMBI MOTYT WMrparh Kak TO-
JIOXKUTENBHYIO, TaK U OTPULATENbHYIO POJIb B KOPOHA-
BupycHoi nH(ekuu. C omHoi cTropoHsl, BB MoryT mo-
JIABIATh WHPEKIHUIO U MPEOoTBpaIlaTh 3apakeHue, Kak
3T0 nokaszaHo Ha npumepe BB, conepxammx ACE2 wnun
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ACE2 + TMPRSS2 [126, 127]. C apyroii ctoponsl, BB
MOTYT CHOCOOCTBOBaTh BHPYCHOH WH(EKIHH, 3aXBaThI-
Bas M PaclpoCTpaHss BUPYC WIH BUPYCHbIE KOMIIOHEH-
ThI U 3alUIIAs UX OT IMMYHHOU cucteMsl. Kpome Toro,
MIPEATIONAraioT, 4To B nepruepuIeckoil KpoBU OOIBHBIX
¢ SARS-CoV-2 npHucyTCTBYIOT aHTarOHHUCTHYECKUE K-
30COMBI, KOTOpBIE MOTYT CHMXAThb BHpPYC-HEHTpaiu3sy-
IOIIYI0 CIIOCOOHOCTH IIIa3Mbl KPOBH PEKOHBAJIECIIEHTOB
1, BEPOSITHO, NEMCTBYIOT KaK KOHKYPEHTHBIH MHTMOUTOP
HeHTpanu3yrmux antuten [ 128].

DK30COMBI UCTIONB3YIOT B KIIMHUYECKUX MCCIIEIOBaHU-
six, HampaBieHHbIX Ha jederne COVID-19 [129]. Ome-
HHUBAIOT MOTEHIMAJ K30COM B TPEX HAIPaBICHUIX!

1) xak Be3ukyn, cekperupyemMbix MCK u3 pasHbIX
HCTOYHHKOB,

2) Kak BE3WKYI,
mukpoPHK u MPHK;

3) KaKk BE3MKyJl, JOCTABIAIOUINX JIEKapCTBa IJIS Jieue-
Hus COVID-19.

C mosBIeHHEM KOMMEPYECKHX IIpPEerapaTroB 3K30COM
HX TaKkKe BKIIOYAIOT B UCCIEHOBAaHUS 3PPEKTHBHOCTU
nedeHus. Tak, IpoBeaeHO U3yueHne 0e30NacHOCTH U 3]-
¢exTuBHOCTH TpuMeHeHus dk30coM (ExoFlo), momyuen-
HbIX n3 amtoreHHBIXx MCK koctHOro mosra, mpu jiede-
HUH 24 manueHToB ¢ TokENsIM TedenuemM COVID-19,
a TaKkXKe OCTPBIM PECIIHPATOPHBIM AUCTPECC-CUHAPOMOM
cpenneit u Toxénoit crenenu [130]. BuyrpusenHoe BBe-
nenue ExoFlo mokasano G6e3omacHOCTh mpemnapara, Cro-
COOHOCTh BOCCTAHABIMBATh OKCHUTEHAINHIO, IIOJIABIIATH
LUTOKUHOBBIA IITOPM M BOCCTaHABIMBaTb HUMMYHHUTET.
ABTOpHI 3aKi1r0uniy, 4to ExoFlo sBnsercs MHOroobema-
IOITMM KaHIUJIATHBIM JIedeOHBIM CPEACTBOM IPH TKE-
no#t popme COVID-19. Cymmupys naHHbIE O JI€iiCTBUU
9K30COM Ha pa3IMYHbIE KJIETKH B JIETOYHON TKAaHU, MH-
¢urmpoBannoit SARS-CoV-2, aBrops! 3axumounm [129],
YTO IK30COMBI CIIOCOOHBI: a) B3aMMOJCHCTBOBATh Kak
¢ S-6emxoM SARS-CoV-2, Tak ¥ ¢ KJIETOUYHBIM PEIETO-
poM ACE2, KOHKYPEHTHO IOAABIISAS IPOHUKHOBEHHUE BU-
pyca; 0) CHHXaTh YPOBHH IPOBOCTIATIUTENBHBIX IIUTOKH-
HOB B COCYAMCTBIX U aJIbBEOJIIPHBIX KJIETKAX; MOBBIIIATH
¢yHKIIME Makpodaros, nHTEpHEepoHOB, B-KIeTok, Momy-
JTUpYs UMMYHHBIE pEakIMH. DTH Pe3yibTaThl MOATBEP-
AT BBIBOJ O TOM, YTO K30COMBI — IEPCIIEKTUBHBIE
KaHAWAATHI TS pa3paOOTKH BaKIUH.

IIpu mepBBIX OIEHKaX BO3MOKHOCTH HCIIOJIb30BAHUS
9K30COM AJIs1 pa3pabOTKU BAKIUH IPOTUB KOPOHABUPYCOB
3a ocHOBY ObuT TipuHAT S-0e10k SARS-CoV-1, BEI3BaB-
i Benblky SARS B 2002-2003 rr [131]. IIpenapatst
9K30COM, COZIEPIKABIINX S-0€JI0K, BBOAMIIM MBIIIAM H I10-
Ka3aJH, 4TO JBYX MHBEKIHH 3K30COM 0e3 aJabIOBAaHTOB
ObUIO JOCTATOYHO, YTOOBI MHIYLMPOBATh HEUTpaIU3y-
IOIUE aHTHTEIa K KopoHaBupycy. Haubonbmmit s ekt
OBUT JOCTUTHYT IPY IMMYHH3AI[UH BHAYaJIe 9K30COMaMH,
a 3aTeM aJIeHOBUPYCHBIM BEKTOPOM, IKCIIPECCUPYIOILNUM
Oenok S. CpaBHMBaJM HEHTPaIM3YyIOUIyI0 aKTHBHOCTh
AHTUTEI B CHIBOPOTKaX KPOBH HMMYHHU3NPOBAHHBIX MBI-
el U CBIBOPOTKaX OT BBI3IOPABIMBAIOIIMX MAIMEHTOB
¢ mHeBMOHUeH, BeI3BaHHONH SARS-CoV-1. O6HapyxeHo,
YTO TMOCJIE IEPBOM UMMYHHU3AIMU SK30COMaIbHOM BaKIIM-
HOW W TIOBTOPHOW CTHUMYJISIIIMK aJI€HOBUPYCHBIM BEKTO-

coJepKamuxX — CrenupuIecKue
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POM HeHTpanu3yrolas aKTUBHOCTh AHTUTEJ MPEBbILIAIA
Ty, KOTOPYIO HaOJIFOaIN B CHIBOPOTKE BBI3OPABIHBAIO-
IIMX TMaIueHToB. Bricokas 3¢ ¢eKTHBHOCTh MHIYKLIUHU
TYMOpPaJbHOTO OTBETA Ha BBEACHUE HK30COMAJIbHOMN Bak-
OuHEL, comepkamiei S-6emoxk SARS-CoV-2, mokasana
MEePCHEKTUBHOCTh JAJbHEHIINX UCCIENOBAaHUN MPOTEK-
TUBHBIX CBOWCTB HOBBIX 3K30COMAaJIbHBIX BAKIUH, CIO-
COOHBIX IIPEIOTBPATUTH KOPOHABUPYCHBIE NH(EKIIHH.
BonpIIMHCTBO BaKIMH, UCTIONIB3yeMBIX IPOoTUB SARS-
CoV-2, npeaHasHadeHbl A1 BHYTPUMBIILIEUHOTO BBeEJE-
Hus [132]. B 2022 1. cooburimm o pa3paboTKe U TOKIH-
HUYECKOM HCIBITAHUY HHTAIALMOHHON BaKIIMHEI IPOTUB
COVID-19, xotopas mociie JIHOGUIH3ANH OCTaETCs
cTaOWIPHONH TpW KOMHATHOHM Temmeparype Ooiee Tpéx
mecsueB [133]. Bakuuna conepxxut RBD SARS-CoV-2,
KOHBIOTUPOBAHHBII € HK30COMaMHU M3 KJIETOK JIETKOTO
geroBeka (puc. 6). Takas KOHCTPYKIHUS BaKIIUHBI (3K30-
COMBI, cozepkamue Ha MemOpane RBD) yBennumBaer
1o 21 cyrok mpucyrctBue RBD kak B cimsucToit 000-
JIOYKE IBIXaTeNbHBIX IyTeH, TaK W B MapeHXUME JIET-
Kux. MHransmmoHHOe BBENEHHE BaKLWHBI BHI3BIBAJIO
y MbIel crierupudeckue [gG-anturena k RBD B kposu
n IgA-antuTena B cnusucToil obomouke. Habmonamnace
uaaykmus CD4*- u CD8*-T-ki1eTok, SKCIpecCHpyIOX
IIPOBOCHAIUTENbHBIC LUTOKUHBI B JIETKUX XUBOTHBIX
U ouunieHue ux ot rncepnoBupyca SARS-CoV-2 nocine
3apakeHHs. Y XOMSKOB JBE J03bI BAKIIMHbI OCIA0UIH TH-
KENMYI0 THEBMOHUIO M YMEHBILIWIN BOCHIANUTENbHBIE UH-
¢upTparsl nocie 3apaxenus KUBsIM SARS-CoV-2. Dk-
30COMBI, COofieprKaliie Ha MeMOpaHe peKOMOWHAHTHBIN
RBD SARS-CoV-2 (rRBD), 3acnyxuBaroT JanbHEHIIINX
WCTBITAaHWH KaK KaHIHWAaTHas MHTAIAAOHHAS BaKIMHA
npotuB COVID-19. K npeumyniecTBaM HHraIAHOHHON
BaKLIMHBl MOXXHO OTHECTU HAaTypallbHOE€ IPOUCXOXKIe-
HUE HAHOYACTHIl — YK30COM, HECYIINX BHPYCHBIH aHTH-
reH; OBICTPYIO U HEMOCPEICTBEHHYIO IOCTABKY 3K30COM
B CJIM3UCTYIO PECIUPATOPHOTO TPAKTA; OTCYTCTBUE TEM-
MepaTypHBIX OTPAaHWYEHHWH MPHU XPaHEHWH U JOCTaBKe
BaKIMHBI, a TAK)KE€ HEMHBA3UBHBIHM CIIOCO0 BBEICHMUS.

3akJjoueHue

OreHuBast AEUCTBHE 3K30COM B BUPYCHBIX HH(PEKIUAX,
CJIElyeT OTMETUTh UX JBOMCTBEHHYO poiib. CIIOCOOHOCTh
nontomars U nepememars BupycHsle PHK- u JIHK-re-
HOMBI, O€JIKM ¥ BHPYCHBIE YacTUIBl B HEMH(PHUINPOBaH-
HBIE KIIETKH MOXET CII0COOCTBOBaTh T€HETHYECKOH KO-
oTepanyl MEeXJy KBa3WBUIAMH BHPYCOB H YIIy4IIaTh
HX TPHUCIIOCOONCHHOCTh M AJUTEIBHOCTb MPEObIBAHUS
B OpraHW3Me. JTH CBOWCTBA TO3BONMJIN Ha3BaTh BB/
9K30COMBI TPOSTHCKUMH KOHSIMH B BHPYCHOH HH(EKIHNU
[134, 135]. deWcTBUTEIBHO, BUPYCHI MOTYT HCIIOJIB30-
BaTh 9K30COMBI JUIS PAaCIPOCTPAHEHHUSI, YCHIICHHST HH(EK-
LM, a TaKKe 3alIUTHl OT UIMMYHHOTO OTBETa XO3SHHA.
B 10 ke Bpems mosryueHs! JaHHBIE O CIIOCOOHOCTH IK30-
COM IPOTHBOJEHCTBOBaTh BUPYCHBIM HH(eKImsIM. Tax,
ITOKa3aHO, YTO AK30COMBI COZIEPIKaT MHOXKECTBO MPOTH-
BOBHPYCHBIX (DaKTOPOB, KOTOpPbIE€ MHTMOHMPYIOT PEIH-
ka0 BMY-1 [136], B ToM 4Kciie BO3IEHCTBYS Ha BU-
PYCHBIH I'eH fat ¥ ero KOMIUIEKCHI ¢ KIIETOYHBIMU T€HaMHU
[137, 138]. llonoxkurenpHOE IEHCTBUE PK30COM, IPOIY-

OB30PbI

pyeMblx MCK, oTMeueHO B KITMHHUYECKUX UCIIBITAHUIX
MIPY OCTPBIX pecrupaTopHbIX 3aboieBaHusx [139, 140].
OK30COMBI, BBIZIEICHHBIE U3 KYJIBTYphl EPBUYHBIX TPO-
¢$ob6nacToB uenoBeKa, OOECICYMBANU PE3UCTEHTHOCTD
KJIETOK-PEIUITUEHTOB K Py U3YYCHHBIX BUPYCOB, B TOM
quciIe BUPYCY OCIOBAaKIMHBI, BUPYCY IPOCTOTO reprie-
ca 1-ro THIIa ¥ IUTOMETaJIOBHPYCY.

TakuM 00pazoM, IPOLIECCH, B KOTOPBIX YYaCTBYIOT IK-
30COMBI, MOTYT UTPaTh KaK MOJIOXKHUTEIbHYIO, TaK U OTPH-
LaTeIbHYIO POJIb B IATOTCHE3€ BUPYCHBIX HHPEKLUH, JTH-
00 crocoOCTBYs pa3BUTHIO MHPEKINH, JTHOO CIAepKUBas
e€ passutne [141]. BaxxHoe HanpaBiieHHe UCTIONB30BAHUS
9K30COM CBS3aHO C COZIEPKaHHEM B HUX MapKEpOB BUPY-
COB U BUPYCHBIX MH(EKIHA, 9TO CO34aET BO3MOKHOCTh
MIPUMEHEHUS 9K30COM B Ka4eCTBE XKHJIKOH OHOIICUY U He-
MHBa3MBHOHM QuarHoctuku. HartypanpHoe mpoucxoxie-
HHUE U3 KJIETOK YeJOBeKa M BHICOKas OMOCOBMECTUMOCTh
MO3BOJIAIOT MPUMEHATH SK30COMBI ISl JOCTABKHU JIEKap-
CTBEHHBIX IIpenaparoB. | eHeTHUECKH MOIU(UIIPOBaH-
HBIE DK30COMBI MOTYT CITy’KUTh OCHOBOM JJIsI CO3AaHUS

Puc. 6. Cxemarnueckoe n300pakeHUe MOIYIeHHS U AeHCTBHS
MHTIAHMOHHOM BakHbI IpoTuB SARS-CoV-2.

S-6enox SARS-CoV-2 copmepxut nomeH, cs3biBaromuii perentop (RBD).
ITonyuen pexombuHanTHbIH Oeoxk RBD (rRBD). Metonom ManonHBa3us-
HOIf OMOIICHM M TPEXMEPHOTO KyIbTHBUPOBAHHS MOTyYald KICTKH JIETKOTO
YeJIOBEKA, M3 KOTOPBIX BBIAEISIN 3K30COMBL. DK30COMBI KOHBIOIMPOBAIIH
¢ TRBD SARS-CoV-2, xoTopblii J0Kanu30Bajcs Ha MeMOpaHE 3K30COMBI.
ITyTeM MHTaNsALMU 5K30COMBI BBOAMIM MBIIIAM M XOMsIKaM. Y MbIIIEH 3K30-
COMHasi BaKLIMHA BbI3bIBaJIa MHAYKIUIO aHTU-RBD anrturen kiaccos IgG u
MyKO3HBIX — IgA, yBenuuenne konudectna kietok CD4" u CD8" n xnupeHc
Bupyca nocine 3apaxenns SARS-CoV-2. ¥V xomskoB BakIMHa ocnadisiia Ts-
eIyl TTHEBMOHHIO, BBI3BAHHYIO KOpOHABUpycoM (1o Z. Wang u u COaBT.
[186], MmomuduimpoBaHo).
Fig. 6. Schematic representation of the preparation and effects of the
inhaled vaccine against SARS-CoV-2.

S protein SARS-CoV-2 contains a receptor binding domain (RBD).
Recombinant protein RBD (rRBD) has been prepared. Human lung cells were
obtained by minimal invasive biopsy and three-dimensional cultivation, from
which exosomes were isolated. The exosomes were conjugated with rRBD,
which was localized on the membrane of the exosome. Exosomes were injected
into mice and hamsters by inhalation. In mice, the exosomal vaccine induced
the induction of IgG and mucosal IgA anti-RBD antibodies, an increase in
the number of CD4* and CD8" cells, and virus clearance after infection with
SARS-CoV-2. In hamsters, the vaccine weakened severe pneumonia caused by
coronavirus (Adapted with modification from Z. Wang, et al. [186]).
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REVIEWS

TeparneBTUICCKUX CPEICTB M MPOTHBOBUPYCHBIX BAKIIHH.
O4eBHIIHO, YTO TIO3UTUBHOE U HETATUBHOE YIaCTHE IK30-
COM B [TaTOT€HE3€ BUPYCHBIX HH(EKITNI B HACTOSIIEE Bpe-
Ms HETOCTaTOYHO M3YYCHO U TpeOyeT MaTbHEHIInX pac-
LIUPEHHBIX UCCIe10BaHni. Tak, UCTIONB30BAaHUE FIK30COM
IUTSI ICUeOHBIX U MPOPMIAKTUISCKUX LIETIeH MOKET OBITh
OTACHBIM B CBSI3U C (POPMHPOBAHHEM ayTOMMMYHHBIX
peaknuii m3-3a HAJHYUSA B MX CTPYKType KOMIIOHEHTOB
(B ToM uncie u OSNKOB) YEIOBEKA. YCOBEPIICHCTBOBAHHE
METOZIOB BBIICIICHHS, OYMCTKH W CTAHIAPTU3ALNN BE3U-
KyJI, @ TaKXKe JTaTbHEHIITHe MHOTOCTOPOHHUE HCCIIEI0Ba-
HUSL UX CBOMCTB OTKPBLIBAIOT MEPCIIEKTUBHI IJISI HCIIONb-
30BaHUS 3K30COM B 00phOE ¢ BUPYCHBIMHU HH(EKITHSIMH.

10.

11.

12.

13.

14.

15.

16.

194

JUTEPATYPA/REFERENCES

Harding C., Heuser J., Stahl P. Receptor-mediated endocytosis of
transferrin and recycling of the transferrin receptor in rat reticulocytes.
J. Cell Biol. 1983;97(2): 329-39. https://doi.org/10.1083/jcb.97.2.329
Pan B.T., Johnstone R.M. Fate of the transferrin receptor during
maturation of sheep reticulocytes in vitro: selective external-
ization of the receptor. Cell. 1983; 33(3): 967-78. https://doi.
org/10.1016/0092-8674(83)90040-5

Harding C.V., Heuser J.E., Stahl P.D. Exosomes: looking back three
decades and into the future. J. Cell Biol. 2013; 200(4): 367-71.
https://doi.org/10.1083/jcb.201212113

Johnstone R.M., Adam M., Hammond J.R., Orr L., Turbide C. Ves-
icle formation during reticulocyte maturation. Association of plas-
ma membrane activities with released vesicles (exosomes). J. Biol.
Chem. 1987; 262(19): 9412-20.

Xie S., Zhang Q., Jiang L. Current knowledge on exosome biogen-
esis, cargo-sorting mechanism and therapeutic implications. Mem-
branes (Basel). 2022; 12(5): 498. https://doi.org/10.3390/mem-
branes12050498

Kowal J., Arras G., Colombo M., Jouve M., Morath J.P., Prim-
dal-Bengtson B., et al. Proteomic comparison defines novel mark-
ers to characterize heterogeneous populations of extracellular ves-
icle subtypes. Proc. Natl Acad. Sci. USA. 2016; 113(8): E968-77.
https://doi.org/10.1073/pnas. 1521230113

Wang S., Zhang K., Tan S., Xin J., Yuan Q., Xu H., et al. Circular
RNAs in body fluids as cancer biomarkers: the new frontier of lig-
uid biopsies. Mol. Cancer.2021; 20(1): 13. https://doi.org/10.1186/
$12943-020-01298-z

Kalluri R., LeBleu V.S. The biology, function, and biomedical
applications of exosomes. Science. 2020; 367(6478): eaau6977.
https://doi.org/10.1126/science.aau6977

Zeng Y., Qiu'Y., Jiang W., Shen J., Yao X., He X., et al. Biological
features of extracellular vesicles and challenges. Front. Cell Dev.
Biol. 2022; 10: 816698. https://doi.org/10.3389/fcell.2022.816698
Todd K.V, Tripp R.A. Exosome-mediated human norovirus infec-
tion. PLoS One. 2020; 15(8): €0237044. https://doi.org/10.1371/
journal.pone.0237044

Kowalczyk A., Wrzecinska M., Czerniawska-Piatkowska E., Kup-
czynski R. Exosomes — spectacular role in reproduction. Biomed.
Pharmacother. 2022; 148: 112752. https://doi.org/10.1016/j.bio-
pha.2022.112752

Lee L., Choi Y., Shin D.U., Kwon M., Kim S., Jung H., et al. Small
extracellular vesicles as a new class of medicines. Pharmaceutics.
2023; 15(2): 325. https://doi.org/10.3390/pharmaceutics 15020325
Picca A., Guerra F., Calvani R., Coelho-Junior H.J., Bucci C., Mar-
zetti E. Circulating extracellular vesicles: friends and foes in neuro-
degeneration. Neural. Regen. Res. 2022; 17(3): 534—42. https://doi.
org/10.4103/1673-5374.320972

Liu F., Vermesh O., Mani V., Ge T.J., Madsen S.J., Sabour A., et al.
The exosome total isolation chip. ACS Nano. 2017; 11(11): 10712—
23. https://doi.org/10.1021/acsnano.7b04878

Zhang H., Lyden D. Asymmetric-flow field-flow fractionation tech-
nology for exomere and small extracellular vesicle separation and
characterization. Nat. Protoc. 2019; 14(4): 1027-53. https://doi.
org/10.1038/s41596-019-0126-x

Kang Y.T.,Kim Y.J., BuJ., Cho Y.H., Han S.W., Moon B.1. High-puri-
ty capture and release of circulating exosomes using an exosome-spe-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

cific dual-patterned immunofiltration (ExoDIF) device. Nanoscale.
2017; 9(36): 13495-505. https://doi.org/10.1039/c7nr04557¢c

Pathan M., Fonseka P., Chitti S.V.,, Kang T., Sanwlani R., Van
Deun J., et al. Vesiclepedia 2019: a compendium of RNA, proteins,
lipids and metabolites in extracellular vesicles. Nucleic. Acids. Res.
2019; 47(D1): D516-9. https://doi.org/10.1093/nar/gky1029
Sidhom K., Obi P.O., Saleem A. A review of exosomal isolation
methods: is size exclusion chromatography the best option? Int. J.
Mol. Sci. 2020; 21(18): 6466. https://doi.org/10.3390/ijms21186466
van der Pol E., Sturk A., van Leeuwen T., Nieuwland R., Cou-
mans F. Standardization of extracellular vesicle measurements by
flow cytometry through vesicle diameter approximation. J. Thromb.
Haemost. 2018; 16(6): 1236-45. https://doi.org/10.1111/jth.14009
Théry C., Witwer K.W., Aikawa E., Alcaraz M.J., Anderson J.D.,
Andriantsitohaina R., et al. Minimal information for studies of ex-
tracellular vesicles 2018 (MISEV2018): a position statement of the
International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. J. Extracell. Vesicles. 2018;7(1): 1535750.
https://doi.org/10.1080/20013078.2018

Mulligan R.J., Yap C.C., Winckler B. Endosomal transport to lyso-
somes and the trans-Golgi network in neurons and other cells: visu-
alizing maturational flux. Methods Mol. Biol. 2023; 2557: 595-618.
https://doi.org/10.1007/978-1-0716-2639-9 36

Krylova S.V., Feng D. The machinery of exosomes: biogenesis, re-
lease, and uptake. Int. J. Mol. Sci. 2023; 24(2): 1337. https://doi.
org/10.3390/ijms24021337

Homma Y., Hiragi S., Fukuda M. Rab family of small GTPases:
an updated view on their regulation and functions. FEBS J. 2021;
288(1): 36-55. https://doi.org/10.1111/febs.15453

Liu G., Yin X.M. The role of extracellular vesicles in liver patho-
genesis. Am. J. Pathol. 2022; 192(10): 1358-67. https:/doi.
org/10.1016/j.ajpath.2022.06.007

Scourfield E.J., Martin-Serrano J. Growing functions of the ES-
CRT machinery in cell biology and viral replication. Biochem. Soc.
Trans. 2017; 45(3): 613-34. https://doi.org/10.1042/BST20160479
Lin C.Y., Urbina A.N., Wang W.H., Thitithanyanont A., Wang S.F.
Virus hijacks host proteins and machinery for assembly and bud-
ding, with HIV-1 as an example. Viruses. 2022; 14(7): 1528. https://
doi.org/10.3390/v14071528

Johnson D.S., Bleck M., Simon S.M. Timing of ESCRT-III protein
recruitment and membrane scission during HIV-1 assembly. Elife.
2018; 7: €36221. https://doi.org/10.7554/eLife.36221

Hoffman H.K., Fernandez M.V., Groves N.S., Freed E.O., van
Engelenburg S.B. Genomic tagging of endogenous human ES-
CRT-I complex preserves ESCRT-mediated membrane-remodeling
functions. J. Biol. Chem. 2019; 294(44): 16266-81. https://doi.
org/10.1074/jbc. RA119.009372

Meusser B., Purfuerst B., Luft F.C. HIV-1 Gag release from yeast
reveals ESCRT interaction with the Gag N-terminal protein region.
J. Biol. Chem. 2020; 295(52): 17950-72. https://doi.org/10.1074/
jbc.RA120.014710

Hadpech S., Moonmuang S., Chupradit K., Yasamut U., Tayapi-
watana C. Updating on roles of HIV intrinsic factors: a review of
their antiviral mechanisms and emerging functions. Intervirology.
2022; 65(2): 67-79. https://doi.org/10.1159/000519241

Gerber P.P., Cabrini M., Jancic C., Paoletti L., Banchio C., von
Bilderling C., et al. Rab27a controls HIV-1 assembly by regulat-
ing plasma membrane levels of phosphatidylinositol 4,5-bisphos-
phate. J. Cell Biol. 2015; 209(3): 435-52. https://doi.org/10.1083/
j€b.201409082

Teow S.Y., Nordin A.C., Ali S.A., Khoo A.S. Exosomes in hu-
man immunodeficiency virus type I pathogenesis: threat or
opportunity? Adv. Virol. 2016; 2016: 9852494. https://doi.
org/10.1155/2016/9852494

Chiozzini C., Arenaccio C., Olivetta E., Anticoli S., Manfredi F., Fer-
rantelli F., et al. Trans-dissemination of exosomes from HIV-1-infect-
ed cells fosters both HIV-1 trans-infection in resting CD4+ T lym-
phocytes and reactivation of the HIV-1 reservoir. Arch. Virol. 2017,
162(9): 2565-77. https://doi.org/10.1007/s00705-017-3391-4

Hayes C.N., Zhang Y., Makokha G.N., Hasan M.Z., Omokoko M.D.,
Chayama K. Early events in hepatitis B virus infection: From the
cell surface to the nucleus. J. Gastroenterol. Hepatol. 2016; 31(2):
302-9. https://doi.org/10.1111/jgh.13175

Lin Y., Wu C., Wang X., Kemper T., Squire A., Gunzer M., et al.
Hepatitis B virus is degraded by autophagosome-lysosome fusion



BOMPOCHI BUPYCOJIOIMU. 2023; 68(3)
https://doi.org/10.36233/0507-4088-173

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

mediated by Rab7 and related components. Protein Cell. 2019;
10(1): 60-6. https://doi.org/10.1007/s13238-018-0555-2

Chou S.F., Tsai M.L., Huang J.Y., Chang Y.S., Shih C. The dual role
of an ESCRT-0 component HGS in HBV transcription and naked
capsid secretion. PLoS Pathog. 2015; 11(10): e1005123. https://doi.
org/10.1371/journal.ppat.1005123

Prange R. Hepatitis B virus movement through the hepatocyte: An
update. Biol. Cell. 2022; 114(12): 325-48. https://doi.org/10.1111/
b0c.202200060

Wu Q., Glitscher M., Tonnemacher S., Schollmeier A., Raupach J.,
Zahn T., et al. Presence of intact hepatitis B virions in exosomes.
Cell Mol. Gastroenterol. Hepatol. 2023; 15(1): 237-59. https://doi.
org/10.1016/j.jemgh.2022.09.012

van der Ree M.H., Jansen L., Kruize Z., van Nuenen A.C., van
Dort K.A., Takkenberg R.B., et al. Plasma MicroRNA levels are
associated with hepatitis B e antigen status and treatment response
in chronic hepatitis B patients. J. Infect. Dis. 2017; 215(9): 1421-9.
https://doi.org/10.1093/infdis/jix 140

Wang D., Huang T., Ren T., Liu Q., Zhou Z., Ge L., et al. Iden-
tification of blood exosomal miRNA-1246, miRNA-150-5p, miR-
NA-5787 and miRNA-8069 as sensitive biomarkers for hepatitis B
virus infection. Clin. Lab. 2022; 68(2). https://doi.org/10.7754/Clin.
Lab.2021.210415

Ninomiya M., Inoue J., Krueger E.W., Chen J., Cao H., Masamune A.,
et al. The exosome-associated tetraspanin CD63 contributes to the
efficient assembly and infectivity of the hepatitis B virus. Hepatol.
Commun. 2021; 5(7): 1238-51. https://doi.org/10.1002/hep4.1709
Kakizaki M., Yamamoto Y., Yabuta S., Kurosaki N., Kagawa T.,
Kotani A. The immunological function of extracellular vesicles in
hepatitis B virus-infected hepatocytes. PLoS One. 2018; 13(12):
€0205886. https://doi.org/10.1371/journal.pone.0205886

Wang C., Liu J., Yan Y., Tan Y. Role of exosomes in chron-
ic liver disease development and their potential clinical appli-
cations. J. Immunol. Res. 2022; 2022: 1695802. https://doi.
org/10.1155/2022/1695802

Bunz M., Ritter M., Schindler M. HCV egress — unconventional se-
cretion of assembled viral particles. Trends Microbiol. 2022; 30(4):
364-78. https://doi.org/10.1016/j.tim.2021.08.005

Kulhanek K.R., Roose J.P., Rubio I. Regulation of the small GT-
Pase Ras and its relevance to human disease. Methods. Mol. Biol.
2021; 2262: 19-43. https://doi.org/10.1007/978-1-0716-1190-6_2
Elgner F., Hildt E., Bender D. Relevance of Rab proteins for the
life cycle of hepatitis C virus. Front. Cell Dev. Biol. 2018; 6: 166.
https://doi.org/10.3389/fcell.2018.00166

Ahmed 1., Akram Z., Igbal H.M.N., Munn A.L. The regulation of
Endosomal Sorting Complex Required for Transport and accessory
proteins in multivesicular body sorting and enveloped viral budding
—an overview. Int. J. Biol. Macromol. 2019; 127: 1-11. https://doi.
org/10.1016/j.ijbiomac.2019.01.015

Corless L., Crump C.M., Griffin S.D., Harris M. Vps4 and the ES-
CRT-III complex are required for the release of infectious hepatitis
C virus particles. J. Gen. Virol. 2010; 91(Pt. 2): 362—72. https://doi.
0rg/10.1099/vir.0.017285-0

Li C.,, Gao Z., Cui Z., Liu Z., Bian Y., Sun H., et al. Deubiqui-
tylation of Rab35 by USP32 promotes the transmission of imati-
nib resistance by enhancing exosome secretion in gastrointestinal
stromal tumours. Oncogene. 2023; 42(12): 894-910. https://doi.
org/10.1038/s41388-023-02600-1

Kumar S., Barouch-Bentov R., Xiao F., Schor S., Pu S., Biquand E.,
et al. MARCHS ubiquitinates the hepatitis C virus nonstructural 2
protein and mediates viral envelopment. Cell Rep. 2019; 26(7):
1800—14.¢5. https://doi.org/10.1016/j.celrep.2019.01.075

Tamai K., Shiina M., Tanaka N., Nakano T., Yamamoto A., Kon-
do Y., et al. Regulation of hepatitis C virus secretion by the Hrs-de-
pendent exosomal pathway. Virology. 2012; 422(2): 377-85. https://
doi.org/10.1016/j.virol.2011.11.009

Tamai K., Tanaka N., Nakano T., Kakazu E., Kondo Y., Inoue J.,
et al. Exosome secretion of dendritic cells is regulated by Hrs, an
ESCRT-0 protein. Biochem. Biophys. Res. Commun. 2010; 399(3):
384-90. https://doi.org/10.1016/j.bbrc.2010.07.083
Barouch-Bentov R., Neveu G., Xiao F., Beer M., Bekerman E.,
Schor S., et al. Hepatitis C virus proteins interact with the Endoso-
mal Sorting Complex Required for Transport (ESCRT) machinery
via ubiquitination to facilitate viral envelopment. mBio. 2016; 7(6):
€01456-16. https://doi.org/10.1128/mBi0.01456-16

54.

55.

56.

57.

S8.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

OB30PbI

Younossi Z., Tacke F., Arrese M., Chander Sharma B., Mostafa I.,
Bugianesi E., et al. Global perspectives on nonalcoholic fatty liver
disease and nonalcoholic steatohepatitis. Hepatology. 2019; 69(6):
2672-82. https://doi.org/10.1002/hep.30251

Newman L.A., Muller K., Rowland A. Circulating cell-specific
extracellular vesicles as biomarkers for the diagnosis and monitor-
ing of chronic liver diseases. Cell Mol. Life Sci. 2022; 79(5): 232.
https://doi.org/10.1007/s00018-022-04256-8

Li J., Liu H., Mauer A.S., Lucien F., Raiter A., Bandla H., et al.
Characterization of cellular sources and circulating levels of ex-
tracellular vesicles in a dietary murine model of nonalcoholic ste-
atohepatitis. Hepatol. Commun. 2019; 3(9): 1235-49. https://doi.
org/10.1002/hep4.1404

Shah R., Patel T., Freedman J.E. Circulating extracellular vesicles
in human disease. N. Engl. J. Med. 2018; 379(10): 958—66. https://
doi.org/10.1056/NEJMral704286

Ramakrishnaiah V., Thumann C., Fofana I., Habersetzer F., Pan Q., de
Ruiter PE., et al. Exosome-mediated transmission of hepatitis C virus
between human hepatoma Huh7.5 cells. Proc. Natl Acad. Sci. USA.
2013; 110(32): 13109-13. https://doi.org/10.1073/pnas.1221899110
Bukong T.N., Momen-Heravi F., Kodys K., Bala S., Szabo G.
Exosomes from hepatitis C infected patients transmit HCV infec-
tion and contain replication competent viral RNA in complex with
Ago2-miR122-HSP90. PLoS Pathog. 2014; 10(10): ¢1004424.
https://doi.org/10.1371/journal.ppat.1004424

Dreux M., Garaigorta U., Boyd B., Décembre E., Chung J.,
Whitten-Bauer C., et al. Short-range exosomal transfer of viral
RNA from infected cells to plasmacytoid dendritic cells triggers
innate immunity. Cell Host. Microbe. 2012; 12(4): 558-70. https://
doi.org/10.1016/j.chom.2012.08.010

Zhang S., Kodys K., Babcock G.J., Szabo G. CD81/CD9 tetrasp-
anins aid plasmacytoid dendritic cells in recognition of hepatitis C
virus-infected cells and induction of interferon-alpha. Hepatology.
2013; 58(3): 940-9. https://doi.org/10.1002/hep.25827
Conde-Vancells J., Rodriguez-Suarez E., Embade N., Gil D., Mat-
thiesen R., Valle M., et al. Characterization and comprehensive pro-
teome profiling of exosomes secreted by hepatocytes. J. Proteome.
Res. 2008; 7(12): 5157-66. https://doi.org/10.1021/pr8004887
Properzi F., Logozzi M., Fais S. Exosomes: the future of biomark-
ers in medicine. Biomark. Med. 2013; 7(5): 769-78. https://doi.
org/10.2217/bmm.13.63

Szabo G., Momen-Heravi F. Extracellular vesicles in liver disease
and potential as biomarkers and therapeutic targets. Nat. Rev. Gas-
troenterol. Hepatol. 2017; 14(8): 455-66. https://doi.org/10.1038/
nrgastro.2017.71

Borrelli D.A., Yankson K., Shukla N., Vilanilam G., Ticer T.,
Wolfram J. Extracellular vesicle therapeutics for liver disease.
J. Control. Release. 2018; 273: 86-98. https://doi.org/10.1016/j.
jeonrel.2018.01.022

Lin D., Reddy V., Osman H., Lopez A., Koksal A.R., Rhadhi S.M.,
et al. Additional inhibition of Wnt/p-catenin signaling by metformin
in DAA treatments as a novel therapeutic strategy for HCV-In-
fected patients. Cells. 2021; 10(4): 790. https://doi.org/10.3390/
cells10040790

McVey MLJ., Kuebler WM. Extracellular vesicles: biomarkers and reg-
ulators of vascular function during extracorporeal circulation. Oncotar-
get. 2018; 9(98): 37229-51. https://doi.org/10.18632/oncotarget.26433
Fendl B., Weiss R., Eichhorn T., Linsberger 1., Afonyushkin T.,
Puhm F., et al. Extracellular vesicles are associated with C-reac-
tive protein in sepsis. Sci. Rep. 2021; 11(1): 6996. https://doi.
org/10.1038/s41598-021-86489-4

U.S. National Library of Medicine. Available at: https://clinicaltri-
als.gov/

Feng Y., Wang A.T., Jia H.H., Zhao M., Yu H. A brief analysis of
mesenchymal stem cells as biological drugs for the treatment of
Acute-on-Chronic Liver Failure (ACLF): safety and potency. Curr.
Stem. Cell Res. Ther. 2020; 15(3): 202—10. https://doi.org/10.2174/
1574888X15666200101124317

Qian X., Xu C., Fang S., Zhao P., Wang Y., Liu H., et al. Exosomal
microRNAs derived from umbilical mesenchymal stem cells inhib-
it hepatitis C virus infection. Stem. Cells Transl. Med. 2016; 5(9):
1190-203. https://doi.org/10.5966/sctm.2015-0348

Khatun M., Ray R.B. Mechanisms underlying hepatitis C virus-as-
sociated hepatic fibrosis. Cells. 2019; 8(10): 1249. https://doi.
org/10.3390/cells8101249

195


https://clinicaltrials.gov/
https://clinicaltrials.gov/

PROBLEMS OF VIROLOGY (VOPROSY VIRUSOLOGII). 2023; 68(3)
https://doi.org/10.36233/0507-4088-173

REVIEWS

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

196

Devhare P.B., Sasaki R., Shrivastava S., Di Bisceglie A.M., Ray R.,
Ray R.B. Exosome-mediated intercellular communication between
hepatitis C virus-infected hepatocytes and hepatic stellate cells.
J. Virol. 2017; 91(6): €02225-16. https://doi.org/10.1128/JV1.02225-16
Kim J.H., Lee C.H., Lee S.W. Exosomal transmission of microRNA
from HCV replicating cells stimulates transdifferentiation in hepat-
ic stellate cells. Mol. Ther. Nucleic. Acids.2019; 14: 483-97. https://
doi.org/10.1016/j.omtn.2019.01.006

Bruno S., Pasquino C., Herrera Sanchez M.B., Tapparo M., Figlio-
lini F., Grange C., et al. HLSC-derived extracellular vesicles atten-
uate liver fibrosis and inflammation in a murine model of non-alco-
holic steatohepatitis. Mol. Ther. 2020; 28(2): 479-89. https://doi.
org/10.1016/j.ymthe.2019.10.016

Chiabotto G., Ceccotti E., Tapparo M., Camussi G., Bruno S. Human
liver stem cell-derived extracellular vesicles target hepatic stellate
cells and attenuate their pro-fibrotic phenotype. Front. Cell Dev.
Biol. 2021; 9: 777462. https://doi.org/10.3389/fcell.2021.777462
Rong X., Liu J., Yao X., Jiang T., Wang Y., Xie F. Human bone
marrow mesenchymal stem cells-derived exosomes alleviate liver
fibrosis through the Wnt/B-catenin pathway. Stem. Cell Res. Ther.
2019; 10(1): 98. https://doi.org/10.1186/s13287-019-1204-2

Kim J,, Lee C., Shin Y., Wang S., Han J., Kim M., et al. sSEVs from
tonsil-derived mesenchymal stromal cells alleviate activation of he-
patic stellate cells and liver fibrosis through miR-486-5p. Mol. Ther.
2021; 29(4): 1471-86. https://doi.org/10.1016/j.ymthe.2020.12.025
DuZ., WuT, Liu L., Luo B., Wei C. Extracellular vesicles-derived
miR-150-5p secreted by adipose-derived mesenchymal stem cells
inhibits CXCL1 expression to attenuate hepatic fibrosis. J. Cell Mol.
Med. 2021; 25(2): 701-15. https://doi.org/10.1111/jcmm.16119
Chen L., Chen R., Kemper S., Cong M., You H., Brigstock D.R.
Therapeutic effects of serum extracellular vesicles in liver fibrosis.
J. Extracell. Vesicles. 2018; 7(1): 1461505. https://doi.org/10.1080/
20013078.2018.1461505

Bruno S., Chiabotto G., Camussi G. Extracellular vesicles: a thera-
peutic option for liver fibrosis. Int. J. Mol. Sci. 2020; 21(12): 4255.
https://doi.org/10.3390/ijms21124255

Hwang S., Yang Y.M. Exosomal microRNAs as diagnostic and thera-
peutic biomarkers in non-malignant liver diseases. Arch. Pharm. Res.
2021; 44(6): 574-87. https://doi.org/10.1007/s12272-021-01338-2
Zhou Y., Wang X., Sun L., Zhou L., Ma T.C., Song L., et al. Toll-
like receptor 3-activated macrophages confer anti-HCV activity to
hepatocytes through exosomes. FASEB J. 2016; 30(12): 4132—-40.
https://doi.org/10.1096/£].201600696R

Fasbender F., Widera A., Hengstler J.G., Watzl C. Natural killer
cells and liver fibrosis. Front. Immunol. 2016; 7: 19. https://doi.
org/10.3389/fimmu.2016.00019

Neviani P., Wise P.M., Murtadha M., Liu C.W., Wu C.H., Jong A.Y.,
et al. Natural killer-derived exosomal miR-186 inhibits neuroblas-
toma growth and immune escape mechanisms. Cancer Res. 2019;
79(6): 1151-64. https://doi.org/10.1158/0008-5472.CAN-18-0779
Wang L., Wang Y., Quan J. Exosomes derived from natural killer cells
inhibit hepatic stellate cell activation and liver fibrosis. Hum. Cell.
2020; 33(3): 582-9. https://doi.org/10.1007/s13577-020-00371-5
Target Scan Human. Whitehead Institute for Biomedical Research.
Available at: http://www.targetscan.org

Wang L., Wang Y., Quan J. Exosomal miR-223 derived from nat-
ural killer cells inhibits hepatic stellate cell activation by suppress-
ing autophagy. Mol. Med. 2020; 26(1): 81. https://doi.org/10.1186/
$10020-020-00207-w

Ye H.L., Zhang J.W., Chen X.Z., Wu P.B., Chen L., Zhang G. Ur-
sodeoxycholic acid alleviates experimental liver fibrosis involving
inhibition of autophagy. Life Sci. 2020; 242: 117175. https://doi.
org/10.1016/j.1fs.2019.117175

Zhang Y., Hua L., Lin C., Yuan M., Xu W,, Raj D.A., et al. Pi-
en-Tze-Huang alleviates CCl4-induced liver fibrosis through the
inhibition of HSC autophagy and the TGF-f1/Smad2 pathway.
Front. Pharmacol. 2022; 13: 937484. https://doi.org/10.3389/
fphar.2022.937484

Avalos P.N., Forsthoefel D.J. An emerging frontier in intercellular
communication: extracellular vesicles inregeneration. Front. Cell Dev.
Biol. 2022; 10: 849905. https://doi.org/10.3389/fcell.2022.849905
Verweij F.J., Revenu C., Arras G., Dingli F., et al. Live tracking
of inter-organ communication by endogenous exosomes in vivo.
Dev. Cell. 2019; 48(4): 573—-89.e4. https://doi.org/10.1016/j.dev-
cel.2019.01.004

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Matsumoto A., Takahashi Y., Nishikawa M., Sano K., Morishita M.,
Charoenviriyakul C., et al. Role of phosphatidylserine-derived neg-
ative surface charges in the recognition and uptake of intravenously
injected B16BL6-derived exosomes by macrophages. J. Pharm. Sci.
2017; 106(1): 168-75. https://doi.org/10.1016/j.xphs.2016.07.022
Wu R, Fan X., Wang Y., Shen M., Zheng Y., Zhao S., et al. Mes-
enchymal stem cell-derived extracellular vesicles in liver immu-
nity and therapy. Front. Immunol. 2022; 13: 833878. https://doi.
org/10.3389/fimmu.2022.833878

Schorey J.S., Harding C.V. Extracellular vesicles and infectious dis-
eases: new complexity to an old story. J. Clin. Invest. 2016; 126(4):
1181-9. https://doi.org/10.1172/JCI81132

Yao Z., Qiao Y., Li X., Chen J., Ding J., Bai L., et al. Exosomes
exploit the virus entry machinery and pathway to transmit alpha
interferon-induced antiviral activity. J. Virol. 2018; 92(24): e01578-
18. https://doi.org/10.1128/JVI1.01578-18

Hassanpour M., Rezaie J., Nouri M., Panahi Y. The role of extra-
cellular vesicles in COVID-19 virus infection. Infect. Genet. Evol.
2020; 85: 104422. https://doi.org/10.1016/j.meegid.2020.104422
Earnest J.T., Hantak M.P., Li K., McCray P.B. Jr., Perlman S., Galla-
gher T. The tetraspanin CD9 facilitates MERS-coronavirus entry by
scaffolding host cell receptors and proteases. PLoS Pathog. 2017;
13(7): e1006546. https://doi.org/10.1371/journal.ppat.1006546
Barberis E., Vanella V.V., Falasca M., Caneapero V., Cappella-
no G., Raineri D., et al. Circulating exosomes are strongly involved
in SARS-CoV-2 infection. Front. Mol. Biosci. 2021; 8: 632290.
https://doi.org/10.3389/fmolb.2021.632290

Bansal S., Perincheri S., Fleming T., Poulson C., Tiffany B.,
Bremner R.M., et al. Cutting edge: circulating exosomes with
COVID spike protein are induced by BNT162b2 (Pfizer-BioN-
Tech) vaccination prior to development of antibodies: a novel
mechanism for immune activation by mRNA vaccines. J. Im-
munol. 2021; 207(10): 2405-10. https://doi.org/10.4049/jimmu-
nol.2100637

Sur S., Khatun M., Steele R., Isbell T.S., Ray R., Ray R.B. Exo-
somes from COVID-19 patients carry tenascin-C and fibrinogen-f3
in triggering inflammatory signals in cells of distant organ. Int. J.
Mol. Sci. 2021; 22(6): 3184. https://doi.org/10.3390/ijms22063184
Mills J.T., Schwenzer A., Marsh E.K., Edwards M.R., Sabroe 1.,
Midwood K.S., et al. Airway epithelial cells generate pro-inflamma-
tory tenascin-C and small extracellular vesicles in response to TLR3
stimuli and rhinovirus infection. Front. Immunol. 2019; 10: 1987.
https://doi.org/10.3389/fimmu.2019.01987

Gupta A., Madhavan M.V., Sehgal K., Nair N., Mahajan S., Seh-
rawat T.S., et al. Extrapulmonary manifestations of COVID-19. Nat.
Med. 2020; 26(7): 1017-32. https://doi.org/10.1038/s41591-020-
0968-3

Kwon Y., Nukala S.B., Srivastava S., Miyamoto H., Ismail N.I.,
Jousma J., et al. Detection of viral RNA fragments in human iP-
SC cardiomyocytes following treatment with extracellular vesi-
cles from SARS-CoV-2 coding sequence overexpressing lung ep-
ithelial cells. Stem. Cell Res. Ther. 2020; 11(1): 514. https://doi.
org/10.1186/s13287-020-02033-7

Wang J., Chen S., Bihl J. Exosome-mediated transfer of
ACE2 (Angiotensin-Converting Enzyme 2) from endothelial
progenitor cells promotes survival and function of endothelial
cell. Oxid. Med. Cell Longev. 2020; 2020: 4213541. https://doi.
org/10.1155/2020/4213541

Cocozza F., Névo N., Piovesana E., Lahaye X., Buchrieser J.,
Schwartz O., et al. Extracellular vesicles containing ACE2 efficient-
ly prevent infection by SARS-CoV-2 Spike protein-containing virus.
J. Extracell. Vesicles. 2020; 10(2): €12050. https://doi.org/10.1002/
jev2.12050

El-Shennawy L., Hoffmann A.D., Dashzeveg N.K., McAndrews K.M.,
Mehl P.J., Cornish D., et al. Circulating ACE2-expressing extracellu-
lar vesicles block broad strains of SARS-CoV-2. Nat. Commun. 2022;
13(1): 405. https://doi.org/10.1038/s41467-021-27893-2

Ching K.L., de Vries M., Gago J., Dancel-Manning K., Sall J.,
Rice W.J,, et al. ACE2-containing defensosomes serve as decoys to
inhibit SARS-CoV-2 infection. PLoS Biol. 2022; 20(9): €3001754.
https://doi.org/10.1371/journal.pbio.3001754

Song J.W., Lam S.M., Fan X., Cao W.J., Wang S.Y., Tian H., et
al. Omics-driven systems interrogation of metabolic dysregulation
in COVID-19 pathogenesis. Cell Metab. 2020; 32(2): 188-202.e5.
https://doi.org/10.1016/j.cmet.2020.06.016



BOMPOCHI BUPYCOJIOIMU. 2023; 68(3)
https://doi.org/10.36233/0507-4088-173

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Shenoy G.N., Loyall J., Berenson C.S., Kelleher R.J. Jr., Iyer V.,
Balu-lyer S.V.,, et al. Sialic acid-dependent inhibition of T cells by
exosomal ganglioside GD3 in ovarian tumor microenvironments.
J. Immunol. 2018; 201(12): 3750-8. https://doi.org/10.4049/jimmu-
nol.1801041

Schnaar R.L. The biology of gangliosides. Adv. Carbohydr.
Chem. Biochem. 2019; 76: 113-48. https://doi.org/10.1016/bs.ac-
¢b.2018.09.002

Fantini J., Chahinian H., Yahi N. Leveraging coronavirus binding
to gangliosides for innovative vaccine and therapeutic strategies
against COVID-19. Biochem. Biophys. Res. Commun. 2021; 538:
132-6. https://doi.org/10.1016/j.bbrc.2020.10.015

Hall M.W., Joshi I, Leal L., Ooi E.E. Immune immunomodulation
in coronavirus disease 2019 (COVID-19): strategic considerations
for personalized therapeutic intervention. Clin. Infect. Dis. 2022;
74(1): 144-8. https://doi.org/10.1093/cid/ciaa904

Holnthoner W., Bonstingl C., Hromada C., Muehleder S., Zip-
perle J., Stojkovic S., et al. Endothelial cell-derived extracellular
vesicles size-dependently exert procoagulant activity detected
by thromboelastometry. Sci. Rep. 2017; 7(1): 3707. https://doi.
org/10.1038/s41598-017-03159-0

Balbi C., Burrello J., Bolis S., Lazzarini E., Biemmi V., Pianezzi E.,
et al. Circulating extracellular vesicles are endowed with enhanced
procoagulant activity in SARS-CoV-2 infection. EBioMedicine.
2021; 67: 103369. https://doi.org/10.1016/j.ebiom.2021.103369
Cappellano G., Raineri D., Rolla R., Giordano M., Puricelli C., Vi-
lardo B., et al. Circulating platelet-derived extracellular vesicles are
a hallmark of SARS-Cov-2 infection. Cells. 2021; 10(1): 85. https://
doi.org/10.3390/cells10010085

Tahyra A.S.C., Calado R.T., Almeida F. The role of extracellular
vesicles in COVID-19 pathology. Cells. 2022; 11(16): 2496. https://
doi.org/10.3390/cells 11162496

Yang C.W., Chen R.D., Zhu Q.R., Han S.J., Kuang M.J. Efficacy
of umbilical cord mesenchymal stromal cells for COVID-19: A
systematic review and meta-analysis. Front. Immunol. 2022; 13:
923286. https://doi.org/10.3389/fimmu.2022.923286

Tan M1, Alfarafisa N.M., Septiani P., Barlian A., Firmansyah M.,
Faizal A., et al. Potential cell-based and cell-free therapy for patients
with COVID-19. Cells. 2022; 11(15): 2319. https://doi.org/10.3390/
cells11152319

Bari E., Ferrarotti 1., Saracino L., Perteghella S., Torre M.L.,
Richeldi L., et al. Mesenchymal stromal cell secretome for post-
COVID-19 pulmonary fibrosis: a new therapy to treat the long-term
lung sequelae? Cells. 2021; 10(5): 1203. https://doi.org/10.3390/
cells10051203

Gardin C., Ferroni L., Chachques J.C., Zavan B. Could mesenchy-
mal stem cell-derived exosomes be a therapeutic option for critical-
ly ill COVID-19 patients? J. Clin. Med. 2020; 9(9): 2762. https://
doi.org/10.3390/jcm9092762

Perets N., Hertz S., London M., Offen D. Intranasal administration
of exosomes derived from mesenchymal stem cells ameliorates
autistic-like behaviors of BTBR mice. Mol. Autism. 2018; 9: 57.
https://doi.org/10.1186/s13229-018-0240-6

Elahi F.M., Farwell D.G., Nolta J.A., Anderson J.D. Preclinical trans-
lation of exosomes derived from mesenchymal stem/stromal cells.
Stem. Cells. 2020; 38(1): 15-21. https://doi.org/10.1002/stem.3061
Allan D., Tieu A., Lalu M., Burger D. Mesenchymal stromal
cell-derived extracellular vesicles for regenerative therapy and
immune modulation: Progress and challenges toward clinical ap-
plication. Stem. Cells Transl. Med. 2020; 9(1): 39—46. https://doi.
org/10.1002/sctm.19-0114

Dinh P.C., Paudel D., Brochu H., Popowski K.D., Gracieux M.C.,
Cores J., et al. Inhalation of lung spheroid cell secretome and exo-
somes promotes lung repair in pulmonary fibrosis. Nat. Commun.
2020; 11(1): 1064. https://doi.org/10.1038/s41467-020-14344-7

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

OB30PbI

Cocozza F., Névo N., Piovesana E., Lahaye X., Buchrieser J.,
Schwartz O., et al. Extracellular vesicles containing ACE2 effi-
ciently prevent infection by SARS-CoV-2 Spike protein-contain-
ing virus. J. Extracell. Vesicles. 2020; 10(2): €12050. https://doi.
org/10.1002/jev2.12050

Inal J.M. Decoy ACE2-expressing extracellular vesicles that com-
petitively bind SARS-CoV-2 as a possible COVID-19 therapy.
Clin. Sci. (Lond). 2020; 134(12): 1301-4. https://doi.org/10.1042/
CS20200623

Askenase P.W. COVID-19 therapy with mesenchymal stromal
cells (MSC) and convalescent plasma must consider exosome in-
volvement: Do the exosomes in convalescent plasma antagonize
the weak immune antibodies? J. Extracell. Vesicles. 2020; 10(1):
€12004. https://doi.org/10.1002/jev2.12004

Rezabakhsh A., Mahdipour M., Nourazarian A., Habibollahi P.,
Sokullu E., Avci C.B., et al. Application of exosomes for the al-
leviation of COVID-19-related pathologies. Cell Biochem. Funct.
2022; 40(5): 430-8. https://doi.org/10.1002/cbf.3720

Sengupta V., Sengupta S., Lazo A., Woods P., Nolan A., Bremer N.
Exosomes derived from bone marrow mesenchymal stem cells as
treatment for severe COVID-19. Stem. Cells Dev. 2020; 29(12):
747-54. https://doi.org/10.1089/s¢d.2020.0080

Kuate S., Cinatl J., Doerr H.W., Uberla K. Exosomal vaccines con-
taining the S protein of the SARS coronavirus induce high levels of
neutralizing antibodies. Virology. 2007; 362(1): 26-37. https://doi.
org/10.1016/j.virol.2006.12.011

Sharma K., Koirala A., Nicolopoulos K., Chiu C., Wood N., Brit-
ton P.N. Vaccines for COVID-19: Where do we stand in 2021?
Paediatr. Respir. Rev. 2021; 39: 22-31. https://doi.org/10.1016/].pr-
rv.2021.07.001

Wang Z., Popowski K.D., Zhu D., de Juan Abad B.L., Wang X.,
Liu M., et al. Exosomes decorated with a recombinant SARS-CoV-2
receptor-binding domain as an inhalable COVID-19 vaccine. Nat.
Biomed. Eng. 2022; 6(7): 791-805. https://doi.org/10.1038/s41551-
022-00902-5

Altan-Bonnet N. Extracellular vesicles are the Trojan horses of vi-
ral infection. Curr. Opin. Microbiol. 2016; 32: 77-81. https://doi.
org/10.1016/j.mib.2016.05.004

Badierah R.A., Uversky V.N., Redwan E.M. Dancing with Trojan
horses: an interplay between the extracellular vesicles and viruses.
J. Biomol. Struct. Dyn. 2021; 39(8): 3034—60. https://doi.org/10.10
80/07391102.2020.1756409

Sun L., Wang X., Zhou Y., Zhou R.H., Ho W.Z., Li J.L. Exosomes con-
tribute to the transmission of anti-HIV activity from TLR3-activated
brain microvascular endothelial cells to macrophages. Antiviral. Res.
2016; 134: 167-71. https://doi.org/10.1016/j.antiviral.2016.07.013
Welch J.L., Kaddour H., Schlievert P.M., Stapleton J.T.,
Okeoma C.M. Semen exosomes promote transcriptional silencing
of HIV-1 by disrupting NF-kB/Spl/Tat circuitry. J. Virol. 2018;
92(21): e00731-18. https://doi.org/10.1128/JV1.00731-18

Chen J.,, Li C,, Li R., Chen H., Chen D., Li W. Exosomes in HIV
infection. Curr. Opin. HIV AIDS. 2021; 16(5): 262—70. https://doi.
org/10.1097/COH.0000000000000694

Abraham A., Krasnodembskaya A. Mesenchymal stem cell-derived
extracellular vesicles for the treatment of acute respiratory distress
syndrome. Stem. Cells. Transl. Med. 2020; 9(1): 28-38. https://doi.
org/10.1002/sctm.19-0205

Popowski K.D., Dinh P.C., George A., Lutz H., Cheng K.
Exosome therapeutics for COVID-19 and respiratory viruses.
View (Beijing). 2021; 2(3): 20200186. https://doi.org/10.1002/
VIW.20200186

Rangel-Ramirez V.V., Gonzalez-Sanchez H.M., Lucio-Garcia C.
Exosomes: from biology to immunotherapy in infectious diseases.
Infect. Dis. (Lond). 2023; 55(2): 79-107. https://doi.org/10.1080/2
3744235.2022.2149852

197



	_Hlk126076664
	_Hlk126914909
	_Hlk129090091
	_Hlk126077895
	_Hlk126076882
	_Hlk126077083
	_Hlk126077124
	_Hlk80266437
	_Hlk132270643
	OLE_LINK1
	_Hlk119672811
	_Hlk132384389
	_Hlk126076664
	_Hlk126076882
	_Hlk126077124
	_Hlk135835118
	_gjdgxs
	_Hlk126076664
	_Hlk126076768
	_Hlk126076882
	_Hlk132027666
	_Hlk126076835
	_Hlk126077124
	_Hlk134383855
	_Hlk134384036
	_Hlk134384890
	WorldHBVkey
	GBD2019
	Schweitzer2015
	Kao2015
	Yao2022
	Pan2016
	Terrault2018
	Nassal2015
	Akinbodewa2019
	Kramvis2018
	Stasi2017
	Mokaya2018
	Phan2021
	Hossain2017
	Останкова2022
	ГепатитB
	Garmiri2009
	Балде2021
	Boumbaly2021
	Бумбали2022
	Ingasia2020
	Shirvani2017
	Colagrossi2018
	Sloan2008
	_Hlk126076768
	_Hlk126077895
	_Hlk126076882
	_Hlk126076835
	_Hlk126077124
	_Hlk126076835
	_Hlk132027666
	_Hlk126077124
	_Hlk126076664
	_Hlk126076768
	_Hlk126077895
	_Hlk126076882
	_Hlk126077083
	_Hlk126076835
	_Hlk126077124
	_gjdgxs
	_Hlk135905288
	_Hlk126076664
	_Hlk138346642
	_Hlk121652769
	_Hlk121656839
	_Hlk136276708
	_Hlk136953926
	_Hlk126076768
	_Hlk126077895
	_Hlk126076882
	_Hlk126077083
	_Hlk126076835
	_Hlk126077124
	_Hlk121408119
	_Hlk121234812
	_Hlk121408167
	_Hlk121234925
	_Hlk121408194
	_Hlk120206038
	_Hlk121408234
	_Hlk121566941
	_Hlk115281932
	_Hlk118903682
	_Hlk132727440
	_Hlk109046633
	_Hlk119337888
	_Hlk121245037
	_Hlk121245048
	_Hlk119338011
	_Hlk119075538
	_Hlk121401365
	_Hlk131771723
	_Hlk121569171
	_Hlk132112886
	_Hlk121151437
	_Hlk122000893
	_Hlk122009309
	_Hlk136962778
	_Hlk121672913
	_Hlk136967624

