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Momusayua u yenv. I'myTamar sBIS€TCS OJAHHMM M3 OCHOBHBIX HEMpOMeTUaTopoB
rOJIOBHOTO Mo3ra. Ero neficTBre NpoucxoauT yepe3 MeTaboTpOIHbIE MIIH HOHOTPOITHBIE
IJyTaMaTHBIE PELeNTOPbl, 3aIlycKas pa3HOOOpa3Hble KacKalbl, KOHTPOJIHMPYIOLIHNE
Mpoleccsl BHYTpH KieTok. Hapyienue romeocTasa riiyramara 4acTo CONPOBOXKIAETCS
pa3sBUTHEM TIATOJOTMM HEPBHOW CHCTEMBI, NPHUBOISLICH K HEBPOJIOTUYECKUM U
HelipoaereHepaTUBHBIM 3aboneBanusM [1]. Ha cerogHsmHuii n1eHb HE CyIIECTBYET
npenapaToB, CIOCOOHBIX HUBEIMPOBATh TOKCHYECKOE NEHCTBUE TIyTamara, MO3TOMY
MOMCK HOBBIX HEWPOIPOTEKTUBHBIX CPEICTB OCTaeTCs akTyalbHOM 3agadeid.
CpaBHHUTENIFHO HEJABHO B TIPYNIy HEHPOTEpPaneBTUUECKUX AareHTOB BOLUIN
BHEKJIETOYHBIE BE3WKYIbI, Ojaromaps ux CHocOOHOCTH K COXPaHEHHIO BHYTPEHHETO
COZIEP)KMMOTO M aJpEeCHOMY CBSI3BIBAHHIO C IEJIEBBIMH KieTKamu. Llenpio maHHOTO
WCCIIIOBAHUS SIBIISIETCS M3YYEHHE MEXaHU3MOB HEHPONPOTEKTHBHOIO JAEHCTBHUS
BHEKJIETOYHBIX BE3HKYJI, OJYYEHHBIX U3 TIMAJIbHBIX TPOU3BOAHBIX WHAYLHPOBAHHBIX
IUTIOPUTIOTEHTHBIX ~ CTBOJIOBBIX  KieTok uenoBeka (BB-I'KII), ¢ momombio
KOMOWHHPOBAHHOM pabOThI IPOTEOMHOro aHanu3a in Silico 1 MHrHOUTOpHOTO aHaIM3a
in Vitro Ha MOJIeTH TTyTaMaTHON YKCARTOTOKCHYHOCTH.

Memoowt u ancopummol. KyiabTypbl TIIMaJIbHBIX KJICTOK-TIPEIIIIECTBEHHUKOB OBLIH
MOJIYYeHBI paHee OT 3JJ0POBOTO JIOHOpa myTeM AnddepeHMPOBKH WHAYIIHPOBAHHBIX
IUIIOPUIIOTEHTHBIX CTBOJIOBBIX KIIETOK B TiuanbHOM Hampasienuu [2]. BB-T'KII
NOJyYajdyd M aHAJIM3UPOBAIM COTJIACHO METOIMKaM, ONMCaHHbIM panee [3]. [ns
MMOCTAaHOBKM MOJIENH TJyTaMaTHOW 3KCAMTOTOKCHYHOCTH HCIOIb30BAIH IMEPBHUYHYIO
KyJbTYypY KOPTHKAIbHBIX HEHpOHOB m3 Kpbicat smaud Wistar (PO-1). Ha 10-¢ cyrku
KynbTHBHpOBaHUs nobaBmsuim  npenapatel  BB-I'KII. Ha crnemyrommii  neHb
OCYIIECTBIISUIM TIOCTAHOBKY MOJIENM TJIyTaMaTHOW 3KCAaHTOTOKCHMYHOCTH, COTJIACHO
yKkazaHHOU MeToauke [4]. OneHKy BBDKHBAEMOCTH MPOBOAWIIH ¢ momornbio MTT-tecra.
[Iporeomusiit ananu3 BB-I'KII npoBogwim ¢ ucnosiap3oBaHueM Xpomatorpapudeckoit
cucremsl Ultimate 3000 Nano LC System, compsbkeHHO# ¢ Macc-criekTpoMerpoM Q
Exactive HF. Macc-criekTpoMeTpruecKue TaHHbIE COXPAHSUIUCH MTPHU aBTOMATHYECKOM
nepekitoueHnn Mexay MS1 ckanupoBanuem u BIuots 10 15 MS/MS-ckanupoBanuii
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(meton topN). Macc-ciekTpoMeTpuiecKue TaHHbIE ¢ TPUOOpa ObUIN KOHBEPTUPOBAHBI
B Macc-nuctbl popmara MGF (Mascot Generic Format) ¢ nomomsro MSConvert
(ProteoWizard Software Foundation). [y 6omee TmaTeabHO#M naeHTH(PHUKANN OEIKOB
ObUI CreHEpHpPOBaH CIHCOK IHMKOB, KOTOPBIM ObII NPOAaHAIN3UPOBAH MNPOrpaMMaMHU
MASCOT (Bepcus 2.5.1) u X! Tandem (ALANINE, 2017.02.01) ¢ ucmoan30BaHuEeM
0aser  manHbix UnNiProtKB, takcom Homo Sapiens. IIpoBepky cTaTHCTHYECKOM
JOCTOBEPHOCTH HMIEHTU(UKAIMKA OCYILECTBISUIM HAa OCHOBAaHWM IIOMCKAa IO
peBepcUpoOBaHHOM 0a3e MaHHBIX OCJKOBBIX MocienoBarenbHocTel (decoy reversed
database). [Tony4eHHBII CLIUCOK OEIKOB aHATU3UPOBAJIN C TIOMOILBIO IIPOrpaMMBbI String
8.11. /Ina moATBEp>KACHUS aKTUBALMKM OOHAPYKEHHOTO MPOTEOMHBIM aHAIN30M MYTH
BepkuBanus — PI3K-Akt ucrons3oBanu cenekTuBHBIN HHrHOUTOP cyOheauauisl PI3Ky
— AS605240 (1mxr/mi). [Just cratuctudeckoir oOpabotku maHHbix MTT-Tecta
(omHocToponnuii Tect ANOVA ¢ nmoct-xok Tecrom Xoam-Illunaka u mompaBkoi Ha
MHO)KECTBEHHBIC CPaBHEHUsI) HCIONIb30BaIM mporpammy SigmaPlot 12.5. Jlanusie
MpeCTaBICHBI B BUJIE CPETHETO 3HAUCHUS U CTAHAAPTHOTO OTKJIOHEHHS.

Pesynomamer: Ilpu anammze OwomHpOpMATHUECKUX pPE3yIbTATOB Oenku ObuH
KaTerOPU3UPOBAHBl COIJIACHO MX JIOKAIM3AUUM M YYacTHIO B OHOJIOTMYECKUX
nporeccax. [To mokanuzammu 60 % nneHTHGUIHUPOBAHHBIX OEIKOB OTHOCHUTCS K TPYIINe
«BHEKJICTOUHBIC BE3MKYJbD). OJTO MO3BOJISET MNPEANOIOXKHUTh, YTO OBLI IOJYy4EH
npenapat, oboramennsiii BB-I'KIL. 13 u 5 % oOnapy>keHHbIX O€JIKOB, OTHOCATCS K
rpynnaM «OeNKOBbIE MEMOpaHHBIM KOMIUIEKC» M «BE3UKYISIPHOEC OKalMIICHHUEY,
KOTOpbIE BO3MOXKHO JIOKaJIM30BaHbl B MeMOpaHax caMux Be3ukyi. Kpome Toro, 8, 7 u
4 % GesKOB OBUIH OTHECEHBI K KATErOPHUSIM «JIFOMEH CEKPETOPHBIX IPaHy», «MeMOpaHa
Tonbmxu» U «IO3HSS 3HI0COMa» COOTBETCTBEHHO (OCOOCHHO pa3HOOOpa3HbIie OSIKU
cemeiictBa Rab (u3 cynepcemeiictBa Ras manbix I'Tda3ubix OenkoB). Cpeau rpymmn
OMOJIOTHUECKUX MPOLECCOB Haubojee NPEeACTaBICHHBIMHU, SIBISIOTCA KaTErOPHU:
«mertabonmaeckue mporeccs (60 %), «mporieccbl MMMYHHOU cucTeMbl» (28 %) u
«KJIeTOYHasi KoMMyHHKanus» (26 %). Taxoke, ObUIH BBIACTICHBI TPYIIIBI: «HETATHBHAS
peryisinus knetounoit rudenn» (9 %), Hampumep, 6enok 14-3-3, IBIAIOLIMNACS IPSIMBIM
uHruouTopoM Oenka Bad; «OKMCITHTEIbHO-BOCCTAHOBUTEIBHBIE TpoIiecchy (8 %);
«OTBET HAa CHWKEHHE YPOBHS Kuciopoja» (6 %), B KOTOPBIX ObUIM OOHApy>KEHBI
pasHooOpa3Hble MEPOKCHPEIOKCHUHBI:  MEPOKCHPEIOKCHH-6, TEePOKCUPETOKCHH-4,
«mo3uTHBHAs peryisius HeiporeHesa» (5 %); «NIK-Nf-kB curnamuar»y (4 %), ¢
WACHTU(QHUIMPOBAHHBIMU O€JKaMH, HampuMmep, CyObEeIUHHIBI SJEPHOTO (akTopa
«karnma-6om» (Nf-kB) komruiekca; «pereneparms» (2 %).

Takxe ObIT TpoOBeNeH aHANHM3 OENKOB MO pa3nmnyHbiM Oazam maHHeIX: KEGG u
Reactome pathways. Cpean ycraHoBieHHbIX curHanbHbix myTeil KEGG crout 0co6o
OTMETUTh «cUTHaIBHBIA MyTh PI3K-AKL», KOTOpBIHA sBIsSETCS OMHUM W3 OCHOBHBIX
nyTe,  CHOCOOCTBYIOIIMX  BBDKMBAHUIO  HEHpOITHANbHBIX  KIETOK  MpHU
HeliporokcnyHocTd. W3 mpoaHanu3upoBaHHX OenkoB Obul BblEedeH 51 Oenok,
OTHOCSIIIMICS K JJAHHOMY ITyTH, HarpuMep: cyobequHuiisl penentopoB ITGA u ITGB,
a Taxxe 00e cyobenunuiel HSP90 u Bce cyObeaunumiibl Oenka Ras, koTopbie coCTOsAT B
komruiekce aktmBaropa AKT. Kpome Toro, Opumm oOHapyxensl mytn «MAPK
curHanuHr (2,3 %), «MTOR curnamuary (2 %), «HIF-1 curnamuam (2 %), «anmenuH
curHauHr (2 %), «penakcud curHaauuar» (2 %), «AMPK curnamuar» (2 %),
HelipoTpopuHoBbIid curHaauHr (1 %) n «TGF-beta curnamuar» (1 %), KOoTOpBIE TaKke
NPUHUMAIOT y4acTHe B HeWponporekuumu. Ha ocHoBanum 0as3wl maHHbIX Reactome
pathways ObLTH BBIIEIEHBI CIIEAYIOIINE KATErOprH: «MeTabomu3m» (24 %), «aMMyHHast
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cuctem» (23 %), «pa3Butre HepBHOM cucteMbl» (13 %), «HaBurarws akconoB» (13 %),
«remoctasy (9 %), «curHanuHr ¢ nomMoirsio perentopoB ROBO» (okono 9 %), «PIP3
aktuBupyembeie curHainsl AKT» (4 %), «pementopsl HEHPOTPAHCMHUTTEPOB U
MOCTCHHANTHYECKasT mepenada curHanay (2 %), «curnamuar EPH-Ephriny (2 %),
«curHaymHT 1oy, nevictBueM VEGF» (2 %), «curnanmsarust ¢ momornbio NTRKSy
(1.5 %), «axktuBanust MAP2K u MAPK» (1 %), «1eTokcHKaIys peakTUBHBIX (HopM
kucioponaay (1 %) u «mTORC1-onocpenoBanHas curnanusanusi» (1 %).

Ha w™opmenn rinyTtamMaTHOW 9SKCaWTOTOKCHYHOCTHM HAOJIOJaNy CHWKEHHE YHCIIa
JKU3HECTIOCOOHBIX KOPTHKAIBHBIX HeWpoHOoB Ha 37.5 = 4.03 % mnpu noGamieHuun
100 MkM riryTamara 1mo CpaBHEHHWIO C TPYIIONW KOHTPOJIS, KOTOpas MPUHUMAIAch 3a
100 %. Ho6aBnenue mnpenapata BB-I'KIT (10 MKr/mi) n0CTOBEPHO YBETUYHBAIIO
KOJIMUYECTBO JKU3HECIOCOOHBIX KJIETOK J0 KOHTPOJIBHBIX 3HaueHui (P < 0.001). Takxke
OBLIO ycTaHOBJIEHO, uTo mpucytcTBue AS605240 (1mkr/min) ogHoBpeMerno ¢ BB-I'KIT
MTOJTHOCTHIO HUBEJINPOBAIIO HEHPOIIPOTEKTOpHOE AeticTere mpemapaTa (P < 0.001). Do
MO3BOJIIET TMPEAINOJI0KHUTh, YTO OCHOBHBIM M3 AKTHBHPYEMBIX MYyTeH BbDKUBAHUS
HelipoHoB sBisieTcs MMeHHO PI3K-AKt curHanbHblii MyTh.

Buisoowi: 1lonydyennble pe3ynbTaThl CBUACTEILCTBYIOT 0 ToM, uTo BB-I'KII obmamgarot
HEHPOMPOTEKTOPHBIM JICHCTBUEM TPU TIIyTaMaTHOW 3KCaHTOTOKCHYHOCTH Onaronaps
coJiepKalIuMcsl B HUX OelKaM, CHUKAIOMIUX THOENTh HEHPOHOB € TIOMOIIBIO Pa3THYHBIX
MEXaHH3MOB W CHTHQJIBHBIX TWyTeH, CpeAM KOTOPBIX TOATBEPKACHO Y4acThe
curHaigpHoro mytd PI3K-AKt. DTu maHHbIe MO3BOJIIOT MPEANONOKUTh, uTo BB-I'KIT
MOTYT CTaTh HOBBIM BHJIOM TEpaleBTUYECKOrO0 Npenapara s JICUSHHUs
HEBPOJIOTHYECKHX 3a00JIeBaHUH.

Qunarncuposanue. Pabora BBITONHEHA TpW (HUHAHCOBOW TMOAMepKke MuUHHICTEpPCTBA
obOpaszoBanusa u Hayku Poccuiickoit ®@enepanuu (mpoekt Noe KBK 075 0110 47 1 S7
24600 621) mo Teme «Pa3paboTka HOBBIX JIEKAPCTBEHHBIX CPEICTB ISl Teparuu
HEBPOJIOTHYECKUX 3200IIeBaHUIN.
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Motivation and Aim: Glutamate is one of the main neurotransmitters in the brain. Its
action occurs through metabotropic or ionotropic glutamate receptors, triggering a
variety of cascades that control processes inside cells. Disruption of glutamate
homeostasis is often accompanied by the development of nervous system pathology
leading to neurological and neurodegenerative diseases [1]. To date, there are no drugs
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capable of leveling the toxic effect of glutamate, so the search for new neuroprotective
agents remains an urgent task. Comparatively recently, extracellular vesicles have joined
the group of neurotherapeutic agents because of their ability to preserve their internal
content and targeted binding to target cells. The aim of this study is to investigate the
mechanisms of neuroprotective action of extracellular vesicles derived from glial
progenitor cells (EV-GPC) of human induced pluripotent stem cells using the combined
work of in silico proteomic analysis and in vitro inhibitor assay in a model of glutamate
excitotoxicity.

Methods and Algorithms: Glial progenitor cell cultures were obtained previously from a
healthy donor by differentiation of induced pluripotent stem cells in the glial direction
[2]. EV-GPCs were obtained and analyzed according to the methods described
previously [3]. Primary culture of cortical neurons from Wistar rats (PO-1) was used to
set up a model of glutamate excitotoxicity. On the 10th day of cultivation EV-GPC drugs
were added. On the next day, the model of glutamate excitotoxicity was performed
according to the indicated method [4]. Survival was assessed using the MTT test.
Proteomic analysis of EV-GPC was performed using an Ultimate 3000 Nano LC System
chromatography system interfaced with a Q Exactive HF mass spectrometer. Mass
spectrometric data were stored by automatically switching between MS1 scans and up
to 15 MS/MS scans (topN method). Mass spectrometric data from the instrument were
converted to Mascot Generic Format (MGF) mass sheets using MSConvert
(ProteoWizard Software Foundation). For more thorough protein identification, a peak
list was generated and analyzed by MASCOT (version 2.5.1) and X! Tandem
(ALANINE, 2017.02.01) using the UniProtKB database, taxon Homo Sapiens. The
statistical reliability of the identifications was checked by searching the decoy reversed
database (decoy reversed database). The obtained list of proteins was analyzed using
String 8.11 program. To confirm the activation of the PI3K-Akt survival pathway
detected by proteomic analysis, a selective inhibitor of PI3Ky subunit — AS605240
(1pg/ml) was used. SigmaPlot 12.5 program was used for statistical processing of MTT-
test data (one-way ANOVA with Holm-Shidak post-hoc test and correction for multiple
comparisons). Data are presented as mean value and standard deviation.

Results: In the analysis of bioinformatic results, proteins were categorized according to
their localization and involvement in biological processes. Based on localization, 60 %
of the identified proteins belonged to the “extracellular vesicles” group. This suggests
that a EV-GPC-enriched drug was obtained. 13 and 5 % of the detected proteins, belong
to the groups “protein membrane complex” and “vesicular fringing”, which are possibly
localized in the membranes of the vesicles themselves. In addition, 8, 7, and 4 % of the
proteins were categorized as “secretory granule lumen”, “Golgi membrane”, and “late
endosome”, respectively (especially the diverse Rab family proteins (from the Ras
superfamily of small GTPase proteins). Among the groups of biological processes, the
most represented categories are: “metabolic processes” (60 %), “immune system
processes” (28 %) and “cell communication” (26 %). Also, next groups were identified:
“negative regulation of cell death” (9 %), such as protein 14-3-3, which is a direct
inhibitor of Bad protein; “redox processes” (8 %); “response to reduced oxygen levels”
(6 %), in which a variety of peroxiredoxins were found: peroxiredoxin-6, peroxiredoxin-
4; “positive regulation of neurogenesis” (5 %); “NIK-Nf-kB signaling” (4 %), with
identified proteins such as the subunit of the nuclear factor kappa-bi (Nf-kB) complex;
“regeneration” (2 %).
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Proteins were also analyzed against different databases: KEGG and Reactome pathways.
Among the identified KEGG signaling pathways, the “PI3K-Akt signaling pathway” is
of particular note, which is one of the main pathways contributing to the survival of
neuroglial cells during neurotoxicity. From the proteins analyzed, 51 proteins belong to
this pathway, such as: ITGA and ITGB receptor subunits, as well as both subunits of
HSP90 and all subunits of Ras protein, which are members of the AKT activator
complex. In addition, we found MARK signaling (2.3 %), mTOR signaling (2 %), HIF-
1 signaling (2 %), appelin signaling (2 %), relaxin signaling (2 %), AMRK signaling
(2 %), neurotrophin signaling (1 %), and TGF-beta signaling (1 %) pathways that are
also involved in neuroprotection. Based on the Reactome pathways database, the
following categories were identified: “metabolism” (24 %), “immune system” (23 %),
“nervous system development” (13 %), “axon navigation” (13 %), “hemostasis” (9 %),
“ROBO receptor-mediated signaling” (about 9 %), “PIP3-activated AKT signaling”
(4 %), “neurotransmitter receptors and postsynaptic signal transduction” (2 %), “EPH-
Ephrin signaling” (2 %), “VEGF-activated signaling” (2 %), ‘“NTRKs-mediated
signaling” (1.5 %), “MAP2K and MAPK activation” (1 %), “detoxification of reactive
oxygen species” (1 %), and “mTORC1-mediated signaling” (1 %).

In the glutamate excitotoxicity model, a 37.5+4.03 % decrease in the number of viable
cortical neurons was observed when 100 uM glutamate was added compared to the
control group (100 %). The addition of EV-GPC (10 pg/mL) significantly increased the
number of viable cells to control values (p<0.001). It was also found that the presence
of AS605240 (lpg/mL) simultancously with EV-GPC completely negated the
neuroprotective effect of the drug (p<0.001). This suggests that it is the PI3K-Akt
signaling pathway that is the major neuronal survival pathway activated.

Conclusions: The results obtained indicate that EV-GPC have a neuroprotective effect
in glutamate excitotoxicity because of the proteins they contain that reduce neuronal
death through various mechanisms and signaling pathways, among which the
involvement of the PI3K-Akt signaling pathway was confirmed. These data suggest that
EV-GPC may become a new type of therapeutic drug to treat neurological diseases.
Funding: The study is supported by the Ministry of Education and Science of the Russian
Federation (project No. KBK 075 011047 1 S7 24600 621) on the topic “Development
of new drugs for the therapy of neurological diseases”.
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