YK 604:577.27:578.834.1 \ M) Check for updates‘
https://doi.org/10.30895/2221-996X-2022-450

OpuruHanbHas cratbs | Original article H (cc)‘

IlonyyeHMe U XapaKTepuCTUKa roMOAMMEePHOI
¢opmsbr RBD S-6es1ka SARS-CoV-2,
00J1aalonieri MOBBINICHHOM aBUIHOCTHIO
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Pe3ome BaXHbIM napaMeTpoM, OLEHWBAEMbIM NPU MOHUTOPUHTE UMMYHHOW NPOCIONKK Yy HaceneHus
n 3PPEKTUBHOCTU BaKLMHALMMK HACeNeHUs, IBNSEeTCS YPOBEHb BUPYCHEWTPANU3YIOLWMX aHTU-
Ten. PazpaboTka noaxona K BbISIBNIEHUI0 BUPYCHENTPanuU3yowmnx aHTuten K Bupycy SARS-CoV-2
€ noMolwpblo 6e30MacHoro, NPoCcToro M HGbICTporo MeToaa, He TpebyloLLero UCNoNb30BaAHUS XK-
BblIX BMPYCOB, MMeeT Honblioe 3HaYeHne ang 6opbbbl ¢ naHgemuennt COVID-19. Ons paspaboT-
KM TECT-CUCTEM ANg NpoBeAeHUs MMMyHodepMeHTHOro aHanusa (MMA), peTekTupytowmx no-
TEHLUMaNbHO BUPYCHeWTpanu3ylLwme aHTuTena, Heob6xoa4MMo noayvyeHmMe BbICOKOOYMLLEHHOTO
pEeKOMOUHAHTHOrO peLenTop-cBa3biBatowero noMeHa (RBD) S-6enka, obnafatoLLero BbICOKOM
ABMAHOCTBIO K cneumduyeckum aHtutenam. Lhenb paboTbl: nonyyeHune n xapakTepucTuka romMmo-
nmmepHoi dopmbl RBD S-6enka Bupyca SARS-CoV-2, a TakKe KNeTOYHOWM IMHUK, NPoAyLMpYIo-
wei pekoMbuHaHTHbIM RBD, ang cozpanus UMA TecT-cucTeMbl 414 BbISIBIEHWUS NOTEHLMANBHO
BMPYCHENTPaNU3yoWwmnx aHTuTen. Matepuansl U MeToAbI: AN3aH FrEHETUYECKOW KOHCTPYKLMK
nposoannu in silico. CrabunbHy KNETOYHYIO IMHWUIO NONYYaNnu NpU NOMOLUM TpaHCHeEKL MM Kne-
Tok CHO-S, cenekunn Ha aHTMBMOTUKE M 0TOOPaA ONTUMANbHOTO KNOHA. PekoMbuHaHTHbIN RBD
OouMLLaNM C MCMONb30BaHMEM XpOMaTorpaduyecknux MeToAoB, MNONyYanu MOHOMEPHYH U ro-
MoaumepHyto Gopmbl RBD. AKTUBHOCTb MOMyYeHHbIX GOPM aHaNM3NPOBaNM C UCMONb30BaAHM-
eM MeTof0B BecTepH-610T, 6uocnoriHoi uHTepdepomeTpumn u Henpamro UMA. ins aHanusa
MCNONb30BaNM MOHOKNOHaNbHble aHTUTena GamXRH19, GamP2C5 u h6g3, a Takxe obpasubl
CbIBOPOTOK KpOBWM [,00pOBONbLEB, BAaKLMHUPOBAHHbIX npenapaToMm lam-KOBUI-Bak, n HeBak-
LUMHMPOBaHHbIX f06poBonbLeB. Pesynbratbl: nonyyeHa knetoyHas anuus CHO-S, ctabunbHo
npoayumpyowas pekoMbuHaHTHbIM RBD S-6enka Bupyca SARS-CoV-2. MokasaHo, YTo npu Kynb-
TMBMPOBAHWUM JAHHOW KNETOYHOW NnHuM B pexxume fed-batch 6onee 7 cyTok peKOMOUHaHTHBI
RBD cnocobeH 06pa3oBbiBaTb FOMOAMMEDDI 3@ CHET HAIMUMA HECMAPEHHbIX LMCcTeMHOB. Konu-
YeCTBEHHbI BbIXO[, OUULLEHHOrO peKoMbUHaHTHOro RBD M3 KynbTypanbHOW XUAKOCTH COCTa-
Bun 30-50 mr/n. MoHoMepHas u romoaumepHas @opmbel RBD 6binn paspeneHsl npu noMoLm
renb-GuAbTpaLMM U 0XxapakTepu3oBaHbl N0 CNOCOBHOCTHU B3aMMOAENCTBOBaTL CO cneuuduye-
CKUMWU MOHOK/IOHANbHBIMU aHTUTENAMM, @ TaKXKe CbIBOPOTKAaMMU KPOBM OT BaKLMHMPOBAHHbIX
nobposonbLes. [IpoAEMOHCTPUPOBAHO, YTO UMEHHO rOMoAMMepHas GopMa peKoMOUHAHTHOrO
RBD obnapaeT noBbIlWEHHOM aBUAHOCTbIO K MOHOKJ/IOHA/IbHbIM aHTUTENAM M aHTUTENAM B Cbl-
BOPOTKe KPOBW BaKLUMHUPOBaHHbIX. BbiBoAbl: romoaumepHas dopma pekombuHaHTHoro RBD
MOXeT ABNATbCA 6onee NpeanoyYTUTENbHOW AN aHanM3a YPOBHS aHTUTEN K peLenTop-CBA3bl-
BatowweMy fomeHy S-6enka Bupyca SARS-CoV-2.
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Abstract

Monitoring of the proportion of immune individuals and the effectiveness of vaccination in
a population involves evaluation of several important parameters, including the level of vi-
rus-neutralising antibodies. In order to combat the COVID-19 pandemic, it is essential to de-
velop approaches to detecting SARS-CoV-2 neutralising antibodies by safe, simple and rapid
methods that do not require live viruses. To develop a test system for enzyme-linked immuno-
sorbent assay (ELISA) that detects potential neutralising antibodies, it is necessary to obtain
a highly purified recombinant receptor-binding domain (RBD) of the spike (S) protein with high
avidity for specific antibodies. The aim of the study was to obtain and characterise a SARS-
CoV-2 S-protein RBD homodimer and a recombinant RBD-expressing cell line, as well as to cre-
ate an ELISA system for detecting potential neutralising antibodies. Materials and methods:
the genetic construct was designed in silico. To generate a stable producer cell line, the au-
thors transfected CHO-S cells, subjected them to antibiotic pressure, and selected the optimal
clone. To isolate monomeric and homodimeric RBD forms, the authors purified the recombi-
nant RBD by chromatographic methods. Further, they analysed the activity of the RBD forms
by Western blotting, bio-layer interferometry, and indirect ELISA. The analysis involved mon-
oclonal antibodies GamXRH19, GamP2C5, and h6g3, as well as serum samples from volun-
teers vaccinated with Gam-COVID-Vac (Sputnik V) and unvaccinated ones. Results: the authors
produced the CHO-S cell line for stable expression of the recombinant SARS-CoV-2 S-protein
RBD. The study demonstrated the recombinant RBD’s ability to homodimerise after fed-batch
cultivation of the cell line for more than 7 days due to the presence of unpaired cysteines.
The purified recombinant RBD yield from culture broth was 30-50 mg/L. Monomeric and ho-
modimeric RBD forms were separated using gel-filtration chromatography and characterised
by their ability to interact with specific monoclonal antibodies, as well as with serum samples
from vaccinated volunteers. The homodimeric recombinant RBD showed increased avidity for
both monoclonal and immune sera antibodies. Conclusions: the homodimeric recombinant RBD
may be more preferable for the analysis of levels of antibodies to the receptor-binding domain
of the SARS-CoV-2 S protein.
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BsepeHue

KopoHasupycHas nHdekuma 2019 (COVID-19) —
TAXeNnoe OoCTpoe pecnupatopHoe 3abonesaHue,
BMNepBble 33aperncTpupoBaHHOE B ropofe YxaHb
(Kutaii) B koHue 2019 r.}; 11 mapTta 2020 r. 6bina
obbsBneHa naHpgemus?. Bosbyomutenem COVID-19
aBnsieTCs HOBbIM KopoHaBupyc SARS-CoV-2, koTo-
pbii oTHOCUTCS K cemencTy Coronaviridae, pony
Betacoronavirus. Ha Hos6pb 2022 r. 3aperucrtpu-
poBaHo 6onee 630 MNAH NOATBEPXAOEHHbIX CHy-
yaeB 3abonesanus COVID-19 u 6onee 6,5 MnH
NeTanbHbIX MCXOAO0B MO BCEMY MUpPY®. BaxHyto
ponb B OrpaHMYEHUWM paCNpOCTPaHeEHWs BMpyca
UrpalT nokasaTesn MMMYHHOrO cTaTyca Hacene-
Hus. [Ing peTekumMn aHTUTEN B CbIBOPOTKAX KPOBM
nepe6oneBWwWnNX WAM BaKLUHWPOBAHHbLIX JOAEN
NPUMEHSIOT pa3inyHble METOAbI, CPEAMU KOTOPbIX —
MMMyHOodepMeHTHbIN aHanus (MMA) u peakuus
HeWTpanusaumm.

SARS-CoV-2 umeeT yeTbipe OCHOBHbIX CTPYKTYp-
HbIX 6enka: NOBEPXHOCTHbLIM WKUNOBMAHbIN (spike)
rnukonpotenH S (S-6enok), obonoveyHbin 6enok
E, MeMbpaHHbIn 6enok M u HykneokancuaHbiv
6enok N. AHTuTena, 3pdeKTUBHO HeMTpanusyto-
wue supyc SARS-CoV-2, cneumduyHbl K nosepx-
HOCTHOMY raukonpoTenHy S. [laHHbii 6enok urpa-
€T KJ/II0YEBYK pOJib B XXM3HEHHOM LMKNie BMUpYCa:
S-6enoK B3aMMOAENCTBYET C peLenTopoM aHruo-
TeH3uHnpespawatouwero ¢epmenta 2 tuna (ACE2)
Ha MOBEPXHOCTU KNETKU, YTO NPUBOAUT K UHTEPHa-
nm3auun Bupyca. S-6enok coCcTouT M3 ABYX CyOb-
eguHuy: S1 copepxumt N-koHueBow aomeH (NTD)
u peuenTtop-ceasbiBaowmii gomeH (RBD), S2 co-
nepxut rentagHoin noetop 1 (HR1) u rentagHbiv
nostop 2 (HR2). AHTuTena, cneunduyHble K pas-
NIMYHBLIM 06nacTaM S-6enka, MMeKT pasHble Mexa-
HMU3Mbl UHTMBMPOBAHMS XM3HEHHOIO LMKIIA BMpPYCa
SARS-CoV-2. Hanpumep, aHTMTena, CBA3bIBAKOLWM-
ecs ¢ NTD, obpasyoT komnaekc 6enok—aHTuTeno,
npeaoTBpalLAloWMii  KOHOOPMALMOHHbBIE U3MEHe-
Hus B S-6enke n 6NOKUPYHOLWLMIA CiMSIHWUE MeMBpaH
M NPOHUKHOBEHWE BUpYyca. AHTUTENa, CBA3bIBAlO-
wueca ¢ RBD S-6enka, 06pasyroT KOMNAEKCbI, UH-
rmbupytowme B3aumopericteme RBD c peuentopom
ACE2, TeM cambiM npenoTBpallas WMHTEpHasM3a-
unto Bupyca [1]. beino nokasaHo, 4to okono 90%
aHTuTen, Hewtpanusyowmx SARS-CoV-2, cneuwm-
¢dunuHbl K RBD [2].

Takum obpasom, RBD saBngetcs BaxHoM muuwe-
HblO Npu pa3paboTke npenapaTos Ana npodunak-
TMkn n Tepanun COVID-19, a Takxe auarHocTuye-
CKMUX TECT-CUCTEM AN UCCNIe[0BAHUS MMMYHHOTO
oTtBeTa K Bupycy SARS-CoV-2.

Lenb paboTel — nonyyvyeHne u XapakKTepucTu-
Ka romoaumepHon ¢opmbl RBD S-6enka Bupyca
SARS-CoV-2, a Takxe KJEeTOYHOW JIMHMMK, NPOAY-
uupytowein pekoMbuHaHTHbIM RBD, ong cospaHus
N®A TecT-cucTeMbl 419 BbISBIEHUS MOTEHLMABHO
BUPYCHENTPANMU3YIOWMX aHTUTEN.

MaTepMan bl U METOADbI

Mamepuanei

[YMaHW3MpOBaHHOE MOHOKJ/IOHAIbHOE aHTUTEN0
GamXRH19 wu TaxenouenoyeyHoe MOHOKJIOHANb-
Hoe aHTuTeno GamP2C5 aBnsatoTCS KOMNOHEHTaMMU
npenapata [amKoBuMab (nekapCTBeHHbIM npe-
napaTt ANng 3KCTPEeHHOM NpOdUAAKTUKM U paHHEN
3TUOTPOMNHOM Tepanuu KOPOHABUPYCHOM WHDEK-
uuu, Bbi3biBaemon BupycoM SARS-CoV-2, Ha ocHo-
BE€ N'YMAaHU3NPOBAHHbIX MOHOKJ/IOHA/IbHbIX aHTUTEN,
pacTtBop Ans MHY3MK, Haxomsawmincs Ha Il dase
KNMHUYECKUX MCCnepoBaHuit?), npoussoactea ¢ou-
nunana «Megraman» ®IreY «HULU3IM um. H.®. lNama-
neu» Munsgpasa Poccum.

[YMaHW3MpOBaHHOE MOHOKJ/IOHA/IbHOE aHTUTEN0
h6g3 — komnoHeHT npenaparta lamM33yMab (nekap-
CTBEHHbIM npenapat ANg 3TUOTPOMHOM Tepanuwu
M 3KCTPEeHHOW npodunakTukn nuxopagkn >S60-
na, npowepwuii | Gasy KAMHUYECKMX UCCnenoBa-
HWIA°), NnpousBoacTBa dunmana «Mearamans Oroy
«HWUSM um. H.®. Tamanen» Munsppasa Poccuu.

B pabote 6biM Mcnonb3oBaHbl 06pa3Lbl CbiBO-
pPOTKM KpOBM [06POBOAbLEB, BAaKLMHUPOBAHHbIX
npenapatom l[amM-KOBW-Bak (4 o6pa3ua), a Takxe
06pasLbl CbIBOPOTKM KPOBU HEBAKLMHUPOBAHHbIX
[obpoBonbLUEB B KayecTBe KOHTpona (2 obpas-
ua). O6pasubl CbIBOPOTOK KPOBMU BblM MONyYeHbI
B paMKax MCC/efOBaHWUS YPOBHS BUPYCHEUTpanu-
3YIOLWMX aHTUTEN, NPOBOAMMOro COBMeCTHO C [e-
NapTaMeHTOM 34paBoOXpaHeHus ropoaa MocKBbl.

UccnepoBaHme 6bi10 0f0BpeHO KOMUTETOM
no 6muoatuke ®rey «HULUIM um. H.O. Ffamanen»
MuH3gpasa Poccuum (npotokon N2 17 01 03.12.2021).
MccnepoBaHue BbINOAHEHO B COOTBETCTBUM C Tpe-
6oBaHMAMKU XeNbCUHKCKOW AeKnapauum.

1 Coronavirus disease (COVID-19) pandemic. WHO. https://www.who.int/emergencies/diseases/novel-coronavirus-2019

2 WHO Director-General’s opening remarks at the media briefing on COVID-19 — 11 March 2020. WHO. https:/www.who.
int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-

march-2020

5 WHO Coronavirus (COVID-19) Dashboard. WHO. https://covid19.who.int

4 https://clinline.ru/reestr-klinicheskih-issledovanij/630-28.10.2022.html

> https://clinline.ru/reestr-klinicheskih-issledovanij/588-21.10.2020.html
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Memooeb!

Ausaiin 2eHemuyeckoii KOHcmpyKyuu. AMUHOKUC-
NOTHYI0 NOCNeL0BaTeNIbHOCTb peLenTop-CBs3biBa-
towero pomeHa (RBD) noepxHocTHoro S-6eska
Bupyca SARS-CoV-2 (amMMHOKMCNOTHAs nocnenoBsa-
TeNbHOCTb M3 319-541 aMUHOKMUCNOTHBIX OCTAaTKOB
(@.0.), UniProtKB: locus SPIKE_SARS2, accession
PODTC2% moguduumpoBanu ¢ N-KOHLA CUrHasb-
HbIM MenTuMAoM wenoyHon ¢ocdarasel SEAP
(MLLLLLLLGLRLQLSLGI) n ¢ C-koHua nocnepoBsa-
TENbHOCTbH MULUH-CEPUHOBOIO JIMHKEPA U TUCTU-
anHoson metkn (GSHHHHHHHHH). Moaudwuka-
uuu in silico npoBoAUAM Npu NOMOLLM NPOrpaMMbl
Geneious Prime’. KofoHHbIV COCTaB HYK1EOTUAHOWM
nocnefoBaTeNIbHOCTU MOMYYEHHOrO NOAMNEeNnTUAa
aganTMpoBanu gns skcnpeccun B knetkax CHO;
CUHTE3 HYKNEeOTUAHOW nocienoBaTeslbHOCTU NpPO-
BeneH 3A0 «Esporen» (Poccus). HykneotupgHyto
nocnefoBaTeNIbHOCTb K/JOHMPOBanAW B MAasMuay
pCEP4 (Invitrogen, CLLUA) no caitam pecTpukuum
Xbal (Thermo Fisher Scientific, CLLA) u Hindlll
(Thermo Fisher Scientific, CLLIA), nonyyas Ttakum
obpasom nnasmuay pCEP-RBD-SARS-CoV-2. [a-
nee nnasMupy HapabaTtbiBanM B npenapaTMBHbIX
KONMyecTBax, Kak OMMCaHoO aBTopamu paHee [3],
W ouMLanM Npu NoMouM KoMMepyeckoro Habopa
Plasmid Midiprep 2.0 (3A0 «EBporeHn», Poccus).

TpaHcpekuyus Kynomypol KJAemok U ceseKyus
mpaHcuyuposaHHvix KaoHos. [nasmuay pCEP-
RBD-SARS-CoV-2, noasepranu ruaponunsy no camty
pectpukumn Ahdl. JInHeapu3oBaHHy nnasMuay
OYULLANU U3 PECTPUKLLMOHHOM CMECU Mpu MOMOLLM
Habopa Cleanup Standard (3AO «Esporen», Poc-
C1$) COrnacHo npotokony npousBoauTens. Kynbry-
py knetok CHO-S (Thermo Fisher Scientific, CLLA)
TpaHCOULMPOBANKU NIMHEAPWU3OBAHHOW MJIA3MUAOM
pCEP-RBD-SARS-CoV-2 ¢ ncnonb3oBaHuem cuctembl
CHOgro (Mirus Bio, CLLA) B cooTBeTCTBMM C NPOTO-
KonoM npoussoauTens. Knetku KynsTMBMpOBaau
B 6-TYHOUHbIX KynbTypanbHbix nnaHwetax (Corning,
CLUA) npu 5% CO,, 80% BnaxkHoctu, 37 °C. Cnycta 24
yaca nocsie TpaHcdeKLMM NUTATEeNbHYIO Cpefly 3aMe-
Hanu Ha cpepy SFM4CHO (Cytiva, CLUA) u pobasnsinm
aHTMBMOTUK rurpommumH B (InvivoGen, CLLUA) B kOH-
ueHTpauun 400 mkr/mn. Knetkn KynbTMBMpOBanu
B TeYeHue 7 CyT, Noc/ie Yero KOHLUEHTPALMIO aHTK-
6uoTmka ysenmumsanm no 600 MKI/MA 1 Npoponxa-
N KYNbTUBMPOBaHWE B TeyeHWe 7 CyT; 3aTeM yBe-
JIMYMBANU KOHLUEHTPaLmMIo aHTMbunoTmka o 800 mkr/
MA U Janee KyNbTUBMPOBANM KNETKM elle Henento.
MuTaTenbHylO cpefdy B NIYHKAX 3aMEHSNU CBeXew
no mepe 3akucaeHus. Miamenernume pH kynstypanbHom
XMOKOCTW OLEHMBANM BM3YyaNbHO NPU NOMOLWM Kpa-

cutens deHonooro kpacHoro (Sigma Aldrich, CLUA).
MNeproanyeckn oLeHMBaNM XMU3HECNOCOBHOCTb Kie-
TOK B JIyHKax C UCNO/b30BaHWEM aBTOMATU4ECKOrO
cyeTtumka knetok TC20 (Bio-Rad, CLUA). Ons 3toro
20 MKN KNeTOYHOW CYCNeH3MM CMELMBANN B COOTHO-
wenun 1:1 ¢ 0,4% pacTBOpPOM TPMMAHOBOrO CMHEro
(Bio-Rad, CLUA). B kayecTBe KOHTponew cenekumu
MCMNONb30BaNN UHTAKTHbIE KNeTkn 6e3 nobasneHus
AHTUOMOTMKA (KOHTPOSIb YCIOBUIA KYNbTUBMPOBAHUS)
M MHTAKTHbIE KNeTkn ¢ gobaBneHnem aHTMOMOTHMKA
(KOHTPONb AKTUBHOCTM aHTUOMOTUKA).

TMonyueHue cycneH3uu Ka10H08-npoodyuyeHmos. K ne-
TOYHYIO CYCMEeH3MI0 nocsie TpaHcdekLMn U KynbTu-
BMPOBAHMA C aHTUOUMOTUKOM TMIPOMULMHOM B BbI-
ceBanun B 96-nyHoyHble nnaHwetsl (Corning, CLUA)
B KOHUeHTpaummn 7 knetok/mn (100 Mkn cycneHsum
B NyHKY) B cpene SFM4CHO ¢ pobasneHnem 20%
KOHOMLMOHUPOBAHHOM KYNbTYPANbHOM XWOKOCTMU.
OnucaHHbIM BbiWe cnocobomM MpoOBOAMNM BbiCe-
BaHMe KJIeTOK B AecaTb nnaaHweToB. KneTkun Kynb-
Tueuposanu npu 5% CO,, 80% snaxHocTyn, 37 °C
B TeyeHue 14 cyT, 3aTeM KynbTypanbHY XUAKOCTb
oTOMpanu ANg aHanu3a NpoayKUMM peKoOMOUHAHT-
Horo RBD u B3aMeH po6aBnsanu ceexyt nuTaTenb-
Hyto cpeay SFM4CHO. MOHOKNIOHaNbHOCTb OLEHU-
Ba/M BM3yasbHO, NOL MUKPOCKOMOM, MO HaANYMIO
B NYHKax eAuHUYHbIX (GOKYCOB PpoOCTa KNEeToK.
Mpu [OCTUXEHUM BBICOKOW NAOTHOCTM KYyNbTypasib-
HOM CyCneH3uu OTOBpaHHble KIOHbI-NPOAYLEHTHI
nepeceBanu B 6-yHOYHbIE MAAHWETbl U KYNbTU-
Buposasn B cpene SFM4CHO npu 5% CO,, 80%
BnaxHoctn, 37 °C. lNpu DOCTUXEHUM KOHUEHTpa-
UMM KNETOK B NiyHKax 10° kneTok/MA cycneHsuto
K/OHOB nepeceBanu B KynbTypasbHble (hIaKOHbI
naowapnbto 25 cm? Mpu OOCTUKEHUM KOHLEHTpa-
UMM KNETOK B NiyHKax 10° kneTok/MA CycneHsuto
K/IOHOB MepeceBasiM B KynbTypanbHbie Konbbl Jp-
neHmenepa obvemom 125 mn (Corning, CLUA). Ko-
NIMY4ECTBO M BbIXKMBAEMOCTb KNETOK OLEeHMBaNM
npu nomolum cyeTumka knetok TC20, kak onncaHo
B NMpenblayuiem nogpasgaerne.

Kynemueuposanue K10H08-npodyueHmos 8 Ky/b-
mypaneHeix Kon6ax. KynbTMBUPOBaHWE KNOHOB-NPO-
LYUEHTOB B KYyNbTypasbHbIX KoJibax dpneHmeriepa
ocyuwectenanu npu 5% CO,, 80% snaxHocTw, 37 °C,
NMpu MOCTOSSHHOM NepeMeLlnBaHUM C UCNONb30Ba-
HueMm wenkepa-nHkybaTopa Multitron (Infors HT,
Lseruapus) co ckopocTtbto 120 06/MuH. KynbTu-
BMpoBaHue B konbax obvemMoMm 125 mn ocywecT-
BNSAU € paboymM 06bEMOM KNETOYHOM CYCNeH3UU
25 mn, B konbax obvemom 500 mn — ¢ pabouum
06beMOM KJieToUHOM cycneH3sun 100 mn u B konbax
ob6bemom 1000 mn — ¢ pabounum 06bLEMOM KNETOU-

6 https:/www.uniprot.org/uniprotkb/PODTC2/entry

7 https://www.geneious.com/prime
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Hon cycneHsun 200 Mn no Mepe HeobxoaMMOCTH
MacwTabuposaHus. KneTtouHy CycneHsuio nepe-
ceBann npu OOCTUXEHUU KOHUEHTpauuUM KNETOK
(4-5)x108 kneTok/Mn (Kkak npaBuno, yepes 2-3 cyT
KynbTMBMPOBaHUS). KONMYecTBO U BbKMBAEMOCTb
KNEeTOK oueHuBann npu nNOMOLLKM CHETYUKa Kne-
Tok TC20. Mpu KynbTMBMPOBAHUM OTOOPAHHOrO
KJIOHa-NpoayLeHTa B CTaAMM MPOAYKUMUU (PEXMM
KynbTMBMPOBaHUS € nopnuTtkon, fed-batch), exe-
[HEBHO K K/JIeTOYHOW cycneHsun pobasnanun 3 r/n
rntoko3bl («MaH3ko», Poccus) u 1 MMonb rnotamum-
Ha («Man3ko», Poccus). OnpepneneHne KoHLEHTpa-
LMW HYTPUEHTOB (FNIOKO3a, FITaMaT, MMIOTAMUH)
M MeTabonuToB (akTaT U AMMOHWKM) MPOBOAUIM
npu nomouwm aHanusatopa MetabonutoB Cedex
Bio Analyzer (Roche CustomBiotech, LLiseviuapus).
KynbTuBMpOBaHMe B CTaguu NpoAyKUMM NPOBO-
ovnm B TeyeHme 7-10 cyT. 3aBepleHune npouecca
KYNbTUBMPOBAHMS OCYLECTBASAM NPU  NaLeHWM
BbI>KMBAEMOCTU KNIETOYHOM KynbTypbl Ao 70%.
Ouucmka pekombuHaHmHo20 RBD u3 kynemypans-
Holi yudkocmu. [epBUYHYIO OYUCTKY PEKOMOUHAHT-
Horo RBD 13 KynbTypanbHOM XMAKOCTM OCyLLecT-
BASM NPU NOMOLWM MeTann-xenaTHom addUHHON
xpomatorpadum [4]. XpomaTorpaduio npoBoannmu
B pexume cBa3biBaHue-snouns (bind-elute mode)
Ha npubope AKTA Start, Cytiva, ¢ Mcnonb3oBaHueM
1 mn konoHkm HisTrap HP, Cytiva. 2noumio nposo-
ANUNn B U30KPaTUYECKOM peXxnme npm CKOpoCcTu no-
TOKa 0AMH 06bEM KONIOHKM B MUHYTY pacTBopom: 20
MM Tpuc, 500 MM xnopupg, Hatpus, 500 MM nmnpa-
300, pH 8. JononHWTeNbHYH O4YNCTKY, 3aMeHy byde-
pa u pasaeneHne MOHOMEPHbIX U AUMEPHbIX GOpM
pekoMbuHaHTHOro RBD ocyuwecTtsnsanm npu nomo-
WK renb-duUNbTpauumn C UCNONb30BAHMEM KONOHKM
XK 26/100 (Cytiva, CLLA), ynakoBaHHOM cOpbeHTOM
Superdex 200 pg (Cytiva, CLLUA) [5, 6], a Takxe KOH-
LeHTpupoBaHuna ¢ wucnonb3oBaHuem Vivaspin 20
10 000 MWCO (Sartorius Stedim Biotech, lepmaHus).
Onpedenexue KOHUeHmMpauuu u npooyKuuu pekom-
6uHanmHoz0 RBD e kynemypaneHolii xxudkocmu. Onpe-
[eneHne KOHUEeHTpauuu pekoMbuHaHTHoro RBD
B KY/IbTYPANIbHOM XXMAKOCTU OCYLLECTBASAN METOAOM
6uocnorHom uHTepdbepomMeTpun Npyu NOMOLMU Npu-
6opa Octet RED96 (Pall Biotech, CLLA) n ceHcopos
Ni-NTA Dip and Read Biosensors (Pall Biotech, CLLA)
COrNacHo NpOTOKOMaM GUPMbI-NPOU3BOAUTENS.
Mpoaoykuuio uenesoro 6enka Ha pasHble CyT-
KM KYNbTMBMPOBAHWUS KOHTPO/NIMPOBANWU, WMCMOJb-
3y MeToq 3nekTpodopesa B NONMAKPUIAMULHOM
rene [7, 8]. SnekTpodopes NnpoBOAMIN KaK B HEBOC-
CTaHaBAMBAKWMX, TaK U B BOCCTAHAB/IMBAOLLMX
ycnoBuax ¢ fobaBneHreM B-MepKanTo3TaHoNa.
Henpsamoii ummyHogpepmeHmHebiii aHanuz u Be-
cmepH-6110m. HenpsiMot UMMYHOQEPMEHTHbIN aHa-
3 (M®OA) nBectepH-610T NpOBOAMAN, KAK ONUCAHO
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aBTopamu paHee [4-6, 9]. [lonyyeHHble aHTUrEHbI
copbupoBanu Ha NOBEPXHOCTb fUeeK 96-1yYHOUHbIX
MMMYHONOIMYeCKMX NNaHWETOB B KOHUEHTpauuu
100 Hr/nyHka B TedyeHue 16 4 npu 4 °C B KapboHaT-
Ho-kanueBoM 6ydepe. Janee, nocne 610KMPOBKM
JIYHOK MAaHWeTOB pacTBOPOM CYyXOro o6e3xupeH-
Horo monoka (Sigma Aldrich, CLUA), BHocuau mo-
HOKNOHaNbHble aHTMTena GamP2C5 n GamXRH19
unu obpasubl CbIBOPOTKM KPOBU BaKLMHUPOBAH-
HbIX (4 0bpasua) M HeBAaKLMHMPOBAHHbLIX (2 0bpas-
ua) pobposonbueB. B kayecTBe OTpuLATENLHOrO
KOHTPONA MCNONb30Banu aHTuTeno hé6g3, cneuwm-
duuHoe Kk rnmkonpoTtenHy GP Bupyca d6ona.

B kauectBe BTOPUYHbIX aHTUTEN NMPUMEHANNU aH-
Tutena NA933 (Amersham ECL HRP-Conjugated
Antibodies, Cytiva, CLWWA), cneundunyHbie k IgG
yenoBeKa U KOHBIOIMPOBaHHbIE C MEpPOKCMAA30M
xpeHa. OnpepeneHne KOHUEHTpaUuM pekomMbu-
HaHTHoro RBD png awanusa npoBoaunun cnek-
TpodoTOMeTpryYeCckM nNpu pavHe BOAHbl 280 HM
¢ nomouwbto npubopa NanoDrop 2000 (Thermo
Fisher Scientific, CLLUA). Kaxabin obpasew, aHTuten
¥ CbIBOPOTOK KPOBMW, UCMOJb30BaHHbIX B HEMPSMOM
N®A, BHocuncs B Tpex noBTopax. O6paboTky pe-
3ynbTaTtoB BecTtepH-610T NpoBOAMAK NpW NOMOLLK
npubopa Amersham Imager 600 (GE Healthcare,
CLWA). Ona 06paboTkn pe3ynbTaToB HENpsSIMOro
M®A wncnonb3oBanu nporpaMmHoe obecneyeHue
Microsoft Excel 2010 (Microsoft, CLUA).

OnpedeneHue pasHO8eCHvIX KOHCMAHM Ouccoyu-
ayuu aHmumen ¢ pekoMbuHaHmuHeiM RBD. Onpe-
[eNeHne PpaBHOBECHbIX KOHCTAHT AMCCouMaLmu
OCYLLEeCTBASAM C WMCNONb30BaHMEM MeToga 6uo-
cnorHon uHTepdepomeTpun C nomoubio npubo-
pa Octet RED96 (Pall Biotech, CLLA) n ceHcopos
Anti-Human 1gG Fc Capture (AHC) Dip and Read
Biosensors (Pall Biotech, CLUA), kak onucaHo B pa-
60t1e D. Shcheblyakov c coasT. [7]. U3mepeHus npo-
BOAMNM B KUHeTuyeckom 6Gydepe. CBa3biBaHMe
QHTUTEN C CEeHCOpaMM OCYLLEeCTBNS/IU B KOHLLEH-
Tpauuun 1 Mkr/mMn. PekoMbuHaHTHbIM RBD BHOCKMAM
B KOHueHTpauun 100, 50 n 25 Hr/mMn cooTBeTCTBEH-
Ho. ObcueT pe3ynbTaToOB NPOBOAMAWM B MpOrpam-
me ForteBio Data Analysis 10.0 (ForteBio, CLUA).
KoHueHTpaumio RBD M MOHOK/IOHANbHbIX aHTUTEN
onpenensanu cnekTpo@oTOMETpUYECcKU Npu Aau-
He BonHbI 280 HM ¢ noMowbio npubopa Nanodrop
2000 ¢ nocnenywWMM y4eTOM YHUKANbHbBIX KO3(-
CDVILI,MEHTOB SKCTUHKUMKU ANng KaXgoro MOHOKIO-
HanbHOro aHTuTena. Kaxablit aKCNepuMeHT NpoBoO-
AUNW B TpEX NoBTOpax.

Pesynbrathbl U 06cyXxaeHue

B HacToswee Bpems OLEHKa YPOBHA BUPYC-
HenTpanusyowmx avtuten (BHA) Kk  Bupycy
SARS-CoV-2 B nnasme KpOBWM BaKLMHWPOBAHHbIX
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u nepeboneBWwmnx NOAEN ABNSETCS aKTyanbHOM 3a-
paveit. YposeHb BHA MOXeT cnyXuTb KOCBEHHbIM
nokasaTeneM 3alMTbl OpraHuMsMa OT MHPUUMPO-
BaHna BupycoM SARS-CoV-2 u, kak cneactsue, 3a-
WwuTbl OoT 3abonesaHus COVID-19 [8]. BupycHen-
TPaNM3ylWNMK SBASIOTCS B OCHOBHOM aHTUTeNa,
cneumduyHbleKonpeneneHHbIM3NMToNnam peLenTop-
cBs3biBatolwero gomMeHa RBD ravkonpotenHa S Bu-
pyca SARS-CoV-2 [9]. Takum 06pa3oMm, o konmyecTse
BHA B opraH1M3me MOXHO KOCBEHHO CYAUTb MO KOAU-
yecTBy aHTUTEN, cneunduyHbix kK RBD [10].

CaMbIM MpOCTbIM U yAOBHBIM KONMYECTBEHHBIM
MeTOLOM OnpefesneHns YpPOBHSA aHTWUTeN, Cheuu-
¢dunuHbix Kk RBD, aBnsetcs Henpsmoit meton MDA
[11, 12]. MDA npoBOAMUTCS B HECKONbKO 3TanoB:
copbuma pekoMbuHaHTHOro RBD Ha 96-nyHOYHbIN
nnaHwert; fobasneHne WUCnbITyeMbiXx 06pa3LOB Chbl-
BOPOTOK MJIM NNa3Mbl KPOBH, @ Takxe pedepeHCHbIX
00pa3L0oB; BHECEHME KOHBIOTMPOBAHHbIX BTOPUYHBIX
antuten. YposeHnb RBD-cneumdunyeckux aHtuten
onpenenstoT OTHOCUTENIbHO YPOBHSI CUTHana onTu-
4YeCkoM NAOTHOCTU Npu AAnHe BOAHbI 450 HM. Takon
cnocob oueHku ypoBHsa RBD-cneundmnyHbix aHTUTEN,
KOTOpble MOTEHLMANbHO MOTYT ObITb BUPYCHENTpa-
numsywmmK, aensetca bonee b6biIcTpbiM M 6esonac-
HbIM, YeM NpaMas peakuusa HeWTpanusaumu in vitro
C UCNONb30BAHUEM XMBOFO MU NCEBLOTUNUPOBAH-
Horo supyca. Kpome Toro, gaHHbIM NOAX0A MOXHO
NPUMEHATb AN U3yyeHus cneumduryeckon akTus-
HOCTM nNpenapaToB AN Tepanuu W 3KCTPEHHOM
npodunaktukn COVID-19. B wacTHOCTH, ypOBeHb
cneumduyeckoro curHana kK pekoMbuHaHtHomy RBD
B HenpsamoM UMDA sBnsaca ofLHUM U3 KpUTepUeB OT-
H60pa 0OHOAOMEHHbIX aHTuUTen [4] npu pa3paboTke
npenapata lamMKoBuMab, ycnewHo npowealwero
nepsyto a3y KAMHUYECKUX UCCIe[0BAHMN.

KnioyeBbIM KOMMNOHEHTOM Ans pa3paboTku Mme-
Toaa onpepenenns RBD-cneumnduuecknx aHtuten
B peakuuu Henpsamoro MMA aBnseTcs oUMLEHHbIN
npenapat pekombuHaHTHoro RBD. CnepoBaTtenbHo,
ONS NONyYeHUs NPOU3BOACTBEHHbIX cepuit MDA
TecT-cMcteM Heobxopumo paspaboTatb TexHOO-
rM nonyyeHuns pekombuHaHtHoro RBD, nmetowwe-
ro BbICOKYH CTeNeHb YNCTOTbI W, IMaBHoe, obnaaa-
owero cneumMPuueckon akTMBHOCTbIO. B paHHOM
paboTte Hamu 6bina pa3paboTaHa TEXHONOrUS Mo-
nyyeHus romoamMmepHoi GOpMbl PeKOMBUHAHT-
Horo RBD, obnapatower 6onbwen aBUAHOCTbIO
K cneunMduyecknuM aHTUTENaM W, Kak cnencrteue,
60/1bUNMM YPOBHSAMM CUrHANA NO CPABHEHUIO C MO-
HoMepHoOW (hopMoii B peakuum Henpsamoro MDA,

TMonyuyeHue knemoyHol NUHUU, CMA6GUNIbHO
npodyuupyrouieii pekoMbuHanmHeiii RBD

Mpu nonyyeHnn KNETOYHOW NMHUMK, CTAaBUNBHO
npoayuupytowen pekombuHaHTHeii RBD, ocHoB-

HbIMWU MNapamMeTpaMu SBNAKOTCA BbIXOL LENeBOro
npoaykTa u ero kayectso. [Nockonbky RBD S-6enka
Bupyca SARS-CoV-2 nmeeT yeTbipe carTa rnKO3u-
NIMpOBaHMA, U3 KOTOPbIX ABa canta O-rnukosunu-
poBanusa [13] u aBa cavTta N-rnmMko3unmMpoBaHus
[14, 15], a TakXXe Heckonbko AUCYNbGOUAOHBIX CBS-
3ei [14], HeobxopnMo OblNO MCMNONL30BATHL Kile-
TOYHYIO NUHUIO, CNOCOBHy obecneynBaTb AaH-
Hble Mogaudukaummn bHenka. YuuTbiBasgs 3TO, HAMMU
6bina BbibpaHa kynbTypa knetok CHO-S, nosso-
NAWas AOCTUraTh BbICOKUIA YPOBEHb 3KCNPeECCcHm
TpaHCreHa, a Takxe obecneymBaTb MMKO3UANPO-
BaHMe 1 obpasoBaHue ancynbduaHbIX cBs3er [16].
B kauvecTBe 3kcnpeccupytowero Bektopa boina mc-
nonb3oBaHa nnasmupa pCEP4, obecneumBatowas
BbICOKMIA YPOBEHb 3KCMPECCUM TPAHCreHa NoJ KOH-
Tponem CMV-npomoTopa, a Takxe obnagaroLwas

BO3MOXHOCTbIO  CefekumMmM  KNOHa-npoayLeHTa
Ha aHTUBMOTUKE TMrPOMULMH B.
AMUMHOKMCNOTHYKO nocneposatenbHocTs RBD

S-6enka Bupyca SARS-CoV-2 (319-541 a.0) Mo-
anduumposanu in silico ¢ N-KoHUA CUrHaNbHbLIM
nenTuaom wenoyHon pocdatasbl SEAP n c C-koHua
nocnenoBaTeNlbHOCTbIO  [ULMH-CEPUHOBOrO  JIWH-
Kepa v rMCTUAMHOBOM METKM Ons cekpeuumm benka
B KY/IbTYPaNIbHYH XWUAKOCTb MU BO3SMOXHOCTU OYUCT-
KM C NOMOLLbI MeTann-xenaTHon adp@PUHHOM xpo-
MaTorpadumen CoOTBeTCTBEHHO. (xema KOHCTpYK-
Luuu npeacTaBneHa Ha pucyHke 1. AMUHOKMCNOTHaN
M HYKNEeoTMAHAas NoC/NefoBaTe/NIbHOCTU MONyYeH-
HOM KOHCTPYKLUMM NpeaCcTaBieHbl HA pUCYHKe 2.

Nlanee HyKNeoOTUAHY NOCNef0BaATENbHOCTb, KO-
LVPYIOLWY CO3AaHHYI0 in Silico KOHCTPYKUMIO, CUH-
Te3upoBanu n knoHmposanu B sBektop pCEP4, nony-
yas Takum o06pasom BekTop pCEP-RBD-SARS-CoV-2.
CxemaTtuyHoe nsobpaxeHune nnasmuabl pCEP-RBD-
SARS-CoV-2 npeacTaBneHo Ha pUCyHKe 3.

Hanee nposopgunu TpaHchekumio knetok CHO-S
MoNly4YeHHbIM BEKTOPOM, CeNeKUMo M 0T6op TpaHC-
®OULMPOBaHHBIX KNOHOB. M3yuyeHne npoayKuuu
pekoMbuHaHTHOro RBD B KynbTypanbHyl Xua-
KOCTb OTAENbHbIMM KNOHAMWU OLLEHUBANU METOAOM
b6uocnonHon WHTepdepoMeTpum, MNO3BONSIOLLMUM
onpenenaTb KOHUEHTpaumio 6enkoB, coaepxalimx
rMCTUAMHOBYO MeTKy. B pesynbrate 6bin 0TO6paH
ONTUMANbHLIM  KNOH-NPOAYLEHT, obecneynBato-
WM BbIXxod pekoMbuHaHTHoro 6enka RBD okono
30-50 ™mr/n KynbTypanbHOM XnakKoctu. B npouecce
KYNbTUBMPOBAHMUS BbII0 0BHAPYXEHO, YTO MpU AAU-
TENbHOM KynbTMBMpPOBaHMK (Bonee 7 cyT) oTobpaH-
HOro K/I0Ha-NPOAYyLEHTa B KYAbTypaNbHbIX Konbax
B pexume fed-batch ¢ no6aBneHneM rnoKo3bl U ro-
TaMWUHA NOCTENEHHO NPOUCXOAUT HAaKonaeHne roMo-
AnMepHbIX popm pekomMbuHaHTHOro RBD, koTopbie
BMNOC/NEACTBUMM MOXHO BbIAENUTb NMPU NOMOLLM Me-
Tann-xenaTHom apdurHHOM xpomaTorpadpun (puc. 4).
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RBD

[ His-tag ]

)

Puc. 1. CxemaTtuyeckoe wu3obpaxkeHUe reHEeTUYECKON KOH-
CTPYKLMK, IKCNpeccupytoLuei peLlenTop-CcBa3biBaOLWNUIA AOMEH
Bupyca SARS-CoV-2. SP — curHanbHbIli nentua, obecneunsa-
lowmi cekpeuuio 6enka B KynbTypanbHYK XWAKOCTb; RBD —
peLenTop-CBA3bIBalOLWMI AoMeH S-6enka Bupyca SARS-CoV-2;
His-tag — ructuanHoBas MeTka, obecneyuBarollas OYMCTKY
6enka adpPuHHOM xpoMaTorpaduei.

Fig. 1. Schematic representation of the RBD-expressing ge-
netic construct. SP—signal peptide enabling protein secretion
to culture broth; RBD—SARS-CoV-2 S-protein receptor-binding
domain; His-tag—histidine tag for protein purification by affin-
ity chromatography.

A
MLLLLLLLGLRLQLSLGIRVQPTESIVRFPNITNL-
CPFGEVFNATRFASVYAWNRKRISNCVADYSVLYN-
SASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRG-
DEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNN-
LDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGST-
PCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS-
FELLHAPATVCGPKKSTNLVKNKCVNFGSHHHHHHH-
HHH

B

ATGCTGCTGCTCCTGTTGCTGTTGGGACTGAGACT-
GCAACTGTCTCTTGGCATCCGGGTGCAGCCCAC-
CGAATCCATCGTGCGGTTCCCCAATATCACCAATCT-
GTGCCCCTTCGGCGAGGTGTTCAATGCCACCAGATTC-
GCCTCTGTGTACGCCTGGAACCGGAAGCGGATCAG-
CAATTGCGTGGCCGACTACTCCGTGCTGTACAACTC-
CGCCAGCTTCAGCACCTTCAAGTGCTACGGCGTGTC-
CCCTACCAAGCTGAACGACCTGTGCTTCACAAACGT-
GTACGCCGACAGCTTCGTGATCCGGGGAGATGAAGT-
GCGGCAGATTGCCCCTGGACAGACAGGCAAGATC-
GCCGACTACAACTACAAGCTGCCCGACGACTTCAC-
CGGCTGTGTGATTGCCTGGAACAGCAACAACCTG-
GACTCCAAAGTCGGCGGCAACTACAATTACCTGTAC-
CGGCTGTTCCGGAAGTCCAATCTGAAGCCCTTCGAGC-
GGGACATCTCCACCGAGATCTATCAGGCCGGCAGCAC-
CCCTTGTAACGGCGTGGAAGGCTTCAACTGCTACTTC-
CCACTGCAGTCCTACGGCTTTCAGCCCACAAATGGCGT-
GGGCTATCAGCCCTACAGAGTGGTGGTGCTGAGCTTC-
GAACTGCTGCATGCCCCTGCCACAGTGTGCGGCCCTA-
AGAAAAGCACCAATCTCGTGAAGAACAAATGCGT-
GAACTTCGGAAGTCACCACCATCATCACCACCACCAT-
CATCACTGATAA

Puc. 2. AMuHokucnoTHas (A) U HykneotuaHas (B) nocnenoBa-
TENbHOCTU pa3paboTaHHOW FeHeTUYeCKOM KOHCTPYyKUMU. Cu-
HWUM LBeTOM 0603HayYeHa NOC/IefOBaTENbHOCTb SP, KpacHbIM
LBeToM — nocnenosatenbHocTb His-tag.

Fig. 2. Amino acid (A) and nucleotide (B) sequences of the de-
veloped genetic construct. The signal peptide sequence is
shown in blue; the His-tag sequence, in red.
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pCEP-RBD-SARS-CoV-2
10,925 bp

Puc. 3. CxemaTuuyeckoe msobpaxeHue nnasmuabl pCEP-RBD-
SARS-CoV-2.

Fig. 3. Schematic representation of the pCEP-RBD-SARS-CoV-2
plasmid.

Ha 7 cyT KynbTMBMPOBAaHUS MNpPOMUCXOAUT 06-
pa3oBaHWe M HAKOM/IeHWe roMoAMMEpHbIX GOopM
RBD c ™monekynapHoin maccon okono 60 k[a
(puc. 4, popoxka 5). MoasuxHoCcTb MOHOMepa RBD
Ha 3nekTpodoperpamme okono 30 k[a (puc. 4,
LOpOXKM 1-4) MoxeT OblTb 00BACHEHA TNMKO3MU-
nuposaHvem RBD. o Bcei BMAMMOCTH, OaHHOe
SBIeHMEe CBSI3aHO C TEM, YTO B aMUHOKWUCIOTHOW
nocneposatensHoctu RBD (319-541 a.o.) npwu-
CYTCTBYET HeCMapeHHbld OCTAaTOK UMCTeMHa, Ba-
KaQHTHbIM Ang obpasoBaHus S-S CBA3M U, TakuM
06pa3oM, CnNocobHbIM MHUUMKMPOBATL 0bOpa3oBa-
Hue romoaumepa u3 AByx monekyn RBD. Pesynb-
TaTbl 3nekTpodopesa B HEBOCCTAHABAMBALLMX
yCNOBMAX MOKa3anu, 4To B 06pasue OYULLEHHOTO
pekoMbuHaHTHOro RBD Ha 7 cyT KynbTMBMpOBa-
HUS OTUYET/IMBO BbISIBNSIETCA roMoAnMepHas Gopma
C MonekynsipHor Maccoi okono 60 k[la (puc. 4, no-
poxka 5), a npu anekTpodopese B BOCCTAaHABIMNBA-
IOLWKUX YCNOBUAX OETEKTUPYETCHA MPEeUMMyLeCcTBEH-
HO MOHOMepHas ¢dopma 3aTtoro obpasua RBD (puc. 4,
popoxka 11). JaHHble, nonyyYeHHble Npu nposeae-
HUKM 3nekTpodopesa, NOATBEPXKAAKT runoTesy ob-
pasoBaHua aumepa RBD 3a cuet amcynbduaHbix
CBsA3€eM HecnapeHHbIX LMCTEMHOB, TaK Kak Npu BOC-
CTaHOB/IeHWUM [3-MepKanTO3TaHONOM JaHHAas CBS3b
paspywaeTcs u B obpasue HabnwpaeTcs npenmy-
LecTBEHHO MOHOMepHas dopma.

Ouucmka u pasdesneHue MOHOMepPHbIX

U 20MOOUMepHbIX popM peKkoMBUHAHMHOo20 RBD
OTOBpaHHbIN KNOH-NPOAYLEHT KYNbTUBMpPOBAM

B KYNbTYpasbHbiX Konbax dpneHmeriepa 06beMoM

1000 mn B paboyeM ob6beme 200 Mn B TeUeHue 7 cyT,
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Puc. 4. dnektpodoperpamma 06pasLoB pekoMbUHaHTHOro RBD, ouuieHHbIX MeTann-xenatHon adduHHOM XxpomaTtorpadueit
B pa3Hble CyTKM KYJIbTUBUPOBAHMS. DNeKTpodopes NpOBOAMIN B HEBOCCTaHABAMBAOLWMX (LOPOXKKM 1-5) U B BoCCTaHaBAMBaOWMX
ycnoBusix (Lopoxku 7-11). lopoxku Ha anekTpodoperpamme: obpaseLll, OUMLLEHHBIN HA 3 CYT KYNbTUBMPOBaHUS, — AOPOXKK 1, 7;
o6pasel, OUMLLEHHBIN Ha 6 CYT — AOPOXKM 2, 8; 06pazeLl, OUMLLEHHDBIN Ha 4 CyT, — AOPOXKM 3, 9; 06paszeL, OUMLLEHHBIN Ha 5 cyT, —
LLOpOXKK 4, 10; o6pa3zeL, OYMLLEHHbIM HA 7 CyT — LOpOXKM 5, 11; Mapkep MonekynsipHoi mMacchl (Precision Plus Protein Dual Color
Standards, Bio-Rad, CLLUA) — gopoxku 6, 12.

Fig. 4. Electropherogram of recombinant RBD samples purified by metal-chelate affinity chromatography on different days of cul-
tivation. Electrophoresis was performed under non-reducing (lanes 1-5) and reducing conditions (lanes 7-11). Electropherogram
lanes represent samples purified on cultivation day 3 (lanes 1, 7), day 4 (lanes 3, 9), day 5 (lanes 4, 10), day 6 (lLanes 2, 8), and day 7
(lanes 5, 11); lanes 6 and 12 show the molecular weight marker (Precision Plus Protein Dual Color Standards, Bio-Rad, USA).
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Puc. 5. Xpomatorpamma pekoMbuHaHTHoro RBD. XpoMaTtorpadumueckyto o4MCTKY NPOBOAMIM C MOMOLLbIO refib-dunbTpauum C uc-
nonb3oBaHueM konoHkn XK 26/100, ynakoBaHHo! copbeHTom Superdex 200 pg.

Fig. 5. Chromatogram of the recombinant RBD purified by gel-filtration chromatography using an XK 26/100 column packed with
Superdex 200 prep-grade resin.

rnocfie Yero KynbTypasnbHyH XuAkocTb otaenanu  CobpaHHble ¢pakumu, cogepxawme RBD, o6benu-
OT KNeTOK U OYMLLaNM Npu NOMOLUM METANN-XenaT-  HAW, KOHUeHTpupoBanu Ao obvema 10 mn ¢ wmc-
HoWv adpdrHHOM xpomaTorpadmm C MCNONb30BAHUEM NONb30BaHWEM LEHTPUDYXHbIX KOHLEHTPaTopoB
KonoHku HisTrap HP. Mpu xpomatorpadpupoBaHum W panee nposoaunu renb-dunsrpaumio. B pesynb-
KYNbTYpanbHY XWMAKOCTb HAHOCMAIM YacTaMu  TaTe refib-GunbTpaumMmM Npoucxoanno pasaenexHue
no 30-40 Mn; Npy 3TOM C OAHOIO0 HAHECEHMS Ha KO-  MOHOMEpPHOW W romMoaumepHol ¢GopM pekombu-
NOHKY nonyyanu okono 1 mr uenesoro 6enka RBD.  HaHTHOro RBD (puc. 5).

B/Onpenapatbl. [podunakTmka, AMarHocTuka, nevexne. 2022
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Puc. 6. Pe3ynbratbl BecTepH-610T aHanu3a pasnnyHbiXx dpakuuit pekoMbuHaHtHoro RBD ¢ ucnonb3oBaHmeM cneunduyeckmnx
MOHOKNOHaNbHbIX aHTUTen GamP2C5 (mopoxku 1-3) u GamXRH19 (nopoxku 5-7): nopoxkun 1, 5 — pekombuHaHTHbIM RBD mo
renb-GuUNbTpaLnK; LOPOXKM 2, 6 — MOHOMEPHbIN pekoMBuHaHTHbIM RBD; nopoxku 3, 7 — roMoaMMepHbI peKoMBUHaHTHbIN RBD;
LLOpPOXKK 4, 8 — Mapkep MonekynspHoi maccel (Precision Plus Protein Dual Color Standards, Bio-Rad, CLLUA).

Fig. 6. Western blots of recombinant RBD fractions, obtained with specific monoclonal antibodies GamP2C5 (lanes 1-3) and
GamXRH19 (lanes 5-7); lanes 1 and 5—recombinant RBD before gel-filtration chromatography, lanes 2 and 6—monomeric recom-
binant RBD, lanes 3 and 7—homodimeric recombinant RBD, lanes 4 and 8—molecular weight marker (Precision Plus Protein Dual

Color Standards, Bio-Rad, USA).

Takum obpas3oM, B pesynbrate renb-Gunbrpa-
uun  nonyunnm dpakuuu, Copepxalime npenmy-
LecTBeHHO romoamMepHyto ¢dopmy RBD (nepsbii
NWK) U NPeUMyLLeCTBEHHO MOHOMEpPHY GopMy
(BTOpor nuk). Oanee nonyyeHHble GpakuMmn aHa-
NM3MPOBaNM MO B3aMMOAENCTBUIO CO cneunduue-
CKUMW QHTUTENaMMU C MCMNONb30BaHWEM MeTOAO0B
BecTtepH-6no1, 6GuocnonHon uHTeppepomeTpumn
n Henpamoro NMA, a Takxe C CbIBOPOTKAMU KPOBU
OT BakuMHUpoBaHHbIX [aM-KOBW-Bak c nomouwbio
mMeToaa Henpamoro MDA,

U3yyenue e3aumodeiicmeus nosy4eHHbix opm
pekomMbuHanmHozo RBD co cneyuguyeckumu
aumumenamu memodom BecmepH-610m

PaspeneHHble nNpu nomowm renb-GuUasTpaLmm
dpakuMm C roMOAMMEPHON M MOHOMepHOW op-
Mamu pekoMbuHaHTHoro RBD uccneposanu c no-
mMowbto BecTtepH-6n0T aHanmM3a Ha cnocobHOCTL

CBA3bIBATbCA CO CNeuuduyeckMMm MOHOKJIOHaNb-
HbIMKM aHTUTeNnamu (puc. 6). B kauectBe cneundu-
4YEeCKMX MOHOKJ/IOHA/bHbIX aHTUTEN UCMOMb30BaM
aHTuTena GamP2C5 n GamXRH19, asnsawowmecs
KoMnoHeHTamu npenapata famKosuMab, npepHa-
3Ha4YeHHOro gns tepanuu 3abonesaHuns COVID-19.
B kauectBe KoHTpoONg ucnonb3oBanu obpasel pe-
KoMbuHaHTHOro RBD pno paspeneHns ¢ nomoLbio
renb-punbTpaumm.

Pe3ynbTaThl, nonyyeHHble C nomolwblo Be-
CTepH-6/10T aHanu3a, nokasanu, YTo U MOHOMep-
Has, U romoauMepHas GopmMbl peKOMOUHAHTHOIO
RBD B3aumopencTByoT co cneundunyeckmmm aH-
TMuTenamu. MonyyeHHble faHHbIE CBUAETENbCTBYIOT
0 TOM, 4TO M MOHOMEpPHas, U roMoanuMepHas GopMmbl
pekoMbuHaHTHOro RBD aBnsitoTcs dyHKUMOHANBHO
aKTUBHbIMW MOJNIEKYNaMK, CNOCOBHBIMU CBSA3bIBATb-
€S CO CneundUYeckMMmn aHTUTENAMU, U HE ABASKOT-
CS NOCTOPOHHUMU NPUMECAMM.

Tabnuua 1. [laHHble onpeaeneHns paBHOBECHbIX KOHCTAHT Auccoumaumm (Ky)
Table 1. Data on the determination of equilibrium dissociation constants (K)

®opma pekombuHaHTHoro RBD
Recombinant RBD form

MoHoMepHas dopma RBD
Monomeric RBD

lfTomoanmepHasa ¢opma RBD
Homodimeric RBD

McxopHbivi obpasew, RBD po renb-
$unbTpauum (CMeCb MOHOMEpPHOW

1 romoaunmMepHoi gopm RBD)

Initial RBD sample before gel filtration (mix
of monomeric and homodimeric forms)

Biological Products. Prevention, Diagnosis, Treatment. 2022

K, MOHOKNIOHaNbHbIX aHTUTEN
GamP2C5
GamP2C5 monoclonal antibody K,

(1,60%0,25)x108 M

(2,10%0,45)x10° M

(1,800,79)x10% M

K, MOHOKNOHanbHbIX aHTuTen GamXRH19
GamXRH19 monoclonal antibody K,

(1,20%0,58)x10 M

(3,20%0,45)x10* M

(1,80%0,30)x10 M
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Puc. 7. PeaynbTaTbl U3yyeHMs B3aMMOAENACTBUS NONyYEHHbIX POpM pekoMbuHaHTHOro RBD (A — cMecu MOHOMepHOM 1M roMmoanMep-
Ho¥ dopm RBD, B — MoHoMepHo dopmbl RBD, C — romogumepHoi dopmbl RBD) co cneunduyeckMMm MOHOKIOHANbHBIMU aHTUTE-
namm GamP2C5 n GamXRH19 meTonoM UMMyHODEpMEHTHOro aHanu3a. B nereHae npencraBneHbl 0603Ha4YeHMUs UCNONb30BAHHBIX
aHtuten: GamP2C5 — TaxenouenoyeyHoe MOHOKIOHANIbHOE aHTUTENO, KOMNOHEHT npenapaTta laMKoBuMab; GamXRH19 — ryma-
HWU3MPOBAHHOE MOHOKJ/IOHANIbHOE aHTUTENo, KOMMNOHEHT npenapata faMKoBuMab; h6g3 — rymMaHu3MpoBaHHOE MOHOKIOHaNbHOE
aHTUTENOo, KOMMNOHEHT npenapaTta [aMl3yMab (oTpuuaTeNbHbli1 KOHTPOb).

Fig. 7. ELISA analysis of interactions between the obtained recombinant RBD forms (A—monomeric and homodimeric RBD mix,
B—monomeric RBD, C—homodimeric RBD) and specific monoclonal antibodies (GamP2C5 and GamXRH19). The legend shows
the antibodies used: GamP2C5 is a heavy chain monoclonal antibody, a component of GamCoviMab; GamXRH19 is a humanised
monoclonal antibody, a component of GamCoviMab; and hé6g3 is a humanised monoclonal antibody, a component of GamEzuMab
(negative control).

U3yuenue e3aumodelicmeus nosy4eHHbIX popm

pekoM6uHanmuozo RBD co cneyuguyeckumu YcTaHoB/ieHo, 4To romMoanmepHas ¢opma RBD
aHmumenamu Memooom 6uoc/0iHOI 06nafaeT MOBbIWEHHLIM CPOACTBOM K MOHOKNO-
uHmepgepomempuu HaNnbHbIM @HTUTENAM, YTO MOXeT ObITb ClieaCTBU-

KonuuecTBeHHyl0  OLEHKY B3aUMOAEWCTBMS €M Hanuuus 6Honbllero KonuMyecTsa 3MNUTOMOB
roOMOAMMEPHON M MOHOMEpPHOM GOpM pekomMbu- B OLHOWM Mofiekyne Ans CBS3bIBaHMS C Maparo-
HaHTHoro RBD co cneuuduyeckMMm aHTMTENnamm naMM MOHOKNOHANIbHbIX aHTUTen. Tak, aHTuTena
GamP2C5 1 GamXRH19 usyuyanu npu nomowm onpe-  GamP2C5 n GamXRH19 umetoT no AgBa napatona
AeNneHus paBHOBECHbIX KOHCTAHT Auccoumnaumu (K,) B KaX[AOW Monekyne, KOTOpble MpeanonoXurenb-
MeToL0M 6uocnorHon UHTepdepomMeTpum HO MOryT OJHOBpPEMEHHO B3aMMOAENCTBOBATb
C ucnonb3oBaHuem npubopa Octet RED96 v ceH- ¢ ABYMS anuTONaMu B MOJIEKy/le rOMOAMMEPHOTO
copoB Anti-Human Fc Capture. lNony4yeHHble B pe-  pekoM6uHaHTHoro RBD u Takum o6pasom yBenu-
3ynbTaTe AaHHble NpeacTaBeHsl B Tabnuue 1. YUMBATb aBUAHOCTb aHTUTEN.

B/Onpenapatbl. [podunakTmka, AMarHocTuka, nevexne. 2022
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Puc. 8. Pe3ynbTathl M3yyeHUs B3aMMOAENUCTBMS NonyveHHbIX GopM pekoMbuHaHTHoro RBD (A — cMecn MOHOMEpPHOW M roMmoau-
MepHoi dopm RBD, B — MoHoMepHo1t dopmbl RBD, C — romoammepHoit @opMbl RBD) ¢ UMMYHHbIMM CbIBOPOTKAaMM KPOBM OT NtOLEN,
BakUMHMpOBaHHbIX [aM-KOBU-Bak, MeTofoM UMMyHObepMeHTHOro aHanusa. B nerenpe npenctaBneHbl 0603Ha4YeHUs MCMOb30-
BaHHbIX 06pa3L0B CbIBOPOTKM KpoBU: 1, 2, 3,4 — 06pasLibl CbIBOPOTOK KPOBM BAKLMHMPOBAHHbIX LO6POBOAbLLEB; 5, 6 — 06pa3Lbl
CbIBOPOTOK KPOBM HEBAKLMHMPOBAHHbIX AO6POBONbLEB (OTPULLATENbHbIH KOHTPOb).

Fig. 8. ELISA analysis of interactions between the obtained recombinant RBD forms (A—monomeric and homodimeric RBD mix,
B—monomeric RBD, C—homodimeric RBD) and immune sera from vaccinated volunteers. The legend shows the serum samples
used: 1, 2, 3, 4—sera of volunteers vaccinated with Gam-COVID-Vac; 5, 6—sera of non-vaccinated volunteers (negative control).

U3yueHue e3aumodelicmeus nosy4eHHbIX popm
pekoMbuHaHmHozo0 RBD co cneyuguyeckumu
aHmumenamu U UMMYHHbIMU CbI6OPOMKAMU KposuU
8 peakyuu Henpsamoz2o MDA

lpoBoaunu aHanu3 B3aMMOLENCTBUS NOJSyYeH-
HbIX popM pekoMbBuHaHTHOro RBD (MOHOMepHOI
dopmbl RBD; romogumepHon ¢popmbl RBD; ncxoa-
Horo o6pasua RBD po renb-punstpaunn — cmecu
MOHOMEpPHOW 1 romoammepHoi dopm RBD) ¢ MoHo-
KNOHaNbHbIMU aHTUTENaMm GamP2C5 n GamXRH19
nnu obpasLamMm CbiIBOPOTKU KPOBU BAaKLMHUPOBAH-
HbIX NuL. B KauecTBe OTpULATENbHbIX KOHTpONen
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ucnonb3oBanu aHtuTeno hég3, cneumduyHoe
K rnukonpoTenHy GP Bupyca 360na, a Takxe CbiBO-
pOTKY KPOBM HEBAKLMHUPOBAHHbIX LO6POBObLLEB.
PesynbTaThl NpeAcTaBneHbl HA pUCYHKax 7 u 8.
MonyyeHHole B WMMA paHHble KoppenupyloT
C pe3ynbTaTaMu npegpliaywmnx mccnenosaHumi. lMo-
Ka3aHo, 4YTO YpOBeHb cneuuMdU4eckoro CurHana
(onTnyeckas nAoTHOCTb nNpu 450 HM) U 3HAYEHUS
TUTPOB KakK cneunduyeckux MOHOKIOHANbHbIX
AHTUTEN, TAaK N UMMYHHbIX CbIBOPOTOK KpOBM Hau-
b6onee BbICOKME B C/y4yae MCNONb30BAHUS FOMO-
AnMepHon dopmbl pekoMbuHaHTHOro RBD, Huxe
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B C/ly4ae MCnonb3oBaHMs ncxonHoro obpasua RBD
(cMecb HepasgeneHHbIX MOHOMEPHOW M TFOMOAM-
mepHoi ¢dopm RBD) n camble HU3KMe npu mMcnonb-
30BaHUM MoHoMmepHoi dopmbl RBD. MonyyeHHbie
OaHHble TakXe NOATBEPXAAlT, YTO romMoamnmep-
Has ¢opma RBD obnapaet 6onbliein aBUAHOCTbIO
K CI'IELI,M(DVILIECKVIM MOHOKJ/IOHAa/1IbHbIM aHTUTENAM
n cneumdUyYecKkMM aHTUTENaM B CbIBOPOTKE KPOBM
BaKLMHMPOBAHHbIX AobpoBonbues. [MpeactaBneH-
Hble pe3ynbTaTbl NO3BONAT YyTBEPXAATb, YTO rO-
moamuMepHas ¢opma RBD 6onee npeanoututens-
Ha ansa co3panua MMA TecT-cucTeM ONg OLEHKM
cneumdnyeckon akTUBHOCTM MNpenapaTtoB MOHO-
KNOHANbHbIX aHTUTEN, @ TaKXe OLEHKM YpOBHS
RBD-cneundunyHbix aHTUTEN (MOTEHUMANbHO BU-
PYCHENTPanuU3yoLmx) B CbIBOPOTKE KPOBW BaKLMU-
HUPOBAHHbIX M NepeboneBLUNX NOLEN.

BbiBoabl

1. TlonyyeHa kneToyHas AMHMS, CTABMABHO Npoay-
LMPYIOLLAs PEKOMOMHAHTHbINM peLenTop-CBs3biBa-
towmii nomeH (RBD) S-6enka supyca SARS-CoV-2.
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