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Llenmp cenomubIx Uccae008aHULI MUPOBO2O YPOBHS NO 00ecneueHUIo O10A02U4ecKoll 6e30NaACHOCMU U MeXHOA02UYECKOll
He3zagucumocmu 6 pamkax PedepanrvHoil HAYHHO-MEXHUHECKOL NPOSPAMMbL PA3GUMUSL 2eHEMUYECKUX MeXHOA0UI
DHYH [ocydapcmeennuiil HayuHbLil yenmp eupycosoeuu u buomexunoaoeuu «Bexmop» Pocnompebradsopa,

p. n. Koavyoso, Hoeocubupckas ooa., Poccus

Pesiome. MaccoBas BakumHauus mpotuB SARS-CoV-2 mipeacraBisieTcss OMTHUM 13 HanmboJiee BaskKHBIX
ATAIlOB Ha MYTU paspelieHus mpoodseMbl maHaemMmun COVID-19, koTopas 3a ABa C MOJIOBUHOI roga yHec-
J1a SKM3HU MIJUTIOHOB 4ejioBeK. [t co3dmanust antu-COVID-19 BakiimH ObLIN 3aA¢CTBOBaHBI KaK TPaan-
LIMOHHbIC MOAXOAblI (MHAKTUBUPOBAHHBIC BaKIIMHBI), TaK 1 MHHOBAlLIMOHHBIE, OJlarojapsi YeMy Ha pbIHKE
TMOSIBUJIMCHh BaKIIMHBI Ha OCHOBEe HYKJIeMHOBBIX KuciaoT (MPHK-, JIHK-BakumHbr). MBI CKOHCTPYHUPOBAIIA
miasmuay (JHK-BakiinHy), KOnUpyIOIIyo TeH pelenTop-cBs3biBatoiiero nomeHa (RBD) 6enka mumna (S)
Bupyca SARS-CoV-2. Hannasa JHK-Bakimmaa Obura HazBaHa pVAXrbd. [Iiaa ynakoBku pVAXrbd ObLT mC-
MOJIb30BaH MOJUMKATUOHHBIN HOCUTENb NOJUIIIOKMH-ciepMuauH (PGS), a Takke ero KoHblorat ¢ peKom-
onmHaHTHBEIM O0e1koM RBD (PGS-RBD). Ilpu mo6asiieHMHM OoTpHLATEIBHO 3apsokeHHOU Tnrazmmaoi JJHK
pVAXrbd k monukatruoHHbiM moJiekyiaam PGS unu PGS-RBD, npoucxonuio ¢opMupoBaHue KOMIJIEK-
CoB TToIMMepoB ¢ TasmMumHoi JIHK myreM caMocO0pKH 3a cueT HeKOBAJICHTHOTO B3anMoeiicTBus. Llenbro
JMaHHOI pabOThI OBLIO UCCAEAOBAaHNE KJIETOYHOTO OTBeTa, MHAylMpoBaHHOoro JIHK-BakiinHoM B pa3InyHbIX
BapHMaHTaX YIIaKOBKM, a TakKKe aHAJIM3 BKJIaJa YIIAaKOBKM B pa3BUTHE MMMYHHOTO OTBeTa. MBIIIaM JTMHUM
BALB/c BBonuiu JJHK-BakiimHy B Tpex BapuaHTax: «roayto» pVAXrbd; miasmuny pVAXrbd B o6oiouke
PGS; pVAXrbd B o60mouke PGS-RBD. B kauecTBe KOHTPOJISI JKUBOTHBIM BBOJAMIN PEKOMOWHAHTHEBIN Oe-
Jok RBD. KnerouHnslii otBeT otteHuBaiu mo npoaykuuu IFNy ¢ momorisio nByx Mmetonos — ELISpot u ICS
C UCITOJIb30BaHMEM MPOTOYHOM nmToMeTpueit. buuio mokasano, uyro JIHK-Baknmaa pVAXrbd kak cama 110
cebe, TaK U B COCTaBe KOMILJIEKCOB, 00JIalacT CIIOCOOHOCThIO MHAYLIUPOBATh KJIETOYHBI MMMYHHBIA OT-
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BeT. Hanboiree 3¢ (eKTUBHBIN KIIETOUHBIN OTBET OBLI OOHAPYKEH B TPYIIIIE KMBOTHBIX, MMMYHU3UPOBAH-
HbIX KoMmIiekcoM pVAXrbd-PGS. C nomoibsio metona ELISpot ast aToii rpymniibl ObLJ10 3aperucTpUpOBaHO
HaunOoJIbIIIee KOJTNYECTBO KJIETOK, OTBETUBIINX BhIOpocoM [FNy Ha ctumynsiiuiio crieiuduiecKuMu Ter-
TuaamMu; ¢ moMoubio ICS 1 MpoToYHO UMTOMETPUU A1 DTOUM Ipymnnbl ObLT MOKa3aH OOJbIIUNA MPOLIEHT
IFNy-nponyuupytouux CD4* u CD8*T-kineTok. DTOT ahdeKT, Mo-BUANMOMY, CBSI3aH C TEM, UTO 000JI0UKA
W3 NOJUTIIOKUH-cnepMmunnHa 3ammuiaet JJHK ot geiictBus Hykiteas, a komiuiekebl pVAXrbd-PGS 6onee
3(pHEKTUBHO y3HAIOTCSI AaHTUTEHITPE3EHTUPYIOIIMMHU KjeTKaMu, yeM roJjias razmuaHas JJHK. TMpencras-
JICHHbIC pe3yJibTaThl MOKA3bIBAIOT, YTO 000J0UYKA 13 MOJUIIIOKMH-CIIEPMUIMHA 0OecieYrBaeT MOBBILICHUE
nvmmyHoreHHocTu JITHK-Bakiimuabsl pVAXrbd B oTHOIIeHNN BUpPYC-cieInPuIecKoro T-KIeTOYHOTO OTBETA.

Knrouesgvie cnosa: SARS-CoV-2, JIHK-6akuyuna, ummynnsiit omeem, ELISpot, ICS, ynakosxa JIHK-eaxuyun

CELLULAR IMMUNE RESPONSE TO DNA VACCINE ENCODING
RECEPTOR-BINDING DOMAIN OF SARS-CoV-2 S PROTEIN:
DEPENDENCE ON THE PACKING MODE

Borgoyakova M.B., Karpenko L.I, Starostina E.V., Volosnikova EA.,
Zadorozhny A.M., Orlova L.A,, Ilyichev A.A.

Center of Genomic Studies in Biological Safety, State Research Centre of Virology and Biotechnology “Vector”,
Koltsovo, Novosibirsk Region, Russian Federation

Abstract. Massive vaccination against SARS-CoV-2 appears to be one of the most important steps towards
solving the problem of the COVID-19 pandemic, which threatened the lives of millions of people over two
and a half years. To create anti-COVID-19 vaccines, both traditional approaches (inactivated vaccines),
and innovative efforts were used, including the nucleic acid-based vaccines (mRNA, DNA vaccines) which
appeared on the market. We constructed a plasmid (DNA vaccine) encoding the gene for the receptor-binding
domain (RBD) of spike protein (S) of the SARS-CoV-2 virus. This DNA vaccine was named pVAXrbd. The
polycationic carrier polyglucin-spermidine (PGS) and its recombinant RBD protein conjugate (PGS-RBD)
were used to package pVAXrbd. By adding the negatively charged DNA pVAXrbd plasmid to polycationic PGS
or PGS-RBD molecules, the complexes of polymers with plasmid DNA were formed by self-assembly, due to
their non-covalent interaction. The aim of this work was to study cellular response induced by the DNA vaccine
at various packaging options, as well as to analyze influence of the vaccine packaging upon development of
the immune response. BALB/c mice were injected with DNA vaccine in three versions: “naked” pVAXrbd;
plasmid pVAXrbd in PGS envelope; pVAXrbd in PGS-RBD wrapper. In control group, the animals were
injected with the recombinant RBD protein. Cellular response was assessed by the IFNy production using two
methods, i.e., ELISpot and ICS using flow cytometry. It was shown that the DNA vaccine pVAXrbd, both per
se, or as part of complexes, showed the ability to induce cellular immune response. The most effective cellular
immune response was found in the group of animals immunized with pVAXrbd-PGS complex. Using ELISpot
detection technique for this group, the largest number of cells responding by IFNy release was registered upon
stimulation with specific peptides; usage of ICS and flow cytometry for evaluation in this group showed higher
percentage of IFNy-producing CD4* and CDS8*T cells. This observed effect could be explained by DNA
protection from nuclease action by the polyglucin-spermidine envelope. The pVAXrbd-PGS complexes may
be also more efficiently recognized by antigen-presenting cells than naked plasmid DNA. The presented results
show that the polyglucin-spermidine envelope provides an increase in immunogenicity of the DNA vaccine
pVAXrbd, in terms of virus-specific T cell response.

Keywords: SARS-CoV-2, DNA vaccine, packing, immune response, ELISpot, ICS
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Kaemounwiii omeem na /I HK-eakuyumny
Cellular immune response to DNA vaccine

WccnenoBaHue ObUIO BBITTOJHEHO MPU MOIIEPXK-
Ke MuHucTepcTBa HayKU M BBICLIEr0 0Opa3oBaHUS
Poccuiickoii @enepatiun (cornamrenne Ne 075-15-
2019-1665).

BeeneHue

Bupyc SARS-CoV-2, BbI3bIBalOLINN OCTPbIii pe-
crimpatopHbiii cuaapoMm COVID-19, BnepBbie ObLI
oOHapykeH B I. YxaHb, B Kutae, B nmexkabpe 2019
roga. C caMmoro Havyaja MHOTHE CTpaHbl IPEAIPUHSI-
1 6ecrnpelieIecHTHbIE Mephl TI0 OrPaHUYEHUIO pac-
npocTpaHeHUS 3abojieBaHMs. BakiimHammsa — omgHa
U3 TaKuX Mep, Npu3BaHHas HE TOJbKO OrpaHUYUTH
pacripocTpaHeHre MHQGEKIMW B MOIYISIINA, HO U
00JIETYUTh TeUeHUe OO0Je3HU Mpu 3apaxkeHuu. s
co3manug aHTU-COVID-19 BakuuH ObLiu 3adeii-
CTBOBaHbl KaK TPaAWIIMOHHbIE TMOAXOIbl (MHAKTHU-
BUPOBaHHBIC BaKIIMHBI), TaK W WHHOBAIIMOHHBIC,
Onaromapsi YeMy Ha pbIHKE MOSIBUJIMCh BaKIIMHBI Ha
ocHOBe HykJenHOBBIX KuciaoTr (MPHK, JTHK) [11].
OnHO# U3 OTIMYMUTEbHBIX OCOOEHHOCTEI BaKIIWH,
OCHOBaHHBIX Ha HYKJICMHOBBIX KUCJIOTaX, SIBIISICTCS
MX CIOCOOHOCTh MHAYLIMPOBAaTb KPOME T'yMopasb-
HOTro 3¢ (GEeKTUBHBIN KICTOUYHBIIT UMMYHUTET, B TOM
yuciie IMToToKcuueckuili. Kak mokaspIBalOT pas-
JIMYHBIC UCCICAOBAHUS, OIS 3alIUTHI OT MH(MEKIINH,
BbI3biBaeMoit SARS-CoV-2, Heobxoanuma CTUMYIISI-
s 000MX 3BEHbEB UMMYHMTeTa [5]. ¥ mauueHToB
¢ OecCMMNTOMHO UM Jierkoit (popmoii 3a00J1eBaHUS
COVID-19 B oTcyTcTBUE aHTUTE OBLIM BBHISBIICHBI
BBICOKHE YPOBHM cHelHUdDUUIECKUX LUTOTOKCUYEC-
cknx T-mumponmros [7, 10], 4TOo TOATBEepXKaaeT
BaXXHOCTb T-KJIETOUHOTO OTBETa B OJOKUPOBAHUU
UHMEeKINN.

B Hacroguiee Bpemsi Heckosbko JIHK-BakiyH
npotuB SARS-CoV-2 mpoxomdT KIMHUYECKHUE WC-
MbITAHUS, OTHA U3 HUX 3apETUCTPUPOBAHA U UCTIOJb-
3yeTcd I BaKIMHAIIMK HaceiaeHud B Maouu [1, 4,
6, 9]. Henocratkom JJHK-BakiInH SBIsSIETCS UX HU3-
Kasi UMMYHOTEHHOCTBD IIPU BBEICHUM B BUIC TOJIOM
nnazmuaHoit JJHK, mosaroMy MHoOrue mcciaemoBaiu
paboTaloT Haja pa3paboTKol 3(PGEKTUBHBIX U 0e3-
OMNAaCHbBIX CPEICTB JOCTABKMU.

MBI  cKOHCTpyWpoBanu maasmumy pVAXrbd
(AHK-BakunHy), KOOUPYIOIIYIO T€H PeLernTOpCBsI-
3pIBapomrero nomeHa (RBD) 6enka mmrma (S) Bupyca
SARS-CoV-2. B kauecTBe yIakoBKH ObLI UCTTOJIB30-
BaH ITOJIMKATUOHHBINA HOCUTEIh TTOJIUTIIOKIH-CIIepP-
MUJIIWH, a TAaKXXKe €ro KOHbIOraT ¢ peKOMOMHAHTHBIM
o6enxkoMm RBD, HapabotanHbIM B KiieTkax CHO-K1.

Ileablo naHHOi padoOTBI OBLUIO MCCIIETOBaHUE
KJIETOYHOIro otBeTa, wuHaynuupoBaHHoro JIHK-

BakumHOM pVAXrbd, a Takske aHaIM3 BKJIaga e yra-
KOBKU B pa3BUTHUE UMMYHHOTO OTBETA.

MaTepmanbl N METObI

KonctpyupoBanue minasmuasl pVAXrbd 6bu10
onucaHo paHee [2]. [TocinenoBaTebHOCT TeHa, KO-
nupytouiero 6esok RBD, Obl1a KJIoHMpoBaHa B CO-
CTaBe BSYKapHOTUUYECKOro TMIa3MUIHOTO BeKTopa
pVAX. Tlonyyennyio mazmuny (JJHK-Bakumnny)
obo3Hauunu pVAXrbd. [l OLEHKU CIIOCOOHOCTU
pVAXrbd obGecneunBaTh CUMHTE3 LieJieBOro Oeiaka B
9YKapUOTUUECKMX KJIETKax TPOBOMMIM TpaHCheK-
nuto  kjetok HEK-293T. TpancdhbunupoBaHHbIE
KJIETKU ObLIU MCCieoBaHbl Ha Hanuuue oejika RBD
C TIOMOIIIBI0 UMMYHOOJIOTUHTA C BEICOKOTUTPAsKHOMN
cbiBopoTKoOit K RBD, a Takke Ha Hayinuue crieludu-
yeckoit MPHK myrem OT-ITLIP ¢ ncrons3oBanmueMm
crrienndryecKnx IpariMepoB. Oba MeToma ITOKas3a-
JIM, 4TO 3Kchpeccus reHa, konupytoiiero RBD, ag-
(GEKTUBHO TTPOXoauT Kak Ha ypoBHe PHK, Tak n Ha
YpOBHe OeJiKa B 9YKapUOTUUYECKUX KIEeTKaX.

Hapa6otka 6enka RBD B knetkax CHO-KI1 u
€ro MMMYHOTCHHBIEC CBOICTBA, a TaKKe ITOJIydeHUE
KOHBIOTaTOB JAHHOTO OeJiKa C MOJMKATUOHHBIM HO-
CUTEJIEM TTOJUTTIOKUH-CIIEPMUINHOM ObLIU OMKCa-
HbI Hamu paHee [8]. [Tpu qobaBIeHUN OTPUTLIATETHHO
3apsikeHHoi riasmuaon JIHK pVAXrbd k monoxu-
TEIBbHO 3apsKeHHBIM ITTOJIMMEpPaM — TIOJIMTTIOKIH-
criepmuarH (PGS) uwiu ero koHblorat ¢ OeIKOM
RBD (PGS-RBD) mnpoucxoguino ¢opMupoBaHUe
KOMILUIEKCOB MOJIMKATUOHOB ¢ TwiazMuaHoi JIHK
nyTeM CaMOCOOPKM 3a CYET HEKOBAJEHTHOrO B3a-
umopeiicTBusi. TakuM oOpa3oM, MBI MOJYYUIU JIBA
tuna yactuil: pVAXrbd-PGS u CCV-RBD (CCV —
combined coronavirus vaccine), B LIEHTpe KaXXIoi
u3 KoTopbix Haxommiach JJHK-Baknmna pVAXrbd.
O06pa3oBaHHbBIE YACTULIbI OB MPOAHATIU3UPOBAHBI
C TIOMOIIBIO JIEKTPOHHOU MUKPOCKOMUH, DJIEKTPO-
dopes3a B arapo3HOM Tejie U reb-(puasTpauu [3].

JJ1st OLIEeHKM UMMYHOT€HHOCTU CO3IaHHBIX KOH-
CTPYKIIMI HCIOJb30Baiu caMoK Mblmieii BALB/c
maccoii 16-18 . Bce akcepUMeHThI C XKUBOTHBIMU
MPOBOAMJIU C COOJIOAEHUEM MPUHLUIIOB TyMaHHO-
CTU B COOTBETCTBHUM C IIPOTOKOJAMU, YTBEPKICH-
HbeIMU bruostnmueckum komuretom @BYH I'HIL Bb
«BekTop» (Homep paspewieHusi: HUIL Bb «Bek-
Top» / 10.09.2020). MpBImIeil pa3geavid Ha TPYIIIEL
Mo 8 XMBOTHBIX B KaXK/I01 1 UMMYHU3UPOBAJIU CJie-
nytormuM oopasom: rpynmna CCV-RBD — komOuHu-
poBaHHO# BakunHOM, comepxameir 100 mxr JHK
u 100 Mmkr 6enka; rpynna pVAXrbd-PGS — 100 mkr
ninazMuabsl pVAXrbd, mHKancyaInpoBaHHOI B 000-
nouky u3 PGS; rpynmna pVAXrbd — 100 MKr «ro-
nasi» JIHK-BakuuHa; rpynna RBD — 100 mMxr 6enka
RBD. B rpymnrme intact ObLIM HEUMMYHU3UPOBAHHBIC
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JKUBOTHBIC. MEBIIIIC MMMYHU3UPOBAIA BHYTPUMBI-
IICYHO MBaXKIbl C MHTEPBAJIOM TP HEICAU B OCOpO
3agHel koHeuyHocTu. Criycts 10 gHei mocie BTopoii
VUMMYHU3AIIUM Y JKUBOTHBIX OBIJTA B3SITHI CEJIE3eHKN
IUIST uccnenoBaHusl T-KJIETOYHOTO MMMYHHOTO OT-
BeTa.

Cene3eHKM  TIOCJIEIOBATEIbHO  M3MEIbYalin
Ha HEWIOHOBBIX (WIbTpax ISl KJIETOK C Juame-
tpoM 1op 70 u 40 mxm (BD FalconTM, CIIA).
TTocre nm3uca 3pPUTPOIIMTOB JIM3UPYIONIUM Oy-
depom (Sigma, CIIIA) CIUICHOUMTHI IBaXKIbI OT-
mbiBaiu B cpeae RPMI u nomemanu B 1 ma RPMI
¢ 2 MM L-rnyramuna, reHtamunmHa (50 MKr/Mir)
n 10% deranbHOIl Oblubeit chiBopoTKOil (FBS)
(ThermoFisherScientific, CIIIA). Knetku noacuu-
TBHIBAJIM C TIOMOIIBIO aBTOMAaTUYECKOrOo CcYeTYnKa
xiretok TC20™ (Bio-Rad, CIIIA).

ELISpot aHanu3 mnpoBOAMJIM C MCIIOJb30Ba-
HueM Habopa Mouse IFN-gamma ELISpot kit (BD,
CIIIA), cormacHO WHCTPYKUMU IIPOM3BOIUTEIIS.
CIuieHOLMThI BHOCWUJIM B JIVHKHU B KoJindecTBe 5 x 103
KJIETOK/TyHKa. [JIsI CTUMYJISIIIUM  UCTIOTBb30BaIN
myJl TIeNTUaoB, pectpuktupyeMbix MHC xmacca 1
(H-2-Dd, H-2-Kd, H-2-1Ld) u II (H2-1Ad, H2-1Ed)
mbieit BALB/c u3 mocienoBaTeIbHOCTU peliern-
TOpCBA3bIBaloONIero goMeHa S-6enka SARS-CoV-2,
B KOHLEHTpauuu 20 MKI/MJI [UISI KaXKI0ro MenTuaa.
TTenTuapl OBUTM pacCUYMTAHBI C MTOMOIIBIO MHCTPY-
meHToB IEDB Analysis Resourse n cMHTE3UpOBaHbI
kommaHueir AtaGenix Laboratories (Kwuraiti), 4ym-
CTOTa MeNTUI0B cocTaBisia 6oee 80%. B kauecTBe
OTPHULIATEIIFHOTO KOHTPOJISI UCITOIb30BaId HECTUMY -
JIMPOBaHHbIE KJIETKHU, a B KAYeCTBE MOJI0KUTEIbHO-
o — KJIETKH, K KOTOPBIM JTI00aBJISIM KOHKaHABAIMH
A. Hucno [FNy-niponyuupyommnx KieTOK MNOACYU-
TeiBaau ¢ nomoiubio ELISpot-punepa (Carl Zeiss,
Tepmanus).

OxpalllMBaHWE  BHYTPUKIIETOYHBIX  ITUTOKM-
HOB TIPOBOJAWIY CJEAYIOLIUMM OOpa3oM: CIUICHOLIM-
Hbl BHOCWJIU B JIYHKU 24-JIyHOUHBIX KYJIBTYpasTh-
HBIX TutaHIiteToB (TPP, IlIBeiiiapust) B KOTU4ecTBe
2 x 10° KJIETOK/JIyHKY ¥ CTUMYJUPOBAIN CMECHIO BU-
pyc-crieriuuIecKnX TMenTUI0B, yKa3aHHOW BHIIIE,
B KoHIeHTpanuu 20 MKT/MJ ST KaXKIOro IIeITTH-
na. KieTkn MHKyOMpoBaiu B TeueHHe 4 4acoB MpU
37 °C B 5% CO,, mocJje 4yero BHOCWIN GpedenbanH A
(5 mxr/Mi1, GolgiPlug BD Biosciences) u mpomoirka-
JIM MHKYyOaluio elre B TeueHne 16 yacos. Ha cieny-
IOLIUI NeHb KJIETKU okpamnBaiv aHTU-CD3 Alexa
Fluor 700 (BD, CIIA), autu-CD4 BV786 (BD,
CIHA) u antu-CDS8 FITC (BD, CIIA) anTuTtenamu
U DUKCUPOBAIU C UCMOJb30BaHUEeM 1%-HOro pac-
TBOpa nmapadopmanpaeruaa. st ooHapyKeHUs BHY-
TPUKJIETOUHBIX ILIMTOKMHOB K KJI€TKaM H00aBJIsLIU
antu-IFNy APC anrtutena (BD, CIIA). O6pa3sibl

AHAJIM3UPOBAIM Ha MPOTOYHOM IIMTODIyOPUMETPE
ZE5 (Bio-Rad, CIIIA), pe3ynsTaThl 00pabaThIiBaiu C
IMOMOILLbIO IporpaMmel Everest.

CraTuCTHUECKYI0 00pabOTKY TMOJIYyYeHHBIX JaH-
HbIX MPOBOAWIM C MKCIIOJb30BAHMEM HemapamMme-
TPUYECKOTO aHajan3a MaHHa—YWTHU B ITporpamme
GraphPadPrism 6.0, ipu p <0,05 pasjnuyust cyUTaAIN
CTAaTUCTUICCKN 3HAUYUMBIMH.

PesynbTathl 1 00CYyXaeHVe

Lenbro maHHOM pabOTHI OBLJIO UCCIEAOBAHME KJTe-
TOYHOTO OTBeTa, UHAyLunpoBaHHoro JHK-BakinHoit
B Pa3IMYHBIX BapMaHTaX yMaKOBKM, a TAaKXKe aHaIu3
BKJIaJla YIAKOBKU B pa3BUTHC MMMYHHOTO OTBETa.
Mpimam auHnu BALB/c BBommnu JIHK-Bakimny
B TpeX BapuaHTax: «rojiylo» pVAXrbd; miasmumy
pVAXrbd B o6onouke PGS; pVAXrbd B obosouke
PGS-RBD. B kauecTBe KOHTPOJISI )KUBOTHBIM BBO-
IUJIM peKoMOMHaHTHBIN 6enok RBD. KierouHsbrit
OTBET olieHUBaIU Mo npoaykuuu IFNy ¢ momoliibio
nByx MetonoB — ELISpot n ICS ¢ ncnonb3oBaHuem
IIPOTOYHOU IIMTOMETPUU.

C nomomnipsio Metona ELISpot olieHUBanmu Koau-
YeCTBO CIUIEHOUMTOB, npoayuupytomux [FNy B oT-
BET Ha CELUDUUECKYIO CTUMYJISILIMIO MTYJIOM TIeTITU -
noB u3 6eaka RBD. bouio nmoka3aHo, yTo Haubosee
BBICOKHWIT MTOKa3aTelb KJICTOYHOTO NMMYHUTETa OBIT
3apEeruCTPUPOBAH B TPYIIIIE >KWBOTHBIX, UMMYHU-
3upoBaHHbIX JIHK-BakimHoii B obonouke u3z PGS
(puc.1).

Cpennuii ypoeHb SFU Ha 10° CIUTIEeHOIIUTOB CO-
craBun 172 ansg rpynnel pVAXrbd-PGS u 125 pns
rpynmbl pVAXrbd, Torana kak mrst rpyrisl CCV-RBD
OH coctaBua 41, a mokasaTeaud TPyIIbl, UMMYyHU-
3UPOBAHHOI OEJIKOM, CPpaBHMMBI C ITOKAa3aTeIsSIMU
TPYIITBI MHTAKTHBIX MBIIICii. bojee BBICOKMIT ypo-
BeHb [FNy-mipoaynupytomux KiIeToK B TpyIne,
UMMYHU3UPOBAHHON IUTa3MHUOON B OOOJOYKEe W3
PGS, BO3MOXHO, CBSI3aH C TeM, YTO MOJIMIJIIOKMH-
cniepmuauH 3amuuiaetr JJHK ot aeiictBus Hykieas
U TIOoBbINIAeT 3(HEKTUBHOCTh TPAHCHEKIIUU 3a CUET
HeWTpaJIn3aiuy OTPULIATEIbHOTO 3apsiia HyKJIEMHO-
Boit kucjoTel. Hanbonee HU3KMiA OTBET 1O JAaHHBIM
ELISPot 6b11 3apuKCUpoOBaH B IpyIie MbILLICH, UM~
MYHU3UPOBAaHHBIX KoMmIiiekcoM pVAXrbd B 0001049-
ke PGS-RBD (CCV-RBD). OnHako oH JOCTOBEPHO
HEe OTJINYajCs OT KJIETOYHOIo OTBeTa, OOHApyXKeH-
HOTI'0 Y TPYIIIBI XKUBOTHBIX, UMMYHHU3UPOBAHHBIX I'0O-
Joi pVAXrbd.

YUToObl MONyuYuTh OOJiee MOJAHOE MpeacTaBIeHue
00 aKTUMBaLMU pa3HbIX cyoronyasiuuii T-KJIeToK, Mbl
oueHwin npoueHT [FNy-niponyupytomux CD4* u
CD8*T-1uM®bOLMTOB C MOMOIIbIO METO/Ia BHYTPU-
KJIETOYHOTO OKpamuBaHus HTMTOKMHOB (ICS) 1 ripo-
TOYHOU LIMTOMETpUMU (puc.2).
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PucyHok 1. Yucno cnneHoumtoB, npogyuupytowmx IFNy B oTBeT Ha cneumdmnyeckyto cTumynsuumio, Ha 10° kneTok,

onpeaeneHHoe ¢ nomowbio ELISpot

Mpumeyanue. CneBa — AaHHble npeAcTaBneHbl Kak cpegHue £ ctaHaapTHOe OTKIIOHEHuUe. CnpaBa — TUMWYHbIV BUA CMOTOB AN KaXA0N

rpynnbl UMMYHU3UPOBAHHbIX XXMBOTHbIX.

Figure 1. Number of splenocytes producing IFNy in response to specific stimulation, per 10° cells, determined using ELISpot
Note. On the left, data are presented as means + standard deviation. On the right is a typical spot view for each group of the immunized animals.

CD4*

CD8*

IFNy-npogyumpytowme T-kneTku, %
IFNy-producing T cells, %

PucyHok 2. Mpouent SARS-CoV-2-cneundpmueckux IFNy-npopyumpytowmx CD4* n CD8*T-kneTok, onpeaeneHHbIN ¢

nomoubto ICS ¢ ncnonb3oBaHMeM NPOTOYHON LIUTOMETPUN

Mpumeyanue. Mpachmku BbiNonHeHbl B nporpamme GraphPad Prism 8.0, naHHble npeacTaBneHbI Kak pa3époc 3HayYeHuii oT

MWUHUMaNbHbIX K MAKCUManbHbIM C 0603HaYeHneM CcpeaHux.

Figure 2. Percentage of SARS-CoV-2-specific IFNy-producing CD4* and CD8'T cells determined by ICS using flow cytometry
Note. The graphs were created with GraphPad Prism 8.0 software, the data are presented as a spread of values from minimum to maximum with

the designation of the average values.

Kak BuaHO 13 pucyHka 2, HauOoJiblliee KoJanuJe-
crBo CD4* u CD8" numdonmnToB, cmOCOOHBIX CUH-
tesupoBath [FNy B OTBeT Ha CTUMYJSILIUIO BUpPYC-
crreunUISCKUMHA TTeTITUAAMU, BBISIBJICHO B TPYIITIC
MBI, MMYHU3UPpOBaHHBIX pVAXrbd B o0orouke
¢ PGS umu PGS-RBD. Ilo-BugumMomy, oboyiouka
U3 MOJUMKATUOHHBIX KOHBIOraTOB CIIOCOOHA obecrie-

yuTh 6osee apdpexkTuBHYy0 nocTtaBKy JIHK-BakiIimHbI
B aHTUTEHNpE3eHTUpylue kKieTku. KoaudectBo
IFNy-nponyuupytoiux CD4* u CD8* oTBeT y Xu-
BOTHBIX, UMMYHU3UPOBaHHBIX TOJIbKO 60e1KkoM RBD,
OBIJI0O Ha YypOBHE, BBIIBICHHOM Yy KOHTPOJBLHOU
TpyNmbl MHTAKTHBIX XUBOTHBIX. BBeneHue XXUBOT-
HbIM TOJIbKO Oeka RBD He mpuBeno K 3HaUMMOMY
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dopmupoBaHuio crienuduyeckoro T-KJI€TOYHOrO
UMMYHUTETA.

3aKknoyeHne

Takum ob6pazom, JJHK-BakuuHa pVAXrbd, ko-
JIUpYIOIIAasi pelernTop-CBA3bIBAIOIINI JOMEH Geka
S Bupyca SARS-CoV-2, obiamaeT CrocoOHOCThIO
WHAYLIMPOBATh KJIETOUHBI MMMYHHBIN oTBeT. Kom-

MO3UIIMS JaHHOW TUIa3MUIBI C TIOJMKATUOHHBIM
HOCHUTEJIEeM MOJUTIIOKUH-CIICPMUINH IIPUBOOUAT K
YCWJIEHUIO KJI€TOYHOIO OTBETa, YTO OBLIO MOKa3aHO
¢ nomotpio ELISpot u ICS. JlobaBieHue 6Gejika Ha
MMOBEPXHOCTU KOMITO3UIIMHU TaKKe MPUBOIUT K pop-
mupoBaHuio cnenuduueckoro CD4" u CD8* otse-
Tta. pVAXrbd MOXHO paccMaTpuBaTh KaK OCHOBY JIJIST
CO3aHMUsl Pa3JIMYHBIX KOMOWHMPOBAHHBIX BaKIIMH
npotus COVID-19.

Crncok nutepaTtypsbl / References

1. Ahn Y, Lee ], Suh Y.S, Song Y.G., Choi Y.J., Lee K.H.,, Seo S.H., Song M., Oh JJW.,, Kim M., Seo H.Y,,
Kwak J.E., Youn J.W.,, Woo J.W,, Shin E.C.,, Sung Y.C., Park S.H., Choi J.Y. Safety and immunogenicity of two
recombinant DNA COVID-19 vaccines containing the coding regions of the spike or spike and nucleocapsid
proteins: an interim analysis of two open-label, non-randomised, phase 1 trials in healthy adults. Lancet Microbe,
2022, Vol. 3, no. 3, pp. e173-e183.

2. Borgoyakova M.B., Karpenko L.I., Rudometov A.P, Shanshin D.V,, Isaeva A.A., Nesmeyanova V.S,
Volkova N.V., Belenkaya S.V., Murashkin D.E., Shcherbakov D.N., Volosnikova E.A., Starostina E.V., Orlova L.A.,
Danilchenko N.V., Zaikovskaya A.V., Pyankov O.V,, Ilyichev A.A. Immunogenic properties of the DNA construct
encoding the receptor-binding domain of the SARS-CoV-2 spike protein. Mol. Biol. (Mosk.), 2021, Vol. 55, no. 6,
pp. 987-998.

3. Borgoyakova M.B., Karpenko L.I., Rudometov A.P, Volosnikova E.A., Merkuleva I.A., Starostina E.V.,
Zadorozhny A.M., Isaeva A.A., Nesmeyanova V.S., Shanshin D.V.,, Baranov K.O., Volkova N.V., Zaitsev B.N.,
Orlova L.A., Zaykovskaya A.V., Pyankov O.V., Danilenko E.D., Bazhan S.I., Shcherbakov D.N., Taranin A.V.,,
Ilyichev A.A. Self-assembled particles combining SARS-CoV-2 RBD protein and RBD DNA vaccine induce
synergistic enhancement of the humoral response in mice. Int. J. Mol. Sci., 2022, Vol. 23, no. 4, 2188. doi: 10.3390/
ijms23042188.

4. Kraynyak K.A., Blackwood E., Agnes J., Tebas P, Giffear M., Amante D., Reuschel E.L., Purwar M.,
Christensen-Quick A., Liu N., Andrade V.M., Diehl M.C., Wani S., Lupicka M., Sylvester A., Morrow M.P, Pezzoli P.,
McMullan T., Kulkarni A.]., Zaidi FI., Frase D., Liaw K., Smith T.R.F,, Ramos S.]., Ervin J., Adams M., Lee J.,
Dallas M., Shah Brown A., Shea J.E., Kim ].J., Weiner D.B., Broderick K.E., Humeau L.M., Boyer ].D., Mammen M.P.
SARS-CoV-2 DNA vaccine INO-4800 induces durable immune responses capable of being boosted in a phase 1
open-label trial. J. Infect. Dis., 2022, jiac016. doi: 10.1093/infdis/jiac016.

5. Lagunas-Rangel EA., Chavez-Valencia V. What do we know about the antibody responses to SARSCoV-2?
Immunobiology, 2021, Vol. 226, no. 2, 152054. doi: 10.1016/j.imbio.2021.152054.

6. Mallapaty S. India’s DNA COVID vaccine is a world first — more are coming. Nature, 2021, Vol. 597,
pp. 161-162.

7. Mathew D, Giles J.R., Baxter A.E., Oldridge D.A., Greenplate A.R., Wu J.E., Alanio C., Kuri-Cervantes L.,
Pampena M.B., D’Andrea K., Manne S., Chen Z., Huang Y.J., Reilly J.P., Weisman A.R., Ittner C.A.G., Kuthuru O.,
Dougherty J., Nzingha K., Han N., Kim J., Pattekar A., Goodwin E.C., Anderson E.M., Weirick M.E., Gouma S.,
Arevalo C.P, Bolton M.J., Chen E, Lacey S.E, Ramage H., Cherry S., Hensley S.E., Apostolidis S.A., Huang A.C,,
VellaL.A.; UPenn COVID Processing Unit, Betts M.R., Meyer N.J., Wherry E.]. Deep immune profiling of COVID-19
patients reveals distinct immunotypes with therapeutic implications. Science, 2020, Vol. 369, no. 6508, eabc8511.
doi: 10.1126/science.abc8511

8. Merkuleva I.A., Shcherbakov D.N., Borgoyakova M.B., Shanshin D.V., Rudometov A.P.,, Karpenko L.I,
Belenkaya S.V.,, Isaeva A.A., Nesmeyanova V.S., Kazachinskaia E.I., Volosnikova E.A., Esina T.I., Zaykovskaya A.V.,
Pyankov O.V., Borisevich S.S., Shelemba A.A., Chikaev A.N., Ilyichev A.A. Comparative immunogenicity of
the recombinant receptor-binding domain of protein S SARS-CoV-2 obtained in prokaryotic and mammalian
expression systems. Vaccines (Basel), 2022. Vol. 10, no. 1, 96. doi: 10.3390/vaccines10010096.

9. Momin T., Kansagra K., Patel H., Sharma S., Sharma B., Patel J., Mittal R., Sanmukhani J., Maithal K.,
Dey A., Chandra H., Rajanathan C.T., Pericherla H.P,, Kumar P, Narkhede A., Parmar D. Safety and immunogenicity

136



2022, T. 25, Ne 2
2022, Vol. 25, No 2

Kaemounwiii omeem na /I HK-eakuyumny
Cellular immune response to DNA vaccine

of a DNA SARS-CoV-2 vaccine (ZyCoV-D): Results of an open-label, non-randomized phase I part of phase
I/IT clinical study by intradermal route in healthy subjects in India. EClinicalMedicine, 2021, Vol. 38, 101020.
doi: 10.1016/j.eclinm.2021.101020.

10. Sekine T., Perez-Potti A., Rivera-Ballesteros O., Stralin K., Gorin ].B., Olsson A., Llewellyn-Lacey S.,
Kamal H., Bogdanovic G., Muschiol S., Wullimann D.]J., Kammann T., Emgard J., Parrot T., Folkesson E., Karolinska
COVID-19 Study Group, Rooyackers O., Eriksson L.I., Henter J.I., Sonnerborg A., Allander T., Albert J., Nielsen M.,
Klingstrom J., Gredmark-Russ S., Bjorkstrom N.K., SandbergJ.K., Price D.A., Ljunggren H.G., Aleman S., Buggert M.
Robust T cell immunity in convalescent individuals with asymptomatic or mild COVID-19. Cell, 2020, Vol. 183,
no. 1, pp. 158-168.e14.

11. Simdes R.S.Q., Rodriguez-Lazaro D. Classical and next-generation vaccine platforms to SARS-CoV-2:
biotechnological strategies and genomic variants. Int. J. Environ. Res. Public Health, 2022, Vol. 19, no. 4. 2392.

doi: 10.3390/ijerph19042392.

ABTOpBI:

bopeoskosa M. b. — maaowuii HayuHsLii compyOHUK
Llenmpa eenoMHbIX UCCACO0BAHUT MUPOBOSO YPOBHSL

no obecneyenuro 6uonoueckoii beonacHocmu u
mexHon02u4eckoli Hesagucumocmu 6 pamkax Pedeparvroii
HAY4HO-MEXHUHECKOL NPOPaAMMbL PA36UMUSL 2eHeMUYeCKUX
mexnonoeuit ©BYH [ocyoapcmeennbiil Hay4HbLil yeHmp
supyconoeuu u buomexronoeuu «Bexmop» Pocnompebnadsopa,
p. n. Koavyoso, Hosocubupckas oba., Poccus

Kapnenko JILU. — 0.6.1., doyenm, éedyuyuii Hay4Hbwlil
compyonuk Ilenmpa eenommwix uccredoganuii Muposoeo
VPOBHs N0 0becneueHulo 6uoao2u4ecKoll be3onacHocmu

u mextonoeuteckoli Hezagucumocmu 6 pamiax Qedepanvoii
HAYYHO-MEXHUYECKOL NPOCPAMMbL PA3GUMUST 2eHEMUYECKUX
mexnonoeuii PbYH [ocydapcmeennniil Hay bl ueHmp
supyconozuu u 6uomextonoauu «Bexmop» Pocnompebnadsopa,
p. n. Koavyoso, Hosocubupckas ooa., Poccus

Cmapocmuna E.B. — k.0.1., HayuHuiii compyonuk Llenmpa
2EHOMHBIX UCCACO08AHULI MUPOBO2O YPOBHS NO 0OECHeYeHUI)
Ouon02uHeCKOll 0e30NACHOCMU U MEeXHOA02UHeCK Ol
nezagucumocmu 6 pamiax PedepanvHoli HayuHO-MeXHUUECKOU
npoepammol pazeumusi 2eHemu1ecKux mexHoaoeUll

DBYH locydapcmeennulii HayuHblil YeHmp 8UPYCOA0UU

u buomexnonoeuu «Bexmop» Pocnompebnadsopa,

p. n. Koavyoso, Hoeocubupckas ooa., Poccus

Boaocnukosa E.A. — k.6.H., 6edyuwjuii Hay4Hblil

compyoHuk Llenmpa eeHOMHbIX UCCAE008AHUI MUPOBO2O
YPO8Hs no obecneyeHuto Guoaoeu4eckoil be3onacHocmu

U mexHonoeuuecKkoil Hezasucumocmu 6 pamxax PedepanvHoi
HAY4HO-MEXHUHECKOL NPOPaAMMblL PA36UMUS 2eHeMUYeCKUX
mexnonoeuit ©BYH [ocyoapcmeennviil Hay4HbLil yeHmp
supyconoeuu u buomexronoeuu «Bexmop» Pochompebnadsopa,
p. n. Koavyoso, Hosocubupckas oba., Poccus

Authors:

Borgoyakova M. B., Junior Research Associate, Center

of Genomic Studies in Biological Safety, State Research Centre
of Virology and Biotechnology “Vector”, Koltsovo, Novosibirsk
Region, Russian Federation

Karpenko L.1., PhD, MD (Biology), Associate Professor,
Leading Research Associate, Center of Genomic Studies

in Biological Safety, State Research Centre of Virology and
Biotechnology “Vector”, Koltsovo, Novosibirsk Region, Russian
Federation

Starostina E.V., PhD (Biology), Research Associate, Center
of Genomic Studies in Biological Safety, State Research Centre
of Virology and Biotechnology “Vector”, Koltsovo, Novosibirsk
Region, Russian Federation

Volosnikova E.A., PhD (Biology), Leading Research Associate,
Center of Genomic Studies in Biological Safety, State Research
Centre of Virology and Biotechnology “Vector”, Koltsovo,
Novosibirsk Region, Russian Federation

137



bopeosikoea M. 5. u dp.
Borgoyakova M.B. et al.

Poccuiickuit ummynonoecuueckuii scypnan

Russian Journal of Immunology/Rossiyskiy Immunologicheskiy Zhurnal

3adopoyxcuwiii A. M. — cmaxcep-uccaedosamens, Llenmp
2EHOMHBIX UCCAO08AHUIL MUPOBO2O YPOBHS HO 00€CHeUeHU)
Ouonoeu4eckoli 6e30nacHocmu U MmexHON02UHeCKOll
Hesasucumocmu 6 pamkax PedepanvHoli Hay1HO-
MeXHU1eCKOil NPo2pamMmbl pa3eUumusi 2eHemu4ecKux
mexnonoeuit ©BYH [ocydapcmeennbiii Hay4Hblil yenmp
supyconoeuu u buomextonoeuu «Bexmop» Pocnompebunadsopa,
p. n. Koavyoso, Hosocubupckas oba., Poccus

Opaoea JI.A. — achupanm, cmasicep-ucciedogament,
Llenmp eeHomMHbIX UCCACO08AHUL MUPOBO2O YPOBHS

no obecneveHuro bu0N02UHECKOU Oe30NACHOCMU U
mexHonoeuueckoil Hezasucumocmu @ pamkax DedeparvHoll
HAYYHO-MEXHUYEeCKOL NnPOSPAMMbL PA3GUMUS 2eHeMUYECKUX
mexnonoeuit DbYH [ocydapcmeennniii Hayumblil ueHmp
supyconoeuu u buomexronoeuu «Bexmop» Pocnompebnadsopa,
p. n. Koavyoso, Hosocubupckas oba., Poccus

Havuues A.A. — 0.0.H., npogheccop, 3asedyrouuii omoesom
ouounncenepuu, Llenmp eeHOMHbIX UCCAEO08AHUIL MUPOBO2O
YPO8Hs no obecneveruro 6uoaouueckoli bezonacHocmu u
mexHono02uueckoll Hesagucumocmu 6 pamkax Pedeparvhoii
HAY4HO-MeXHUHeCKOL NPOPammbl pa3eUumust eeHemu4eckKux
mexnonoeuit ©BYH [ocydapcmeennblii Hay4Hblil yenmp
supyconoeuu u buomextonoeuu «Bexmop» Pocnompebunadsopa,
p. n. Koavyoso, Hosocubupckas oba., Poccus

Zadorozhny A.M., Research Trainee, Center of Genomic Studies
in Biological Safety, State Research Centre of Virology and
Biotechnology “Vector”, Koltsovo, Novosibirsk Region, Russian
Federation

Orlova L.A., Postgraduate Student, Research Trainee, Center
of Genomic Studies in Biological Safety, State Research Centre
of Virology and Biotechnology “Vector”, Koltsovo, Novosibirsk
Region, Russian Federation

Ilyichev A.A., PhD, MD (Biology), Professor, Head,
Department of Bioengineering, Center of Genomic Studies

in Biological Safety, State Research Centre of Virology and
Biotechnology “Vector”, Koltsovo, Novosibirsk Region, Russian
Federation

Ilocmynuna 13.05.2022
Omnpasaena na dopabomky 28.05.2022
Ilpunsma x newamu 03.06.2022

Received 13.05.2022
Revision received 28.05.2022
Accepted 03.06.2022

138



