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Pe3ome

3aBepmienne naHgemMun COVID-19  He UCKIIOYMIO  MPOJOJIKEHHUS
IPOPBIBHBIX HH(EKIN, BRI3BAHHBIX MyTaHTHBIMHU IITaMMaMu Bupyca SARS-CoV-
2. Ckopoctb myTanuit SARS-CoV-2 Beipocia ¢ MOSIBJICHUEM IITaMMa OMUKPOH U
MIPEBBINIACT TAKOBYIO y BHUpyca rpurima. OcTtaeTcsl HesCHbIM, kKakue ypoBHH 19G-
AHTUTEJI CIIOCOOHBI 3AIMUTUTHh OT HOBBIX MyTaHTHBIX SARS-CoOV-2 u kak monro
OyZneT coxpaHaTbCsi HMMMYHHas 3amurta. llenb: mpociienquTs coxpaHeHHe
T'YMOPAJILHOTO M KJIETOYHOTO MMMYHHUTETa K aHTHreHam Bupyca SARS-CoV-2 B
Te4yeHue 4 JIeT mocJie ePeHECEHHOTo 3a001eBaHus. 32 B3pOCIbIX PEKOHBAJIECIICHTA
nocie COVID-19 exerogHo oOciegoBaHbl Ha HaJIW4Yhe TyMOPaJIbHOTO U
KJIETOYHOTO MMMyHUTeTa K S-0enky SARS-CoV-2. ['ymopanbHbIE UMMYHUTET
orieHuBaJIM MeTojoM MDA, kineTouHblii MMMYHHUTET — 110 3Kcrpeccun CD107a Ha
CD8" numdonuTax mocie pacno3HaBaHUs aHTHIeHOB S-Oenka. UeThlpexjeTHee
HaOmoaeHue 3a rpynmoi nepedonepmmx COVID-19 B 2020 1 (yXaHbCKHI ITaMM
SARS-CoV-2), wHaxomsmuxcsi B  YCIOBHAX KOHTAaKTOB CO  CBOOOJHO
UPKYJTHPYIONUMA HOBEIMU MyTaHTHBIME VOC, Tokasaio, 9to yepe3 1 roa y Bcex
oOcnenoBaHHbIX coxpaHsunch |gG-antutena k S-6enky, npeumymiectseHHo 1gG1
cyOkiacca, HO WHAEKC aBUAHOCTH aHTuUTenl enBa npesbickil 50%. Ilocne
MIPOPBHIBHOTO 3a00JI€BaHMS, BBI3BAHHOTO IITAMMOM OMHUKPOH, YpoBeHb 1gG-anTHuTeN
K S-OefKy 3Ha4MMO BBIPOC, aBUHOCTH AHTUTEN TAKXKE 3HAYMMO BO3pOCia, a B
CIeKkTpe cyOKiIaccoB MOABWIMCH aHTHTena k S-Oenky 19G2, 1gG3 u 1gG4
cyOkiaccoB. Ypomenb crnerupuueckux IgA depe3s 1 rox mociie 3aboieBaHUs
CHUBMJICSL OTHOCHUTEIIbHO YPOBHSI TOCJI€ IMEPBUYHOTO 3a00J€BaHUsA, HO IMOCIE
MPOPBHIBHBIX WH(BEKINI 3HaunMo noBbicuiics 10 4-5 KII. Kierounsiii UMMYHUTET K
S-6enky SARS-CoV-2 BwisiBisUICS 'y BceX 00CieNOBaHHBIX depe3 1 roj mocie
nepBUYHOTO 3a00seBanus. [Tociae moBTOpHOTO 3a001€BaHMs IITAMMOM OMHUKPOH OH
3HaYMMO YBEIUYMJICS U JIeP>KajiCsl Ha STOM YpPOBHE eIle TOoJA, a Ha cpoke 4 rona
CHU3BUJICS JI0 YPOBHS, KOTOPBIH ObLT Uepe3 roj nocie 3adoseBanus. Takum oOpazom,
TYMOPJIBHBI W KJIETOYHBIH UMMYHHUTET K S-O€IKy HE MCYe3aeT, HO MPOJI0JIKACT
aKTUBHO (HOPMHUPOBATHCS, CO3PEBATH U MOIJICPKUBATHCS HA YPOBHE, TIO3BOJISIONIEM
npu BcTpeue ¢ HoBbIM VOC NepeHOCUTh TaKylo BCTpedy JI00 OECCUMITTOMHO, THO0
B BHUJIC JIETKOTO MPOCTyAHOTrO 3a0oneBanusi. Ha ¢oHe gacThix mytanuii B S-Oenke
poJib T-KJIETOUYHBIX OTBETOB B 3aIIUTE OT 3a00JIEBAHHI 3HAYUTEIHHO BO3pPACTaET.
[Ipu pa3paboTke HOBBIX BaKIIMH CJIEAYyeT ONMUpPaThCi Ha (GOPMHUPOBAHHWE UMEHHO

KJIETOYHOTO UMMYHUTETA.

KmioueBbie caoBa: COVID-19; SARS-CoV-2; anrtHuTena; KJICTOYHBIHA
UMMYHUTET; UMMYHOJIOTHYECKas TIaMsITh; MPOPHIBHON UMMYHUTET.
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Abstract

The COVID-19 pandemic end did not exclude the continuation of
breakthrough infections caused by SARS-CoV-2 mutant strains. The rate of SARS-
CoV-2 mutations increased with the emergence of the omicron strain and exceeds
that of the influenza virus. It remains unclear what IgG antibody levels are able to
protect against new mutant SARS-CoV-2 and how long the immune protection will
last. Objective: to monitor the maintenance of humoral and cellular immunity to
SARS-CoV-2 virus antigens for 4 years after the disease. Thirty-two adult
reconvalescents after COVID-19 were annually examined for humoral and cellular
immunity to the SARS-CoV-2 S-protein. Humoral immunity was assessed by
ELISA, cellular immunity - by the expression of CD107a on CD8" lymphocytes
after recognition of S-protein antigens. A four-year observation of a group of
patients who recovered from COVID-19 in 2020 (the Wuhan strain of SARS-CoV-
2) and were in contact with freely circulating new mutant VoC showed that after 1
year, all subjects retained IgG antibodies to the S-protein, mainly the IgG1 subclass,
but the antibody avidity index barely exceeded 50%. After a breakthrough disease
caused by the omicron strain, the level of IgG antibodies to the S protein increased
significantly, the antibody avidity also increased significantly, and antibodies to the
S-protein of the 1gG2, 1gG3, and IgG4 subclasses appeared in the spectrum of
subclasses. The level of specific IgA decreased 1 year after the disease relative to
the level after the primary disease, but after breakthrough infections it significantly
increased to 4-5 PR. Cellular immunity to the SARS-CoV-2 S-protein was detected
in all subjects 1 year after the primary disease. After repeated infection with the
omicron strain, it increased significantly and remained at this level for another year,
and in a 4 years it decreased to the level that was a year after the disease. Thus,
humoral and cellular immunity to the S-protein does not disappear, but continues to
actively form, mature and be maintained at a level that allows, when meeting a new
VoC, to endure such a meeting either asymptomatically or in the form of a mild cold.
Against the background of frequent mutations in the S-protein, the role of T-cell
responses in protecting against diseases increases significantly. When developing

new vaccines, it is necessary to rely on the formation of cellular immunity.

Keywords: COVID-19; SARS-CoV-2; antibodies; cellular immunity;
immunological memory; breakthrough immunity.
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1 Beenenue

Hecmotps Ha odunmansHoe 3aBeprienue nangemun COVID-19 Bupyc ne
AIIMMUHUPOBAJICS U3 YenoBedeckoil momymsiuu. Ckopocts mytanuii SARS-CoV-2
BBIPOCJIA C MOSIBJICHHUEM ITaAMMa OMUKPOH M ITPEBBIIIAET TAKOBYIO Y BUpYyCa IpUIlIa
[14]. B 3aBUCHMOCTH OT COYETaHUS OMPEACICHHBIX 0OCTOSTEIHLCTB BUPYJICHTHOCTD
SARS-CoV-2 Moxer mnoBbIIIAThCA WIM NOHMXaThesa [8]. Mccaemomarenu
CBS3BIBAIOT MPOPBIBEI  CHOPMHUPOBAHHON HUMMYHOJIOTMUECKOW 3allUThl  CO
cHmkeHueM ypoBHell IgG, cnenuduunbix k S-Oenky Bupyca [10]. Vike Bapuant
omukpoH BA.l ummen 37 myrtanuidi B pelENnTOp-CBA3BIBAIOLIEM JOMEHEe [9], a
MOCJIETYIONTUE BApUAHTHI €1Ie YBEIUYIIA CIUCOK MyTalui. M3BecTHO, yTo OoJee
BBICOKHE YpOBHU aHTU-S-1gG myulne 3anMinarT oT 3apaxeHus. Paccuurano, 4to
75% 3amuThl OT WH(EKIMH, BBI3BAaHHOM mITaMMaMu OMUKpPOH BA.2 u BA.4/5
00eCIeuynBarOT COOTBETCTBEHHO ypoBHU aHTU-S-IgG 603 u 1148 BAU/™mn [11].

N3BecTHO, yTO crienudpuueckuii oTBeT T-KIETOK MpoTUB aHTUreHOB SARS-
CoV-2 crabunpHee, yeM oTBeT aHTUTEN [1] 1 oOecnieunBaer Oosee JIETKOe TCUCHUS
3a0oneBanus [13]. Ilokaszano, 4to Bupyc-cnenupuueckre T-KIETKHM NaMsATH
oOHapyXHMBAIOTCS yepe3 22 Mecsila mocie mossiacHus cumntomoB COVID-19 [4].
OTtBeTbl T-KIETOK COXpaHAIOTCS MPOTUBBAPUAHTOB BbI3bIBatolMX onacenus (VoC),
MOCKOJIbKY pernepryap T-KI€TOYHBIX SMUTONOB 3HAYMTEIBHO IIHpE, YeM y B-
kieTok. [Ipu 3Tom Habmonaercs 6osnpliee KonyecTBO KJIOHOB CD4+ T-kierok, B
cpaBHeHun ¢ CD8+ 1muroTokcmyeckumu T-kiaetkamu [S5]. MOHUTOPUHT
noAAepkaHus T-KIETOYHBIX OTBETOB MOJKET BBISIBUTh PAHHHUE TEHACHIMU B
U3MEHEHUU UMMYHHBIX OTBETOB U IIOMOYb B ONPEAEIICHUH JIUL C 00JIE€ BHICOKUM
PHUCKOM MPOPBIBHBIX MH(DEKINH, BbI3BaHHBIX VOC.

Ilens paboTHI: MPOCHENUTH COXPAHEHHE TyMOPAJIbHOIO U KIIETOYHOTO
uMMyHHTEeTa K aHTureHam Bupyca SARS-CoV-2 B Teuenume 4 ner mocie
NEPEHECEHHOT0 3a00JIEBAHMUSI.

2 MarepuaJjbl 1 METObI

B npomonsHOM nccnenoBanuu 32 B3pocibix, nepeHecmmx COVID-19 Bo
BTOpOi nojosuHe 2020 r B JIErKOM WK CpeHeTKeN0r popMe, ObLTH 00CIIET0BAHBI
KK ToJ B TEUEHUE MOCIENyIoUX 4 JeT Ha Haluyhue TyMOpajJbHOTO M
KJIETOYHOTO MMMyHHTeTa K aHTureHaMm SARS-CoV-2. HccrnemoBanue ogo0peHO
JoKalbHBIM dTHYecKkuM KomuteTroM ®BYH MHUUOM um. I'.H. I'abpuueBckoro
(mpoToxoi Ne 58).

I'ymopanbHblii UMMYHHUTET HcclienoBaii Merogom M®PA ¢ nomoiibio
HaObopoB «SARS-CoV-2 IgG xomuuectBennbii-UDA-BECT» (AO Bekrop-becr,
HoBocubupck, P®). Yposenr cyOkimaccoB 1gG k S-antureny SARS-CoV-2
onpenemsuin Meronom MDA B namelt momudukanuu [3]. s 3toro Bmecto
KOHBbIOTaTa U3 Habopa MCHOJIb30BAIM MEUeHHbIe nIepokcuaazoit antu-1gGl, 1gG2,
IgG3 u [gG4 monoxknonaneHbie anTuTena ([omurnoct, Poccust) B koH1eHTpauuu 1
Mkr/mi.  Jlnga  onpenenenus [gA anTuTen BMecTO KOHBIOraTta H3 Habopa
MCITI0JI30BAIM MeUeHbIe nepokcuaazoi antu-IgA anturena (Ilonurnoct, Poccust) B
KOHLEHTpauu 1 MKr/mi. ABUAHOCTb aHTUTEN ONPEIENSUIN C UCIIOIb30BAHUEM TEX
e HabopoB, B Hamell monuduxanuu [2]. g 3TOro uccienyeMyro ChIBOPOTKY
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BHOCHJIM B JIYHKH JIBYX CTPHUIIOB, TIOCJIE HHKYOAIIMM U OTMBIBKH B JTYHKH TIEPBOTO
crpuna BHocuiau 1mo 200 MK (U3MONIOTMYECKOTO PacTBOpPa, B JIyHKH BTOPOTO
ctpuna — o 200 MKJI AeHATypHUPYIOIIETr0 pacTBOpa MOYEBUHBI, HHKyOupoBaiu 10
muH. [loce OTMBIBKH BBIMOMHSIIA BCE MPOIEAYPHI COTIIACHO MPOTOKOIY K HAbopy
«SARS CoV-2-IgG xonmuuectBeHHBIH-UDA-BECT».

Knetounslii wummyHuTeT oneHuBaiu 1o dkcopeccun CD107a  Ha
nuroTokcnueckux CD8+ mocne pacrmo3HaBaHUsS UMM aHTHUTEHOB S-Oenka SARS-
CoV-2. Jlns »TOr0 B MPOCTUPUIN30BAaHHBIE C MOMOIIbI0 Y d-001ydeHus: JTyHKU
naneseit or HabopoB «SARS-CoV-2-1gG-UDPA-BECT» ains onbITHOM poObI MK B
CTEpUJIbHBIE JIYHKU ISl KOHTPOJIBHOM MPOObI 100ABISIIM BBIJICJICHHBIE C TOMOIIBIO
IPAJUEHTHOTO LHEHTPUPYTUPOBAHKS MOHOHYKIEaph! (2,5x10° Ha JyHKY) B cpenie
RPMI-1640 ¢ 10% 3TC u MoHOKJIOHaNbHBIE aHTUTENa K aHTUreny CD107a-PE-
Cy5, wakyoupoBamm npu 37°C Bo BmaxHoi atMmochepe m 5% CO, 20 d,
okpamBayii anturenamu K antureny CD8-FITC, oTMbiBanu v (peHOTUIHPOBATIN
Ha npotoyHoMm 1utomeTrpe BD FACS Cantoll (Becton Dickinson, CIIA).
[MoncuuteiBanu  mpoueHT kiaetok CD8"CD107a*.  YpoBeHb CIIOHTaHHOM
JErpaHyJIsIUU UTOTOKCUYECKUX TUM(GOIUTOB He npeBbiman 1% [3].

PaccuuteiBamun meauany (1-3 xBaptuib): Me (Q1-Q3). Vposensr IgA
npeacTaBieH B kKod(pduumentax mnozutuBHOocTH (KII) kak oTHoOmIeHWE K
oTpuIaTeabHOMY KOHTpoito. Koppemsiuun ouenuBanu merogoM CrnupMeHa.
VYposensb P < 0,05 paciieHUBAJIM KaK 3HAYUMBbIHN.

3 Pe3ysabTaThl U 00CyKIeHHE

Yepes rox mociie 3a00yieBaHusl Yy BCeX 00CIE€IOBaHHBIX coxpaHsuiuch 1gG-
anTuTena kK S-6enky (tabd. 1). B 1o Bpems 3ammTHBIM ypoBHeM cuutaics 150
BAU/mu. ITpu 5TOM MHAEKC aBUTHOCTH aHTUTEN €1Ba IpeBbiciil 50%, 4TO TOBOPUT
O HETOJHOM CO3PEBaHMW aBUIHOCTH TOCIE MepBUYHOTO 3aboseBaHus. Bee 19G-
aHTHTENa TNpUHAAIeKanmu K cyboxmacCy IgGl, 9yTo THUOWYHO A 3penoro,
c(OpMUPOBAHHOTO TYMOpAIbHOTO HWMMYyHHTeTa. [locrme TmosiBlIeHHs IITamma
OMHKPOH Bce obcnenyembie nepeHeciu noBTopueiii COVID-19 B nerkoii popme u
ypoBeHb 1gG-antuten k S-Oenky 3HAYMMO BBIPOC, aBUJHOCTH AHTUTEN TaKKe
3HaYMMO BO3pOCIIa, a B CIIEKTpe CyOKIIaCCOB MOSBUIIMCH aHTUTENA K S-Oenky 190G2,
19G3 u 1gG4 cybkmaccoB. ITO CBUAETENBCTBYET O TOM, YTO B cocTaBe aHTH-S 1gG
MPUCYTCTBOBAJIM KaK paHee C(OPMUPOBAHHBIC aHTUTENA K MCXOJHBIM SIUTOIAM,
TaK M BHOBb CHHTE3UPOBAHHBIC AaHTUTENA K MYTaHTHBIM Jmuronam. B
nocienytomue 2 roaa Bupyc SARS-CoV-2 akTuBHO MyTHpPOBaJ, MOSBUIOCH OoJiee
nosiytopa JecsaTkoB MyTaHTHbIX VOC. Jlrogm wu3 HaOIr0gaeMoil  KOTOPTHI
KOHTaKTUPOBAJIM C 3TUMHU HOBBIMHU BUpPYCaMH, NepeHocs 3TH OycTep-uH(pEeKIuu B
nerkoit popme mnm OeccumnTomHo. [Ipu 3TOM ypoBeHb aHTU-S |gG-anTHTEN
POAOJDKAN 3HAYMMO TMPHUPACTaTh, a MHIEKC aBUAHOCTH 4epe3 4 roja MpeBBICHI
80%. Ha naHHBIE MOMEHT CUMTAIOT, YTO 3AlIMTHBIA ypOBEHb AHTU-S AaHTUTEN
coctasisier 1148 BAU/mi [11]. YV 10 uenoek (30%) ypoBeHb aHTUTEN ObLT HUXE
YKa3aHHOTO 3HAYCHUs, a y OCTAIBHBIX — CYIIECTBEHHO MPEBHIIIaN ero. B ciekTpe
cyOKaccoB BHOBb abcoioTHO Tpeobnanatommm cran 1gGl, 6onee 90%. bouin
MOJyYeHbl TPAKTUYECKH OJMHAKOBBIE KOA(P(OUIMEHTHI KOPPEIALUU MEXKIY
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ypoBHsiMU aHTU-S |gG-antuten mis Beex 4 ser I = (0,58, mONIOXUTEIbHAS CBSI3b
CpeIHel CWIbI. A TIpU pacdeTe KOppemsiuii MexX Ty ypoBHeM cruerupuyeckux 1gG
¥ UX aBUJIHOCTH CHJIA CBSI3U MOCTEIIEHHO HapacTaia OT CJIa00¥ MOJIOKHUTEIbHOM (I
= 0,33) uepe3 roj mocie NEPBUYHOTO 3a00JI€BaHUS /10 CUIILHOM MOJIOKUTEIBHOM (I
= 0,88) uepes 4 roga HaOIIOICHHUS.

Panee nmamm ObUIO MOKa3aHO, YTO ypoBeHb aHTU-S |gA-aHTHTEN mOCie
MePBUYHOTO 3a00J1eBaHus ObLIT 0OueHb BEICOKUM: 8,64(4,31-15,53) [3], HO yke uepes
roJl mocine 3aboyieBaHMs pe3ko cHu3wics. [locie mnepeHeceHHOro MOBTOPHOTO
3a00J1eBaHMs, BBI3BAHHOIO IMTaMMOM OMUKPOH B 2022 T, ypoBeHb aHTU-S IQA-
aHTUTEJI BHOBb 3HAYMMO MTOBBICHIICS U JIEPKAJICS B IOCIEAYIOIKE 2 T0/ia HAa YPOBHE
4-5 KII. Tlonararot, yTto OycrepHble MH(MEKIMU HOBbIMU ITaMMamMu VoC MOTyT
NOJAJICP)KUBATh 3aIUTy OT 3apa)K€HUsl 3a CYET JOCTATOYHBIX ISl CBA3BIBAHUS
BHUpYyCa Ha CIM3UCTBIX 000JI0YKaX KoHIeHTpanuil IgA [6]. B mepBbIil rog mocine
3a00JIeBaHuUs HE 00HAPYKUBAIOCH KOppessiiuu Mexxay ypoBaeM 1gG u IgA antuten
Kk S-0enky, a yepe3 3 u 4 roga Obuta 0OHApPYKEHA MOJIOKUTEIbHAS CBS3h CpEaHE
cwibl (r = 0,52).

Knetounsnii mmmyHuter kK S-Oenky SARS-CoOV-2 BbeuBIsUICS Yy Bcex
oOcieroBaHHBIX Yepe3 | Toj mocie nepBudHOro 3adoneBanus. [locie moBTopHOTO
3a00JIeBaHUs IITAMMOM OMHUKDPOH OH 3HAYMMO YBEIMUYWIICS M JACpPXKAJICA HA 3TOM
YPOBHE €IIe I'0Jl, @ Ha CPOKe 4 ro/1a CHU3UWICA 0 YPOBHS, KOTOPKIH Ol uepes 1 ron
nociie 3a0osieBanusi. 3BeCTHO, YTO 3a CUET BBIPAKEHHOM Kpocc-peakTuBHOCTU T-
KJIETOYHBI UMMYHUTET 00JIee YCTONYMB K YacThiM MyTalusam Bupyca SARS-CoV-
2 [7]. Bo3moxHO, mpu pa3pabOTKE HOBBIX BaKIMH CIEAYEeT OMUpaThCs Ha
dbopMUpOBaHHE UMEHHO KJIETOYHOTO UMMyHHUTETa [12].

Taxkum 00pa3zoM, deTbIpexjieTHee HaOJI0/IeHHEe 3a TPYNION MmepedoIeBIINX
COVID-19 B 2020 r (yxanbckuit mramm SARS-C0oV-2) naeT ocHOBaHUE 1M0JIaraTh,
yTO Tpu coxpaHeHuW IUpKyIsamuun SARS-COV-2 B 4eloBEYEeCKOW MOIIISITNH,
aIaNTHBHBIA UMMYHHUTET K dTOMY BUPYCY OyHIeT MOIAep>KUBATHCS Ha 3alUTHOM
YpOBHE.



Ta6auna 1. ITapamerpsr ummyHuTeTa K S-0enky Bupyca SARS-CoV-2 nocne nepenecernoro COVID-19; Me (Q1-Q3).
Table 1. Parameters of immunity to S-protein of SARS-CoV-2 virus after COVID-19; Me (Q1-Q3).
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TABJINLbBI

IgG BAU/m ABumaocts % /|1gGl  |1gG2 | 1gG3 |1gG4 |IgA (KII) /|CD8"CD107a*
Avidity % % % % Positive rate %

1 rox/| 966 (478-1456) | 53,84(45,06- 100 0 0 0 0,92(0-3,58) 6,80(4,61-11,25)
year 69,66)
2 roma | 1572 (784- | 74,49(67,5- 77,5 4.4 12,4 5,7 3,76(1,67- 8,79(4,02-
/ years | 2819)* 86,62)* 6,93)* 15,59)*
3 roma | 1569 (751- | 76,10(64,97- 73,7 0,7 22,7 2,9 5,91(2,37- 8,02(4,3-15,3)*
lyears | 2719)* 84,78)* 8,06)*
4 roma | 3721 (416- | 83,10(66,81- 91,9 1,4 3,2 3,5 4,82(1,62- 5,56(2,93-9,34)
/years | 5095)** 92,68)* 5,98)*

o otHomeHuto k 1 romay/ in relation to 1 year

** p <0,05 no otHomreHuto k apyrum rogam/ in relation to other years

*op
<0,05
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BbJaok 3. MeTragaHHbIe CTATBH
NMMMVYHOJIOTMYECKAZ I[TAMISTD K S-BEJIKY SARS-CoV-2
COXPAHSETCH CIIYCTA 4 T'OLOA TTOCJIE 3ABOJIEBAHUA
THE IMMUNOLOGICAL MEMORY TO SARS-CoV-2 S-PROTEIN PERSISTS
4 YEARS AFTER THE DISEASE

CokpaleHHOe HA3BaHUE CTATHH /1JIsl BEPXHEro KOJOHTHUTYJIA:
NMMVYHOJIOTUYECKASA ITAMATH K SARS-COV-2
IMMUNOLOGICAL MEMORY TO SARS-COV-2

Kiarwuesle cioBa: COVID-19; SARS-CoV-2; antuTena; KJIeTOYHbIM UMMYHHUTET;
HMMYHOJIOTHYCCKAs IIaMATh, HpOpBIBHOﬁ HNMMYHUTCT.

Keywords: COVID-19; SARS-CoV-2; antibodies; cellular immunity;
immunological memory; breakthrough immunity.
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