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Pe3iome. Y HeKkoTOpbIX 00JIbHBIX, MHpUIIMPpOBaHHBIX SARS-CoV-2, oOHapyXuBalTCs ayTOaHTUTEIA
NPOTUB KJIOUEBBIX MOJEKYJ peHUH-aHTMoTeH3UuHOBOM cucTtemMbl (PAC). K TakuMm aHTUTENIaM OTHOCSTCS,
HarnpuMep, aHTUTEeIa IIPOTUB aHrnoTeH3nHa Il u anrnoreHsmHNpespaiamoiiero gepmenra 2 (AITP2). Ha-
Jumre aHTUTeNa K KomnoHeHTaM PAC accollmmpoBaHO ¢ 3MMU30IaMU TUIIOTOHWH YUIU TUTIepTeH3nu. Llembio
paboThI OBLUIO M3YYUTH BIMSTHUE aHTUTEN K S 0enKy SARS-CoV-2 n ayroantures K AIT®2 Ha ypoBeHb aH-
ruoTeH3nHa Il B Monenn MHAYIMPOBAHHOTO TOJMOPTaHHOIO MOPaXKeHMsl, BBI3BAHHOTO Y KPbIC UMMYHM3a-
nueit S 6e1koM SARS-CoV-2, a TakKe BAUSTHUE MPEACYIIECTBYIOIIETO ayTOMMMYHHOTO dHIIedaioMuenTa
Ha BbI3bIBa€Mble UMMYHU3aLUEN S OeJIKoM U3MeHeHusl ypoBHs aHruoteH3uHa I1. Kpbic Wistar uMMyHU3HU-
poBait S 6e1KkoM SARS-CoV-2 B cocraBe HenosiHOTO anpioBaHTa @peiinga (HAD). 6 n3 HUX OB MHTAKT-
HBIMM Ha MOMEHT BBedeHUs S Oejika (rpyra S), y 4 mpeaBapuTeIbHO ObLI BhI3BaH 3KCIIEPUMEHTATbHbBINA
ayTOMMMYHHBIN 3HIIC(hATIOMHUETIUT UMMYHM3aell OCHOBHBIM O€JIKOM MHEJIMHA MOPCKOI CBUHKH (TpYyIIIia
DAD + S). KoHTposbHOI Tpytite Kpbic BBommiim HAD. B nmiasMe KpoBU MCCIIEAyeMbIX KPBIC OIPEACIISIIN
aHTuTesa K S 6eJiKy, antutesia K AITM2, ypoBeHnb anrnoreHsnHa I Mmerogom nMMyHO(GEpMEHTHOTO aHaIM3a.
bruto 00HaApy:XKeHO, YTO UMMYHM3ALMS S 0€IKOM MPUBOINT K TPAH3UTOPHOMY CHIDKCHUIO YPOBHSI aHTHO-
teHsuHa I1 B kpoBH. Ha 6 Henese mociie MUMMYHU3aIMU B TPYyTIIe S YpoBeHb aHTMOTeH3WHA 11 B KpOBU HIKE
HOpMBI Y 3 13 6 kpbic (50%), B rpyriie DAD + Sy 3 u3 4 (75%). B rpymiie DAD + S cHUXKeHUE YPOBHSI aHTU -
oren3uHa Il mocToBepHO OTHOCUTEIBHO KOHTPOJIBbHOI IpyTmibl (ANOVA, p = 0,0423). bonee rirybokoe cHU-
JKEHHE YPOBHS aHTuoTeH3uHa 11 B KkpoBU y KpbIc rpynnbel DAD + S, yeM y KpbIC TPYIIBL S, aCCOLUUPOBAHO
¢ 0oJiee BBICOKMM YPOBHEM aHTUTEJ K S O€JIKY: YPOBEHb aHTUTE K S 0eJIKY ObLI JOCTOBEPHO BhIIE B IpyMIie
DAD + S B TeyeHue 1-6 Hemeab IOCae MMMYHU3ALMU S OJIKOM, YeM Y KPBIC IPYIIIBI S. IMMyHM3a1MsT KPBIC
S 6ekom He BbI3Basa mpoayKinio aHTu-AllM2 ayroantuten B rpynie DAD + S, a B rpyrmre S Obu1a cnaboi
M HE COTIPOBOX/IAJIach TOBBIIIIEHUEM YpoBHS aHrnoTteH3nHa I1. Takum o6pa3oM, y KpbIiC, UMMYHU3UPOBaH-
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HBIX S 0€JIKOM BBISIBJIEHO TPAH3UTOPHOE CHUXKEHUE YPOBHS aHTMoTeH3uHa Il Ha nmuke nMpoayKLuyu aHTUTEN
K S 6eJIKy, YTO MOXET yKa3blBaTb Ha TO, YTO aHTUTEJA K S OeJIKY MOTYT BHOCUTD BKJIaJ B CHUXKEHUE YPOBHSI
aHruoreHsuHa II npu SARS-CoV-2 unpexkuuu. Kpome Toro, npeacyiiectByollee ayToOuMMYHHO 3a001e-
BaHUE TIPUBOAUT K 00JIee CUTIBHOMY OTBETY Ha S O€JIOK, COMPOBOXAAIOIIEMYCSI 00JIee CUJIbHBIM CHUKEHUEM
ypoBH4 aHruotreHzuHa II.

Knroueswie cnosa: COVID-19, S 6eaok SARS-CoV-2, aneuomen3zun 2, aneuomeH3uHnpespauaowuil oepmenm 2, aymoanmumenda,
IKCNePUMEHMANbHbLI AYMOUMMYHHbLI SHUeparomuesum

THE EFFECT OF THE IMMUNE RESPONSE TO SARS-CoV-2
S PROTEIN ON ANGIOTENSIN Il LEVELS IN RATS

Khramova T.V.2?, Sidorov A.Yu.*", Beduleva L.V.»*, Menshikov L.V.>",
Shklyaeva N.P.2

@ Udmurt State University, Izhevsk, Russian Federation
b Udmurt Federal Research Center, Ural Branch, Russian Academy of Sciences, Izhevsk, Russian Federation

Abstract. Autoantibodies against key molecules of the renin-angiotensin system (RAS) are found in some
patients infected with SARS-CoV-2. These autoantibodies include antibodies against angiotensin II and
angiotensin converting enzyme 2 (ACE?2). The presence of antibodies to the RAS-related moleculesis associated
with episodes of hypotension or hypertension. The aim of this work was to study the effect of antibodies to SARS-
CoV-2 S protein and autoantibodies to ACE2 on angiotensin II levels in a model of induced multiple organ
damage caused in rats by immunization with SARS-CoV-2 S protein. The effect of pre-existing autoimmune
encephalomyelitis on change in angiotensin II level caused by immunization with S protein is also was studied.
Wistar rats were immunized with S protein of SARS-CoV-2 emulsified in incomplete Freund’s adjuvant (IFA).
At the time of injection of S protein 6 of the rats were intact (S group), in 4 of the rat experimental autoimmune
encephalomyelitis was previously induced by immunization with guinea pig myelin basic protein (EAE + S
group). The control group of rats was injected with IFA. Antibodies to S protein, autoantibodies to ACE2, and
angiotensin II level were determined in blood plasma by enzyme linked immunosorbent assay. It was found
that immunization with S protein leads to a transient decrease in the blood level of angiotensin II. The blood
angiotensin II level was lower than normal in 3 out of 6 rats (50%) in group S, and in 3 out of 4 (75%) in
the EAE + S group at week 6 after immunization. The decrease in angiotensin II level was significant in the
EAE + S group relative to the control group (ANOVA, p = 0.0423). A deeper decrease in the angiotensin
IT level in the blood of EAE + S group than in S group was associated with a higher level of antibodies to
S protein: the level of antibodies to S protein was significantly higher in the EAE + S group for 1-6 weeks after
immunization with S protein compared to the S group of rats. Immunization of rats with S protein did not
cause the production of anti-ACE2 autoantibodies in the EAE + S group, and in the S group it was weak and
was not accompanied by an increase in angiotensin II levels. Thus, in rats immunized with S protein, a transient
decrease in the level of angiotensin II was detected at the peak of production of antibodies to S protein, which
may indicate that antibodies to S protein may contribute to a decrease in angiotensin II level in SARS-CoV-2
infection. In addition, pre-existing autoimmune disease leads to a stronger response to S protein, accompanied
by a stronger decrease in angiotensin II level.

Keywords: COVID- 19, SARS-CoV-2 S protein, angiotensin 11, angiotensin-converting enzyme 2, autoantibodies, experimental
autoimmune encephalomyelitis

Pa6ota BeimoJsiHeHa TIpu noanaepkke MuHucTep-
CTBa HayKu M BBICIIETro obpaszoBaHusi Poccuiickoii
Ddeneparn (FEWS-2024-0002).

BeeneHue

Penun-anruorensuHoBas cuctema (PAC) sBisi-
eTcsl OAHOI U3 cucteM, atrakyembix pu COVID-19.
Y Hekoropbrix COVID-19 manueHTOB OOHapyXu-

BalOTCSl ayTOAHTUTEJIA IIPOTUB KIIIOUEBBIX MOJICKYJ
PAC — anrnorensuna Il n aHTMOTeH3MHIIpEeBpaIia-
foniero epmenTa 2 (AIID2) [1, 2, 5]. AHTUOTEeH3UH
II — mentun, cocrosiuii U3 § aMMHOKMCIOT, OMOJIO-
ruyeckue 3hdEeKTbl KOTOPOro BKIIOYAIOT Ba30KOH-
CTPUKIINIO, BocralieHue, ¢udpo3 U mpojudepanmnio
KkieTok [8]. AIIM2 — depMeHT, UTpaIOIINil BaXKHYIO
pOJIb B PETryJISIIUM apTepUabHOTO HABJICHUS ITy-
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Ang 11 in response to S protein

TeM IIpeodpa3oBaHUsI COCYIOCYXKUBAOIIETO IIPO-
BOCHAJIMTEJIbHOTO OKTamenTuaa aHruotreHsuHa 11 B
COCYIOPACHIMPSIIONIMI  TIPOTUBOBOCITATUTEIbHBI
nentua aHruoteH3uH-(1-7) [6]. Dkcnpeccust AIID2
obHapyXeHa Ha MeMOpaHe MHOTIUX KJIETOK, B TOM
YMCJIe Ha TIOBEPXHOCTU aJIbBEOJISIPHBIX SMUTEINATb-
HBIX KJIETOK M COCYIMCTBIX HI0TEIMAIbHBIX KJIETOK.

AyToaHTHUTeNIa TIPOTUB MOJEKYJ1 PEHUH-aHTHU-
OTEH3WHOBOII CHCTeMBbI BMEIIUBAIOTCS B PETYIISI-
U0 KPOBSIHOTO MABJICHUSI U YCUJIMBAIOT TSXKECThb
COVID-19 [1, 5]. Y 60/1bHBIX, UMEIOLLIUX ayTOAHTU-
Tesa K aHruoteH3uny I, HaGaoganucey a1m30/1bl TH-
MMOTOHWH, TTOTPEOOBaBIIIME Ha3HAYEHUST BA30TIPECCO-
pPOB, OOJIBIIIE CYyTOUHBIE KOJICOAHUST apTepHUaIbHOTO
JIaBJIEHUS, CHUXKEHUE oKcureHauuu Kposu [2]. ITo-
Ka3aHo, YTO aHTUTe]a IMPOTUB aHTrMoTeH3nHa I 06-
pa3yloTcs Kak MepeKpecTHOpearupyolie aHTuTena
K Spike (S) 6enky nnu RBD nomeny S 6enka SARS-
CoV-2 [2]. Ayroantutena npotuB AITD2 takxke 06-
HapyxeHbl y 601bHbIX COVID-19 [1]. OHu o6pa3y-
FOTCS B X0lIe MH(MEKINN KaK aHTUUINOTUITNICCKUE
K aHtuteaam npotuB S 6enka SARS-CoV-2 [1]. Ay-
ToaHTUTEeAa HpoTuB AITM2 CHIKAIOT aKTMBHOCTH
ATID2 [1, 7], 9TO MOXET MPUBECTU K YBEJIUYECHUIO
comep:kaHusl aHTHMOTeH3nHa Il m pa3BuTHUIO THUTIEp-
TEH3UU.

Ileaslo paGoThl OLUIO M3YYWUTHh BIWSIHUSI aHTH-
Ten K S 6enky SARS-CoV-2 u ayroanruren K AITD2
Ha ypoBeHb aHTHMOTeH3MHa Il B Momenm MHIyLmpo-
BaHHOI'O MOJUOPTaHHOTO ITOPaKeHMsI, BRI3BAHHOTO
y Kpblc uMMyHu3anuein S 6enkom SARS-CoV-2, a
TakKe BIUSIHUE TPEICYIIECTBYIOIIETO ayTOMMMYH-
HOTo 3HIe(aTIOMHNEINTAa HAa BEI3BIBAGMBIC MMMYHU-
3anueil S 0e1KOM M3MEHEHUST YPOBHSI aHTMOTEH3U-
Ha II.

MaTtepwuarbl 1 MeToabl

10 xkpwic Wistar (mutoMHUuK «PanmonoBo», Poc-
cust) mMMmyHH3upoBaim S OenmkoM SARS-CoV-2
(ACROBiosystems, CIIIA) B HEMOJHOM aablOBaHTE
®peitana (HAD, InvivoGen, CIIIA) BHYTPUKOXHO
B o3¢ 20 MKT Ha KpbIcy. Y 4 U3 HUX MPEeABapUTEIbHO
OBIT BBI3BAaH SKCIEPUMCHTAJBHBI ayTOMMMYHHBIN
sHuebhatoMuenutr (DAD) HMMMyHU3alMeld OCHOB-
HBIM OenkoM muenmHa (OBM) Mopckoit CBUHKH B
noaHoM anbioBaHTe Dpeitnpa (IMTAD, InvivoGen,
CIIA) B mo3e 100 MKT Ha KpBICy. DAD MPOSBIISICS
napajimyaMu OJHOU WM HECKOJIbKUX KOHEYHOCTE.
Ha momeHT BBeneHMS S Oe1Ka CMMITTOMBI SHIIeda-
JIOMUEJINTA YK€ He OOHapyXuBauch. OcTajabHbIe 6
KpBIC OBUTM MHTAKTHBIMU B JICHb BBCACHUSI S Oell-
ka. KoHTposbHOI1 rpynne kpbic (n = 4) BBOAWIU
HA®. ExxenenenbHO OTOMpaIn KpPOBb M3 XBOCTO-
BOI BeHbI. B mia3Me KpoBU OIpeaessiv aHTUTea K
S 6enky (ripu pasBeneHnu B 400 pa3) m aHTUTEIA K
AIT®D2 depmenty (ripu passeaennn B 100 pa3) He-

MPsSIMBIM TBEpAO(a3HBIM UMMYHO(DEPMEHTHBIM aHa-
mm3oM (M®DA). YpoBeHb anrroTeH3nHaA 11 B mmasme
OMpenessiIi METOIOM KOHKypeHTHoro M®A ¢ mo-
MOIIBIO TOTOBOIo KoMMepueckoro Habopa (Cloud-
Clone Corp., CIIIA). 3a HOpMy OpUMHUMAJIU YpO-
BeHb aHTMoTreH3uHa Il y mHTakTHBIX KphIC (n = 16),
BBIUMCIIEHHBIN Kak cpemHee T 2SD, oH cocTtaBuI
350-625 nk/mi. CTaTUCTUYECKUI aHAU3 pe3yJIbra-
TOB MPOBOJMJIM ¢ MOMOIIbI0 mporpamMmMbl GraphPad
Prism 8.4.3, paznuuust cuutanyu 3HaYUMBIMU TIPU P
<0,05.

Pe3synbTaThl 1 0BCyxaeHNe

B rpymnmne MHTaKTHBIX KPbIC, UMMYHU3UPOBaH-
HBIX S Genkom (rpyrira S), U B TpyIlIie KpbIC, UM-
MYHU3UPOBAHHBIX S OEJIKOM MOCJe MePEeHECEeHHO-
ro ayToMMMYHHOToO 3HuedanomMuenura (rpyrmmna
BDAD + S), BBISIBICHO TPaH3UTOPHOE CHIDKCHUE
ypoBHs1 aHruoteH3uHa Il B kpoBu. Haubosee cy-
IECTBEHHBIC WM3MEHEHUSI YPOBHS aHTMOTEH3MHA
11 HaGaonanuch Ha 6 Heaesle Mocjae UMMYHU3ALUT
S GenkoM (puc. 1). Ha 6 Hexesie mocie nMMyHM3a-
uu S 6eJIKOM B TpyTine S ypoBeHb aHTUoTeH3uHa 11
B KPOBM HIXKe HOPMEBI Y 3 13 6 KpbIc (50%), B rpymiie
DAD + Sy3u3z4(75%) (puc. 1). B rpynine DAD + S
Ha 6 Hejese Mocjie UMMYHM3alMU S GeJKOM ypo-
BeHb aHruoteH3mHa Il mocroBepHO HUXE, yeM y
KOHTPOJBbHBIX KpbIC (puc. 1, ANOVA, p = 0,0423).
ITonyyeHHBbIe TaHHBIE O CHUXKEHUU YPOBHSI aHTUO-
TeH3uHa Il B KpoBHM KpbIc, UMMYHU3UPOBAHHBIX S
OEeJIKOM, COTJIACYIOTCSI C TaHHBIMU JIMTEPATYpPHI, T
nokasaHo, 4To y 6obHBIX COVID-19 HabmogaeTcs
CHMXXKEHWE YPOBHS aHTHOoTeH3uHa 1 B tutazme kpoBu
0 CPaBHEHUIO CO 3A0POBBIMU JOHOPAMU, KOTOPOE
aCCOLMHUPOBAHO C HEOOXOAUMOCTBIO TOCITUTAIN3a-
LU U Pa3BUTUEM OCTPOrO PECIUpPaTOPHOIro IMUC-
TpeCcC-CUHAPOMA, W B IIEJIOM CO CTEIICHBIO TSLKECTHU
3aboJeBaHus |3, 4].

AHaIM3 NpOayKIIMU aHTUTENI K S OeJIKy moKa3al,
4TO y KpbIC TpymHIibl DAD + S, ypoBeHb aHTUTEN K
S OeJIKy HOCTOBEpPHO BhIllIE B TeyeHUe 1-6 Hedeab
ocJie MMYHHU3AIINU S 0EJIKOM, YeM Y KPBIC TPYTIITHI
S (puc. 2A). Briquez et al. moka3zanu, 4To y 00JIbHbBIX
COVID-19 antutena, BeipadbaTbiBaeMbie K S OEJIKY,
MOTYT MEPEKPECTHO pearupoBaTh C aHTUOTEH3UHOM
II. ¥ 6oapHbIx COVID-19 Hanuyue TakKux aHTUTEN
aCCOIMMUPOBAHO C TSDKEIBIM TEeUeHHEeM 3aboJjieBa-
HUSI, B YaCTHOCTHU C HapylIEHUEM PEryJIsiiuu apTe-
pUAJBbHOTO MaBJICHMsSI, U CHIDKEHWEM OKCUTCHAIINU
KkpoBH [2]. [ToaToMy MOXHO Tipeamnosaratrb, 4To 00-
Jiee TJIIyOOKoe CHMKEeHHE YpOoBHs aHTuoTeH3uHa I B
KPOBHU Y KPBIC TPyIImbl DAD + S, yeM y KpbIC TpyIi-
bl S, CBI3aHO ¢ 00Jiee BBICOKUM YPOBHEM aHTUTEN K
S 0eJKy, 9acTh KOTOPBIX MOTYT ITEPEKPECTHO CBSI3BI-
BaThCsl C aHTMOTeH3uHOM 1.

473



Xpamosa T.B. u op. Poccuiickuit ummynonoecuueckuii scypnan

Khramova T.V. et al. Russian Journal of Immunology/Rossiyskiy Immunologicheskiy Zhurnal
p=0,0423
1000 ANOVA
1
.
800 O 0
(=N @
SE | ® ol o D L T 0] R ...
==y .
£2 600 E % i_ B
= 0,
5% o
35 % © %
55 400+
E g’ .................................................................... .‘ ....................
< o [} o}
2004 u]
0 1 1 ) 1 1 1
0 2 4 6 8 10
Hepnernv nocne nmmyHnsaumm S 6enkom
Weeks after S protein immunization
© HA® O s ¢ DAD+S
IFA EAE+S

PucyHok 1. YpoBeHb aHroteHsuHa Il B nnasme Kpbic, UMMYHW3UPOBaHHbIX S Genkom (rpynna S), KpbIc, nepeHeciumnx
ayTOMMMYHHbII 3HUEedanoMmenuT U MMMYHU3UPOBaHHbIX S 6enkom (rpynna A3 + S), M KOHTPONBHbLIX KpbIC,
nonyyYuBLINX MHBEKLMIO HAD

Mpumeyanue. MyHKTUPHBLIMK NMHUAMU 0603HAYEH AUana3oH HOPMbI, BLIYMCHEHHBIW O YPOBHIO aHrMoTeH3uHa Il y MHTaKTHBIX KPbIC Kak
cpepHee * 2SD.

Figure 1. The angiotensin Il level in the plasma of rats immunized with S protein (S group), and rats that previously had an
autoimmune encephalomyelitis and immunized with S protein (EAE + S group), and control rats that received an injection of IFA
Note. The dotted lines indicate the normal range calculated from the level of angiotensin Il in intact rats as mean + 2SD.
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PucyHok 2. A - anTutena k S 6enky B nnasme KpbIC, UMMYyHU3UPOBaHHbIX S 6enkom (rpynna S), Kpbic, NepeHeclwmnx
ayTOMMMYHHbII 3HUedanommenuT U MMMYHU3UPOBaHHbIX S 6enkom (rpynna AJ + ), M KOHTPONBHbLIX KpbIC,
nonyumBwmnx uHbekumio HA®. CpegHee £ SD. * — nocToBepHbIe OTANUYMA NO OTHOLWEHMKO K rpynne S, p < 0,05, kputepuit
MaHHa-YuTHu. b - ayToanTutena k AlN®2 B nna3me KpbIC, UMMYHU3MPOBaHHbIX S Genkom (rpynna S), Kpbic, NnepeHecLnx
ayTOMMMYHHbII 3HUEedanoMmenuT U MMMYHU3UPOBaHHbIX S 6enkom (rpynna A3 + S), M KOHTPONBHbLIX KpbIC,
nonyunBwux uHbekumio HA®. CpepgHee £ SD. **- nocToBepHbIe OTANYMA MO OTHoWweHMK0 0 AHo, p = 0,0308, ANOVA,
Kputepun ®puamaHa

Figure 2. A, antibodies to S protein in the plasma of rats immunized with S protein (S group), rats that previously had an
autoimmune encephalomyelitis and immunized with S protein (EAE + S group), and control rats that received an injection of IFA.
Mean £ SD. *, statistically significant differences in relation to rats of S group, p < 0.05, Mann-Whitney test. B, autoantibodies to
ACEZ2 in the plasma of rats immunized with S protein (S group), rats that previously had an autoimmune encephalomyelitis and
immunized with S protein (group EAE + S), and control rats that received an injection of IFA. Mean £ SD. **, statistically significant
differences in relation to day 0, p = 0.0308, ANOVA, Friedman test

474



2024, T. 27, Ne 3
2024, Vol. 27, Ne 3

Ane Il npu omeeme na S b6enox
Ang 11 in response to S protein

WccnemoBanne ypoBHS ayToaHTUTEd K AITD2
MoKa3ajo, YTO MMMYHM3alMsl KpPbIC S OEJIKOM He
BbI3Basia mpoaykuuio aHTu-Alld2 ayroanturen B
rpyrie DAD + S (puc. 2b, ANOVA, Friedmann test,
cpaBHeHIEe oTHOcUTeabHO O gHs). B rpymore S mpo-
nykuus ayroaHtutelsl K AITM2 6puta cnadoii, 10CTo-
BEpHOE yBeJMYeHUE YPOBHs ayroaHTuTen K AITd2
oTHOocuTeabHO O AHS OOHApYKEHO TOJbKO Ha 5 He-
nene rociae uMMyHuzanuu S o6enkom (p = 0,0308,
ANOVA, Friedmann test). 3HaUUTEAbHOIO YBEJIU-
yeHus ypoBHs aHruoteHauHa Il (puc. 1), koTopoe y
6obHBIX COVID-19 cBSI3BIBAIOT C ayTOAHTUTEIAMU
K AII®D2 [1, 5], y KpbIc, UMMYHU3UPOBAHHBIX S OeI-
KOM, HE BBISIBJICHO.
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