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Pesome. B nociienHee BpeMs Bce 0oJibliiee pacCIpOCTPaHEHHUE TTOJIy4aeT TUIIOTe3a O TOM, YTO aTePOCKIIe-
POTHUYECKUE MPOLIECCHI B OOJIbIIECH CTENEHU O0YCIOBIEHBI UMMYHHBIMU (ayTOUMMYHHBIMU) MEXaHU3MaMMU.
B 10 xe BpemMs ayToMMMYyHHasl TUIIOTe3a aTeporeHes3a He cTajla OOLIENPUHSTON U TpeOyeT TOMOTHUTETbHBIX
JloKa3aTeJIbCTB. PaHee HaM y1aioCh BbI3BATh U3MEHEHUS B CTEHKE a0PThI KPBICHI, TOI0OOHBIE U3MEHEHUSM Ha
PaHHUX CTaIUAX aTEPOCKIIEPO3a YeJIOBEKA, a TAKXKE BbI3BaTh BUCLIEPATIbHOE OXUPEHUE Y HOPMOXOJIECTEPU-
HeMUYeCKUX KpbIc Wistar ImyTeM OTHOKPATHOM UMMYHU3AalIM HATUBHBIMU JIUTTOTIPOTEMHAMU BBICOKOU MU
HU3KOW MJIOTHOCTU YyesioBeKa. Takke HaMu ObUIO OOHAPYKEHO, YTO UMMYHHBII OTBET Ha HaTuBHbIe JITTBIT
YeJI0OBEeKa BBI3bIBAET aT€POCKIIEPO30IOI00HbBIE MOPAXKEHUS B A0pTe KPOJIUKA, TAKUE KaK aAfuTIOLUTaApHAs U
XOHAPOLIMTApHAsl MeTaIula3usl, OTJIOXKEHUSI MPOTEOTJIMKAHOB, JIeHKouUuTapHast uHwibTpanus. UsMeHeHus
B CTEHKE aOpThl KPOJIUKOB U KPbIC, UMMYHU3UPOBAaHHBIX HATUBHBIMU JIMIIONPOTEUHAMU, ObLIU TTOJIYYEHBI
Ha (poHE HOPMAJIBHOTO YPOBHSI X0JIeCTepUHA KpoBU. TakuM 00pa3oM, UMMYHHBII oTBeT npoTuB JITIBIT wiu
JITTHIT moxeT ObITh HE3aBUCUMOI MPUYMHON aTeporeHe3a. Llejabp TaHHOro ucciefoBaHus COCTOSIa B TOM,
4TOOBI MPOBEPUTH, OYIET U UMMYyHM3alUs yeaoBeyeckumu amonporeuHamu JITIBIT (Genkamu anoAl u
anoE) BbI3bIBaTh aTEPOCKIEPO30NOA00HBIE MOPAXKEHUS B A0PT€ HOPMOXOJIECTEPUHEMUYECKUX KpbIc Wistar.
Anonporeunst JITIBIT Bbinensuin u3 mia3Mbl 4YeI0BEKA WU KPBICHL. {JIST UMMYyHU3alMKA alloONpPOTEUHAMU
JITIBIT yenoBeka ncnonab3oBanu Kpbic Wistar (n = 5) B Bo3pacte 2 mecsueB. Anonporeunsl JITIBIT BBoguiu
OIHOKPAaTHO B BUJI€ BHYTPUKOXHOUW MHBEKIIMM 110 100 MKT Ha KpBICY B HeTIOJTHOM aabloBaHTe DpeiiHaa.
KoHTpoabHBIM KpbIcaM BBOIAWJIM TTOAKOXHO HETIOTHbIN aabioBaHT PpeitHaa (n = 5). KpbIc BCKpbIBaJIN Ye-
pe3 25 Henenb mocie nMMyHu3auu. Cpe3bl a0pThl OKPAIIMBAIM TeMAaTOKCJIIMHOM Y 903WHOM JIJTsI CBETOBOM
Mukpockonuu. st onpeaeneHus uHwibtpaiuu T-nmuMdbonuTaMu MTpoBOAUIN UMMYHOTUCTOXUMUYECKOE
okpamBaHue FITC-meyeHbIMU aHTUTENaMU, cieludUIHbIMU K KpbicuHOMYy CD3. CD3*T-numdouuTsl
BBISIBJISIM C TOMOIIBIO (hiTyopeclieHTHOTro Mukpockora Olympus BX53. YpoBeHb aHTUTEI K aTONpOTEeUHAM
YeJI0BeKa U KPBIChI OTIPEIEISIIU METOAOM HETIPSIMOTO TBepIoda3HOro UMMYHO(hEpMEHTHOTO aHamu3a. M-
myHu3anus anonporernHamu JITIBIT Bei3Bana onocpenoBanHblil T-muMdonuraMu UMMYHHBIA OTBET, 0€3
BbIpaboTKU ayToaHTUTea K anonporenHam JITIBIT. UHTruMa u anBeHTULIMS a0pThl ObLTU UH(MUIBTPUPOBAHBI
T-nmumdonuramu y Kpbic, UMMYHU3MPpOBaHHbIX anoniporenHamu JITIBIT. HeoxunanHbiM ObU1O OOHApY-
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KeHue cuiabHoU T-mmMmdonuTapHO MHOMIBTPALIMKA BCEX CIIOEB CTCHKH BEH Y KPBIC, TMMYHU3NPOBaHHBIX
anonporenHamu JITIBII yenoBeka. Takum oOpa3zoM, mocpeaCcTBOM UMMYHHU3ALMU arloNpOTEeMHAMU HaM He
yAaJIOCh BBI3BATh Y KPbIC UIBMEHEHMSI B CTEHKE aOPThI XapaKTepHBbIE JIJISI IPOJABUHYTHIX CTaIM aTepOCKIEPO-
3a. OgHako umMMmyHu3auus anonporeuHamu JITIBIT BeizBasia onocpenoBaHHoe T-numbonutamMu cujibHOE
BOCTIAJICHME aOPTHI 1 BEH.

Karouesvie crosa: ocnanenue cocyoos, anonpomeunst JIIIBII, aymoummynnoe éocnanenue, T-rumgpouumaprnas ungpusompayus,
IKCNEPUMEHMANbHAS MOOENb

HDL APOPROTEIN IMMUNIZATION INDUCES T CELL-
MEDIATED VENULITIS AND INFLAMMATION IN AORTA
Sidorov A.Yu., Fomina K.V, Beduleva L.V.

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

Abstract. The hypothesis that atherosclerotic processes are mostly caused by immune (autoimmune)
mechanisms has recently been gaining attraction. At the same time, the autoimmune hypothesis of
atherogenesis has not become generally accepted and requires additional evidence. Previously, we were able
to induce changes in the aortic wall similar to those observed in the early stages of human atherosclerosis, and
also to produce visceral obesity in normocholesterolaemic Wistar rats by a single immunization with human
native high- or low-density lipoproteins. We also found that the immune response to native human HDL causes
atherosclerosis-like lesions in the rabbit aorta, such as adipocyte and chondrocyte metaplasia, proteoglycan
deposits, and leukocyte infiltration. Atherosclerosis-like lesions developed in the aorta of hnHDL-immunized
rabbits against a background of normal blood LDL-cholesterol level. Thus, an immune response against HDL
or LDL may be an independent cause of atherogenesis. The aim of this study was to test whether immunization
with human HDL apoproteins (apoAl and apoE proteins) would induce atherosclerosis-like lesions in the
aorta of normocholesterolemic Wistar rats. HDL apoproteins were isolated from human or rat plasma. Wistar
rats (n = 5) aged 2 months were used for immunization with human HDL apoproteins. HDL apoproteins were
administered as a single intradermal injection of 100 pg per rat in incomplete Freund’s adjuvant. Control rats
were injected subcutaneously with incomplete Freund’s adjuvant (n = 5). Rats were dissected 25 weeks after
immunization. Rat aorta sections were stained with hematoxylin and eosin for light microscopy. T lymphocytes
infiltration was determined by immunohistochemical staining with FITC-labeled antibodies specific to rat
CD3. CD3*T lymphocytes were detected using an Olympus BX53 fluorescent microscope. The level of
antibodies to human and rat HDL apoproteins was determined by indirect enzyme-linked immunosorbent
assay. Immunization with HDL apoproteins induced a T cell mediated immune response without production
of autoantibodies to HDL apoproteins. The aortic intima and adventitia were infiltrated with T lymphocytes in
rats immunized with HDL apoproteins. Pronounced T lymphocytic infiltration was found in all layers of the
vein wall in rats immunized with human HDL apoproteins. Thus, immunization with HDL apoproteins causes
T cell mediated inflammation of the aorta and venulitis.

Keywords: vascular inflammation, HDL apoproteins, autoimmune inflammation, T lymphocytic infiltration, experimental model
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Introduction

A high level of total cholesterol or low-density
lipoprotein cholesterol is considered the main cause
of atherosclerosis and cardiovascular disease [11].
However, the hypothesis that atherosclerotic processes
are mostly caused by immune (autoimmune)
mechanisms has recently been gaining attraction [6].
Over the lengthy period during which the autoimmune
hypothesis of atherosclerosis has been developed

and strengthened, the role of the immune response
against oxidized LDL, the heat shock proteins (hsps)
of microorganisms, apolipoprotein A-1 (main protein
constituent of high-density lipoprotein [HDL])
and vessel wall antigens have been studied [8].
Measurement of circulating autoantibodies directed
against native and malondialdehyde (MDA)-modified
epitope p210 of apoB-100 (IgG-p210nat and IgM-
p210MDA) in relation to early atherosclerosis in a
large, European longitudinal cohort study of healthy
high-risk individuals provides evidence of involvement
of autoantibodies against native and M DA-modified
apoB-100 peptide 210 in cardiovascular disease
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in humans [7]. Previously, we were able to induce
changes in the aortic wall similar to those observed in
the early stages of human atherosclerosis, and also to
produce visceral obesity in normocholesterolaemic
Wistar rats by a single immunization with human
native HDL (hnHDL) or hnLDL. Rats immunized
with hnHDL or hnLDL that as a result produce
antibodies against native lipoproteins were found
to have pericardial fat, increased visceral adipose
tissue volume, inflammation in the aortic wall as
identified by the accumulation of leukocytes therein,
and destruction of the intima and disruption of the
media structure [4]. Immune response to hnHDL
was found to cause atherosclerosis-like lesions in
the rabbit aorta such as adipocytic and chondrocytic
metaplasia, proteoglycan deposits, leukocytic infil-
tration. Atherosclerosis-like lesions developed in
the aorta of hnHDL-immunized rabbits against a
background of normal blood LDL-cholesterol level.
Thus, immune response against HDL or LDL may be
an independent cause of atherogenesis, and HDL is
the potential target of the immune attack that leads to
atherosclerosis [5].

Epitopes of apoproteins are considered to be the
atherogenic component of lipoproteins. Antibodies
against ApoAl demonstrated positive correlations
with atherogenesis [8] and were identified as
biomarker with a high potential to predict increased
cardiovascular disease risk [13]. High level of anti-Apo
A-1 autoantibodies in patients with acute coronary
syndrome was revealed [14]. Anti-ApoA-1 IgG
might be associated with increased atherosclerotic
plaque vulnerability in humans and mice. Passive
immunization of atherosclerosis-prone apoE-/- mice
with anti-apoA-1 IgG increased both atherosclerotic
lesion size [9]. At the same time, the autoimmune
hypothesis of atherogenesis has not become generally
accepted and requires more evidence.

The aim of this study was to test whether im-
munization with HDL apoproteins would induce
atherosclerosis-like lesions in aorta of normocho-
lesterolaemic Wistar rats.

Materials and methods

Rats and Ethics statement

Female Wistar rats were obtained from the
Rappolovo breeding facility (Rappolovo, Russia).
Animal experiments were performed in accordance
with the ARRIVE guidelines, the U.K. Animals
(Scientific Procedures) Act, 1986, and EU Directive
2010/63/EU for animal experiments. The protocol
and procedures employed were ethically reviewed
and approved by the Bioethics Committee of Udmurt
State University (Date 25/04/2022/No. 2202).

HDL apoproteins isolation from human or rat
plasma

Healthy human sera were obtained at the Republic
Blood Transfusion Station (Izhevsk, Russia). Preci-
pitation HDL apoproteins were performed as pre-

viously published [1]. Briefly, to serum was added
10% dextran sulfate to final concentrations 0.05%
and 1 M MnCIl2 to final concentrations 0.05 M,
mixing for 10 minutes. With these concentrations,
the LDL and VLDL are completely and selectively
precipitated. The precipitate is then removed by
centrifugation for 10 min at 6000 g. to the LDL-
and VLDL-free supernatant are added 10% dextran
sulfate to final concentrations 0.65% and 1 M
MnCI2 to final concentrations 0.2 M. Precipitation
beings immediately and is complete after 2 hr. The
mixture is centrifuged at 15 000 g for 30 minutes. The
supernatant is removed and the precipitate is washed
in Tris-HCI buffer containing 0.1% dextran sulfate
and 0.1 M MnCl,, pH = 7.6. The washed precipitate
which contains the HDL is dissolved by stirring the
suspension by added Tris-HCI buffer containing 0.2%
sodium citrate, 1% NaCl, 0.05 M EDTA and 0.05%
Twin-20, pH = 8.2. The mixture is centrifuged at
10 000 g for 5 minutes to remove the white precipitate
of manganese oxide.

Delipidation =~ HDL-enriched fraction were
performed as previously published [2]. Briefly, an
equal volume butanol-diethyl ether (40:60, V/V)
was added to HDL-enriched fraction and intensively
stirred for 30 minutes. Organic phase was removed by
centrifugation at 10 000 g for 10 minutes. Apoproteins
containing fraction was applied to Superdex 200
10/300 column equilibrating with Tris-HCI buffer
containing 0.05% Twin-20, pH = 8.2. Three fractions
were obtaining, first — IgG, second — serum albumin,
third — apoproteins. However, third fraction besides
apoproteins contains IgG and albumin up to 20% of
total protein. Purification apoproteins was performed
on Albumin&lIgG Depletion column. The purity of
the isolated HDL apoproteins was tested by SDS-
PAGE. The purity of the preparation was 95.2+3.7%.
Isolation and purification of HDL apoproteins was
performed on a chromatograph AKTA pure 25 M,
provided by the Center for the Collective Use of
Scientific Equipment, Udmurt State University.

Immunization

At 2 months of age, Wistar rats (n = 5) were
immunized with human HDL (hHDL) apoproteins.
hHDL apoproteins were administered as a single
intradermal injection of 100 pg per rat in incomplete
Freund’s adjuvant (IFA) (Sigma-Aldrich). Control
rats received a subcutaneous injection of IFA (n = 5).

ELISA of antibodies to rat or human HDL apo-
proteins (apo-HDL)

Plates (Corning-Costar, Acton, MA, USA) were
coated overnight at 4 °C with rat or human apo-HDL
(20 pg/ml) in 0.15 mol/L PBS. Plates were blocked
with 150 uL of 0.15 mol/L PBS/0.05% BSA/Tween-20.
Serum samples were added in serial dilution with PBS/
Tween-20 and incubated for 1 h at RT. The plates
were then incubated for 1 h at RT with 100 puL of goat
anti-rat Ig (IgG, 1gM, IgA) conjugated to horseradish
peroxidase (IMTEC, Russia). Then the substrate
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mixture (5 mL citrate buffer solution [pH 5.0]/3 mg
ortho-phenylenediamine/15 mL 3% H,0,) was added.
Absorbances were read after 15 min at 492 nm.

Tissue preparation and histology

Rats were dissected 25 weeks after immunization,
Rat aortic specimens were fixed for 24 hours in
immunofix and embedded in paraffin for light
microscopy. Cross-sections, 5-um thick, were stained
with hematoxylin and eosin.

Immunohistochemistry

The glass-mounted aorta sections were dewaxed
and rehydrated by the standard procedure. For the
antigen unmasking sections were autoclaved at 120 °C
in a Tris-HCL buffer/0.01% sodium borohydride, pH
7.6, for 20 minutes. After autoclaving, the sections
were cooled and treated for 5 minutes with a solution
of Sudan black B to prevent autofluorescence caused
by lipofuscin. The sections were washed three times
in the PBS/Twin-20. Further, the sections were
treated with a blocking solution containing 5% milk
powder in PBS with Twin-20. Then the sections were
incubated with FITC labeled antibodies specific to rat
CD3 (Mybiosource, USA) overnight at +4 °C, washed
three times in the PBS/Twin-20. CD3*T lymphocytes

were detected using an Olympus BX53 fluorescence
microscope (Japan) provided by the Center for the
Collective Use of Scientific Equipment, Udmurt
Federal Research Center of the Ural Branch of the
Russian Academy of Sciences.

Results and discussion

Human HDL apoproteins used for rat
immunization consisted of apoAl and apoE
proteins. Histological analysis of the aorta of Wistar
rats immunized with hHDL apoproteins revealed
leukocyte infiltration of the aortic wall (Figure 1A)
and veins (Figure 1B). In rats injected with IFA, no
leukocytes were found in the aortic wall (Figure 1C)
or other vessels.

Immunohistochemical analysis showed that the
intima and adventitia of the aorta were infiltrated
with T lymphocytes in rats immunized with hHDL
apoproteins (Figure 2A, B). Severe T lymphocytic
infiltration were found in the all layers of the vein wall
in hHDL apoprotein immunized rats (Figure 2C).

In the hHDL apoprotein immunized rats the
production of antibodies to the immunogen was

Y
W

RALLITN

Figure 1. Representative histological specimens of aorta and periaortic tissue of Wistar rats
Note. H&E. A, aorta of rat immunized with hHDL apoproteins. B, leukocyte infiltration of vein of rat immunized with hHDL apoproteins. C, aorta

of rat injected with IFA.

Figure 2. Representative histological specimens of aorta and periaortic tissue stained with FITC anti-rat CD3 antibodies
Note. T lymphocyte infiltrates were found in the intima (A), adventitia (B) of the aorta and in the all layers of the vein wall (C) of rats immunized with
hHDL apoproteins. T lymphocytes are absent in the aorta (D) of rats injected with IFA.
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observed (Figure 3). Their level continued to remain
high 25 weeks after immunization. Autoantibodies to

HDL apoproteins were not detected in rats immunized LY .
with hHDL apoproteins (Figure 3). 3200 § N
Thus, immunization with human HDL apoproteins s § s
resulted in T lymphocytic infiltration of the aortic wall & 800 4 § s §
and veins of Wistar rats. = N N N
N N \
- 200 N N N
Conclusion ¥ N N \
Lymphocytic infiltration of the aorta wall and vein 50 L —L 7 — _ f -
wall is a sign of their inflammation. Since lymphocytic — — — ¢ —1— 2 — 3% — — — 25 —
infiltration was detected 25 weeks after immunization, Weeks after immunization
it can be assumed that autoimmune inflammation
has become chronic. As is known, T lymphocytic Ab to human HDL apoproteins, n = 5
infiltration is the first stage of autoimmune tissue da- B AutoAb to HDL apoproteins, n = 5

mage in T cell mediated autoimmune diseases [12,

15]. Autoreactive T lymphocytes cause tissue infla-  gigre 3. Antibodies to human HDL apoproteins and
mmation, damage, or complete tissue destruction [3,  aytoantibodies to HDL apoproteins in Wistar rats
10]. Venulitis in hHDL apoprotein immunized ratS  jmmunized with hHDL apoproteins

was unexpected. Thus, human HDL apoprotein
Immunization induces T cell-mediated inflammation
in aorta and venulitis.

Note. Data are presented as mean + SD.
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