YIAK 616.12-77:615.462]-004.8-06-003.8
https://doi.org: 10.20538/1682-0363-2020-2-55-62

Endothelial monolayer disruption in the bioprosthetic heart valve as a trigger
of primary tissue failure

Mukhamadiyarov R.A.', Rutkovskaya N.V.?, Kutikhin A.G.", Milto I.V.>#, Sidorova 0.D.>,
Barbarash L.S.’

I Research Institute for Complex Issues of Cardiovascular Diseases
6, Sosnoviy Blvd., Kemerovo, 650002, Russian Federation

2 A.I. Burnazyan Federal Medical Biophysical Center
23, Marshal Novikova Str., Moscow, 123098, Russian Federation

3 Siberian State Medical University
2, Moscow Traxt, Tomsk, 634050, Russian Federation

* Seversk Biophysical Research Centre
7, Chekist Lane, Seversk, 636013, Russian Federation

I Kemerovo State Medical University
22a, Voroshilova Str., Kemerovo, 650029, Russian Federation

ABSTRACT

Aim. To study the surface and cellular composition of non-calcified bioprosthetic heart valve (BHV) leaflets
with varying degrees of structural deterioration to determine the possible mechanisms of primary tissue failure
development.

Materials and methods. An examination of six bioprosthetic heart valves (KemCor and PeriCor) extracted
from mitral position due to the structural valve deterioration was performed. The structure of BHV leafiets was
studied by hematoxylin — eosin staining and immunohistochemistry assay (with the following indicators — CD3, T
lymphocytes; CD20, B lymphocytes; CD31, mature endothelial cells; CD34, endothelial progenitor cells; CD68,
monocytes/macrophages; vimentin, mesenchymal cells; a-smooth muscle actin, vascular smooth muscle cells).

Results. The degree of disruption of BHV leaflets in primary tissue failure differed significantly: relatively intact
samples with the intact endothelial monolayer, areas with impairment of the surface layers (minimal and moderate
damage) and areas with the spread of destruction into the extracellular matrix of the leaflet (expressed degeneration)
were determined. Endothelial cells (monolayer with preserved or impaired integrity), macrophages, smooth muscle
cells and other mesenchymal lineage cells were identified in BHV. T- and B-lymphocytes were not detected in the
BHYV leaflets.

Conclusions. A characteristic feature of structurally deteriorated BHVs is impairment of endothelial monolayer
integrity in areas of degraded extracellular matrix. In contrast to other types of bioprosthetic dysfunctions,
structural valve deterioration was characterized by the absence of lymphocyte infiltration. Therefore, we suppose
that endothelial mololayer injury is a trigger of structural BHV deterioration.
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PE3IOME

Heap — Mopdonoruyeckoe nccaea0BaHHE TOBEPXHOCTH M KJIETOUHOTO COCTaBa CTBOPOK HEKATBLMHUPOBAHHBIX
O6uonpore3oB kinananoB cepaua (BKC) ¢ paznuyHoil cTeneHpio UX MOBPEXICHUS Ul ONPEACICHUST BO3MOXKHBIX
MEXaHU3MOB Pa3BUTHUS MEPBUYHON TKaHEeBOM HecocTositensHoCTH (IITH).

Matepnaabsl M Meroabl. lccnenoBaHo ImecTs KceHoaopraibHbIX kianaHoB «KemKop» u «IlepuKopy,
M3BJICUCHHBIX U3 MUTpaibHOW mo3uiu no npuunne passutus [ITH. Ctpykrypy ctBopok BKC u ocobenHOCTH
ee W3MEHEHHs H3yYalll THUCTOJOTHYeCKMM (OKpacka TeMaTOKCHIMH-203HHOM) M HMMYHOTUCTOXMMHYECKUM
Meronamu. MmyHorncroxumudeckoe uccinenoanne bKC Brmowano naentndukamnmio mapkepos: CD3 (T-mmm-
¢ormter), CD20 (B-mumdorurer), CD31 n CD34 (suporenunanbable kietku), CD68 (MoHOmmTHE/Makpodaru),
BUMEHTHH (KJIETKH ME3CeHXUMAIBHOTO PSAa), 0-TJIAKOMBIIICUHBIH aKTHH (TJIaJIKOMBIIICUHBIE KIIETKH).

PesyabTathl. Crenenp HapymeHus cTpykTypsl ctBopok BKC npu [ITH cymecTBeHHO pa3nuyanack: onpeness-
JIICh OTHOCHUTEJIFHO COXpPaHHBIE 00Pa3Ibl ¢ MHTAKTHBIM YH/I0TEIHAILHEIM MOHOCIOEM Ha OBEPXHOCTH CTBODPKH,
o0pa3nbl ¢ MUHUMAJIbHBIM WIM YMEPEHHBIM HapyIICHHEM CTPYKTYPHI SHAOTCIHAIBLHOTO CIOS M 00pasubl ¢
BBIPOKCHHOW JlecTpyKIen sHporenuansHoro ciost crBopku BKC. B cocraBe BKC Obutn mueHTHGUIMPOBAHE
SHJOTENNAIbHbIC KIETKH (MOHOCION C COXPAHEHHOH WIIM HAapyIICHHOH IEJIOCTHOCTBIO), MaKpoQaru, riajgKie
MHOIUTHI ¥ IPOYNe KIETKH ME3eHXHMAJIBHOTO MponucxoxaeHus. CiaeayeT OTMETUTh, YTO HAMH HE OOHApPy»KEHO
T- u B-mum¢pouuToB B ctBopkax BKC.

3axiiouenune. XapakrepHeIM npu3HakoMm cTpykTypbl BKC, skcrmmantupoBanubix mo npuuuHe I1TH, sBnsercs
HapyIIEHUE IIEJTOCTHOCTH SHAOTENNATbHOTO MOHOCIOS B YYacTKaX JE3MHTETPaIluu 3IKCTPAIEIIIIOISIPHOTO
MaTpukca. Kpome Toro, B cpaBHEHHH C APYTUMH THIIaMH OpoTe3HbIX AucyHkimid [ITH otnuyaercs oTcyTcTBUEM
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mumormTapHoit nHGUIbTpaln. Ha 0CHOBaHMY MOJTyYEHHBIX JAHHBIX MOXHO CJIETIaTh BBIBOJL O TPUITEPHOI PO
JIE3MHTETpalMy YHI0TEINAILHOIO0 MOHOCIOS B pazsutuu [1TH.

KunrodeBble ci10Ba: GnompoTe3sl KIIATaHOB CEP/Ia, TEPBUYHAS TKAHEBAs HECOCTOSTEIHOCTD, YKCTPALEIUTIOISIPHBIH
MaTpHKC.

KOHq).]Il/lKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SABHBIX U NOTCHIUAJIBHBIX KOHQ)HI/IKTOB HUHTEPECOB,
CBA3aHHBIX C HYGHHKaHHeﬁ HaCTOS{H.[efI CTaTbU.

Hcrounnk punancupoBanus. Pabora BeIoIHEHA TPHU MO IEPIKKE KOMILIEKCHOM IIPOTpaMMBI (hyHTaMEHTaTbHBIX
Hay4HbIX nccnenoBanuii CO PAH B pamkax ¢yHmameHTanpHOM TeMbl HaydHO-MCCIe10BaTEICKOTO HHCTUTYTA
KOMITJICKCHBIX MTPOOJIEM CepIedHO-COCYANCTHIX 3a0oneBannii Ne 0546-2015-0011 «Ilatorenermueckoe 000cHOBa-
HHE pa3pabOTKN NMITAHTATOB JJISl CePACUIHO-COCYJUCTOH XUPYPTHH Ha OCHOBE OMOCOBMECTUMBIX MAaTEpPHAIIOB, C
peanu3anuell MaueHT-OPUEHTHPOBAHHOTO MOAX0/A C HCTIOIb30BAaHUEM MATEMaTHIECKOTO MOAEINPOBAHMS, TKa-
HEBOW MH)XEHEPUH U TEHOMHBIX MPEITUKTOPOBY.

CooTBeTcTBHE NPUHIMIAM 3THKH. Bce mamueHThl moanucaan MHGOPMHUPOBAHHOE COTIACHE HA YdacTHE B
uccnenoBanny. I[IpoTokoa uccienoBaHus 0J00peH JOKalnbHbIM sTHdyeckuMm komurerom PI'BHY «HayuHo-
MCCIIEI0BAaTENILCKUI HHCTUTYT KOMIUIEKCHBIX MPOOJIEM CepIeYHO-COCYIUCTBIX 3a001eBanHuit» (mpoTokoa Ne § ot
14.05.2019).

[ uurtupoBanus: Myxamanusapos P.A., Pyrkosckas H.B., Kytuxun A.I'., Munsto U.B., Cugoposa O./1., bap-
6apamr JI.C. HapyuieHne LEeJIOCTHOCTH HJIOTEIHAIBHOTO MOHOCIOS OMONPOTE30B KJIAMAHOB CEpAlld KaK TPHUr-
rep pa3BUTHS NEPBUYHON TKAaHEBON HECOCTOATENBLHOCTU. broiemens cubupckoii meouyunst. 2020; 19 (2): 55-62.

https://doi.org: 10.20538/1682-0363-2020-2-55-62.

INTRODUCTION

A generally recognized disadvantage of
bioprosthetic heart valves (BHV) is limited duration
of their functioning explained by the development of
structural insufficiency of the implanted xenomaterial —
primary tissue failure (PTF), under the influence of
various factors associated with the characteristics
of the implants and / or recipient organism [1, 2].
The most common types of BHV dysfunctions
requiring surgery to replace the prosthesis are tissue
calcification (50%) and prosthetic endocarditis (27%).
In a significantly smaller number of cases (15.1%),
reoperations are performed due to the development of
primary tissue failure [3].

In a number of studies, active participation of
recipient cells in the formation of both calcium-
associated damage to the implanted xenogenic
material and degenerative changes in the structure
of BHV caused by exposure to infectious agents was
demonstrated [4, 5]. In addition, identification of
various types of cells in the functionally preserved
BHV [6, 7] suggests permanent remodeling of
xenotissue after its implantation in the body, which
implies a parallel course of its disintegration and
repair processes [7]. On the one hand, this gives
grounds to consider calcification as the final stage
of the BHV destruction, which inevitably arises
over time. On the other hand, it does not exclude

the implementation of a fundamentally different
scenario for the development of aseptic structural
dysfunctions of implanted BHV depending on the
type of remodeling.

The aim of this work was to study morphologically
the surface and cellular composition of the leaflets of
uncalcified BHV with varying degrees of xenotissue
damage in order to identify possible mechanisms of
development of primary tissue failure.

MATERIALS AND METHODS

Six xeno-aortic BHV models were studied:
KemKor (n =2) and PeriKor (n =4), (Neokor CJSC,
Kemerovo). They were preserved with ethylene
glycol diglycidyl ether and removed from the mitral
position during repeated surgical interventions.
The removal took place due to the development of
structural failure of BHV tissues without mineral
inclusion deposition as computed tomography
showed. Considering the differences in the implanted
valve functioning caused by the influence of
hemodynamic loads of different strengths [1, 8],
only BHVs removed from the mitral position were
included in the study. The group of reoperated patients
consisted of 5 women and 1 man. The average age
of patients at the time of repeated operations was
63.5 £ 4.8 years with an average BHV functioning
duration of 7.3 & 3.1 years.
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For histological examination and immunohisto-
chemistry assay (IHC), the whole BHV was placed in
a 4% solution of paraformaldehyde for 48 hours. After
fixation, fragments of valve leaflets were cut out for
subsequent dehydration and embedding into Histomix
paraffin mixture (BioVitrum, Russia). Sections (5 um)
were prepared from paraffin blocks on a semi-auto-
matic rotary microtome (MZP 01 — Tekhnom, Rus-
sia). The sections were mounted on glass slides with a
poly-L-lysine coating (Thermo Scientific, USA). The
sections of BHV were stained with hematoxylin — eo-
sin, and an IHG study was also performed. Verifica-
tion of the absence of calcium in explanted BHV was
carried out by staining with alizarin red.

IHC typing of cells was performed using the
following markers: CD3 (T-lymphocytes), CD20
(B-lymphocytes), CD31, CD34 (hematopoietic
progenitor cells), CD68 (monocytes / macrophages),
vimentin (mesenchymal cells), and a- smooth muscle
actin (smooth muscle cells). We used monoclonal
mouse (CD3, CD20, CD34, CD68, vimentin) and
rabbit (CD31, o-smooth muscle actin) antibodies
produced by Novocastra Laboratories, Thermo
Scientific and Spring Bioscience, which react with
human antigens.

To identify the markers described above, high-tem-
perature antigen unmasking was performed in a citrate
buffer (0.01 M, pH 6.0) for a-smooth muscle actin,
CD68, CD31, CD34, CD3; in a Tris-EDTA buffer
(pH 9.0) for vimentin, CD20 — without unmasking.
Endogenous peroxidase blocking, dilution of primary
antibodies and their exposure time were determined
according to the protocols of the primary antibody
manufacturers. To detect the results of IHC reactions,
the Novolink Polymer Detection System (Novocas-
tra, UK) was used. The enzyme immunoassay was
stopped by washing the sections in a phosphate buffer
(pH 7.4), after which they were stained with Mayer
hematoxylin and enclosed in a mounting medium. In
parallel with the detection of antigens at each THC
staining, the positive and negative controls were set
up. A negative control was carried out by applying 50
ul of antibody dilution solution to the sections (Ab Di-
luent, USA). A positive control of CD3, CD20, and
CD68 markers was performed on sections of the hu-
man palatine tonsil, a positive control of CD31, CD34,
vimentin and o-smooth muscle actin was carried out
on sections of the human radial artery. The study of
drugs and photography was performed using an AXI10
Imager A1 microscope (Carl Zeiss, Germany) and a
Canon G5 digital camera (Canon, Japan).

RESULTS

The degree of the BHV leaflet structure
deterioration was significantly different, which
allowed us to conditionally distinguish the following
groups: samples with the intact endothelial layer on
the surface of the BHV leaflet; samples with minimal
or moderate disruption of the endothelial layer
structure; and samples with severe endothelial cover
destruction of the BHV leaflets, which extended into
the leaflet and was accompanied by the destruction of
its extracellular matrix.

In samples with the intact endothelial layer, a
monolayer of cells morphologically corresponding
to endotheliocytes was observed on the atrial and
ventricular surfaces of the BHV leaflets. On the
ventricular surface (excretory region), the monolayer
was represented by flattened cells with elongated nuclei
(Fig. 1a). On the atrial surface, the cells had rounded
nuclei and a more pronounced cytoplasm (Fig. 15).
The layer of endotheliocytes on the ventricular surface
appeared thinner than on the atrial one. An I[HC assay
of'the BHV leaflets revealed CD31-positive staining of
flat cells on both surfaces, confirming their endothelial
phenotype (Fig. 15). The absence of positive staining
for CD34, in turn, indicated the maturity of endothelial
cells (Fig. 1g).

BHV stroma was represented by compact, tightly
packed bundles of collagen fibers that retained intact
tortuosity and tinctorial properties (Fig. la, b).
Moreover, a dense arrangement of fibers was observed
in the surface layers, and loose arrangement — in deep
layers. In some areas, small cavities with transparent
contents were present (Fig. 1a, b).

Violation of the endothelial layer integrity with
the presence of sections containing morphologically
different cells, which form multilayer or single layer
structures, was observed in samples with minimal
or moderate damage to the BHV leaflets (Fig. 2).
In some of the studied samples, cell infiltration of
the underlying connective tissue structures of the
BHV leaflet was also noted (Fig. 2b). In this case,
the stroma of the BHV leaflets was characterized by
moderate heterogeneity: in the surface layers — by
loosening and thinning of bundles of collagen fibers
with expansion of interfibrillar spaces and formation
of mesh networks, in the deep layers — by relative
intactness of the extracellular matrix (Fig. 2a, b).

In the zones of fibrous structure disorganization,
the presence of CD68-positive cells belonging to the
mononuclear phagocyte system was detected (Fig. 2b,
d). Among them, in addition to typical macrophages,
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individual multinuclear cells (Pirogov — Langhans layers of the extracellular matrix, mainly in the areas
cells) were identified. Vimentin-positive cells located of endothelial monolayer disturbance, which indicated
singly or in groups were also found in the surface that they belong to cells of the mechanocyte line.

Fig. 1. The structure of the leaflets of bioprosthetic heart valves in areas with minimal damage to their structure, magnification 200.
a — endothelium of the ventricular surface, b — endothelium of the atrial surface (stained with hematoxylin and eosin), ¢ — IHC on
CD31, d —THC on CD34

Fig. 2. The structure of the bioprosthetic heart valve leaflets with moderate damage. a, b — staining with hematoxylin and eosin,
magnification 200, ¢ — IHC on CD68, magnification 400, d — IHC in vimentin, magnification 200

BionneteHb cMbupckom meguuuHsbl. 2020; 19 (2): 55-62 59



Mukhamadiyarov R.A., Rutkovskaya N.V., Kutikhin A.G. et al.

Endothelial monolayer disruption in bioprosthetic heart valve

In samples with pronounced destruction of the
BHYV leaflet surface, the absence of a monolayer of
endotheliocytes was noted, which was associated with
deep disorganization of their connective tissue base
(Fig. 3). Stratification of collagen fiber bundles was
combined with their fragmentation and formation
of numerous cavities (Fig. 3a). Moreover, the entire
thickness of the leaflet was infiltrated by cells. In the
zones of the greatest destruction, both CD 68-positive

and o-smooth muscle actin-positive cells were
detected. CD68+ cells were mostly grouped around
the cavities, adjacent to the remains of collagen fibers
(Fig. 3B, ¢). Also, isolated smooth muscle cells were
found in the thickness of the BHV leaflets, among the
destroyed connective tissue structures (Fig. 3¢).

It should be noted that in all three groups of samples,
no positive IHC staining for T- and B-lymphocytes
was observed.

Fig. 3. The structure of bioprosthetic heart valve leaflets with pronounced destruction of their surface and stroma. a — stained with
hematoxylin and eosin, magnification 200, » — IHC on CD68, magnification 400, ¢ — IHC on a-smooth muscle actin, magnifica-
tion 200

DISCUSSION

The value of the presented morphological data for
understanding the mechanisms of the degenerative
changes in implanted BHVs in the recipient’s organism
primarily consists in the absence of infection and
calcification. Thus, already at the stage of the study
group formation, BHV dysfunctions were excluded,
the occurrence of which is determined by the features
of the immunological and metabolic status of patients
leading both to a decrease in the microbial resistance
of the biomaterial and its pronounced mineralization
[1]. The results of the study suggest that various
degrees of damage to the extracellular matrix can be
considered as successive stages of destruction of BHV
leaflets.

At the initial stage of tissue failure development,
that is, in samples with intact structure, both surfaces
were covered with a continuous layer of mature
endothelium (CD31 +). Moreover, the morphological
characteristics of endothelial cells had some
differences. From the outflow side, endotheliocytes
were characterized by a flattened form, a thin layer of
cytoplasm and elongated nuclei with a heterochromatin
predominance. On the inflow side, endothelial cells
were higher than on the atrial surface, had round nuclei
in which euchromatin predominated. Such differences

in the endotheliocytes structure probably occur due
to the influence of hemodynamic factors and may
indicate different metabolic activities of these cells.

High degree of the extracellular matrix preservation
suggested a possible protective function of the
endothelium in relation to BHV damage by aggressive
blood factors [5, 6]. At the same time, the presence
of sites with collagen fiber delamination in these
samples indicated the onset of destructive processes,
presumably caused by prolonged cyclic deformations
experienced by implantable BHV [9, 10].

Samples with minimal and moderate leaflet
destruction were considered as the next stage in
the development of primary tissue failure without
mineralization of xenomaterial. It can be assumed
that endothelial layer disintegration may trigger
the development of hemodynamically significant
damage to the structure of BHV. The causes of this
process can be mechanical endotheliocyte destruction
and exposure of extracellular matrix of valves and
expression of endothelial cell adhesion molecules,
which contribute to the attraction of monocytes with
their subsequent migration deep into the BHV leaflets.
The presented endothelial dysfunction can be triggered
by various pathological processes [11], as well as by
a low shear stress due to turbulent blood flow in the
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absence of endothelium [12]. After differentiation
of monocytes into macrophages, secretion of matrix
metalloproteinases occurred, which led to the
progression of destructive processes in the BHV
leaflets and the formation of a pathophysiological
“vicious circle” [12, 13]. Apparently, the process
of cell differentiation was influenced by the
microenvironment and the depth of its invasion in the
BHYV leaflets. For example, fibroblasts were localized
mainly near the leaflet surface, and smooth muscle
cells, as a rule, were present in the deeper layers of
the leaflets.

It should be noted that at this stage of primary tissue
failure development, a parallel course of extracellular
matrix repair is not ruled out. Thus, the identification
of mechanocyte cells, such as fibroblasts (vimentin-
positive cells), indicates the possibility of synthesizing
the main components of the leaflet extracellular matrix,
which is aimed at replacing the degeneratively altered
xenotissue [6]. However, progressive destructive
processes indicate the predominance of fracture
processes over reparation in the xenogenic material of
the valves. The low regeneration rate can be caused
not only by an insufficient number of fibroblasts, but
also by their inability to fully function in atypical
microenvironment conditions [14, 15]. In particular,
under adverse conditions, a change in the functional
properties of smooth muscle cells and fibroblasts
and development of their destructive potential can
occur [16—18]. This assumption is confirmed by the
localization of these cells in the immediate vicinity of
large cavities.

The absence of T- and B-lymphocytes in the
studied samples, on the one hand, may indicate an
insignificant role of inflammation in the development
of the described variant of structural dysfunctions in
primary tissue failure of BHV. On the other hand, it
may suggest that calcification of chemically modified
xenotissue in the recipient’s body can only be realized
under the conditions of immune inflammation
activation.

CONCLUSION

The structure of the BHV explanted due to
the primary tissue failure is characterized by
impaired integrity or complete absence of an
endothelial monolayer in the areas of extracellular
matrix disintegration, as well as by the absence of
lymphocytes. Thus, it can be assumed that it is the
disintegration of the endotheliocyte layer that is the
trigger for the primary tissue failure development.

In other words, the optimal design of BHV should
ensure adhesion and viability of endothelial cells on
the leaflet surfaces in order to ensure the extracellular
matrix integrity.
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