Li et al. BMC Cardiovascular Disorders (2022) 22:336

https://doi.org/10.1186/512872-022-02776-6 BMC Ca rd lovascu |ar Dlsorders

RESEARCH Open Access

: : : ®
Is cell regeneration and infiltration e

a double edged sword for porcine aortic
valve deterioration? A large cohort
of histopathological analysis

Li Li"", Xuejing Duan', Hongyue Wang', Yang Sun', Wei Zhao?, Yang Lu', Hongyu Xu', Yiwei You' and
Qingzhi Wang'

Abstract

Background and objective: Bioprostheses are the most common prostheses used for valve replacement in the
Western medicine. The major flaw of bioprostheses is the occurrence of structural valve deterioration (SVD). This study
aimed to assess the pathological features of porcine aortic valve (PAV)-SVD based on histomorphological and immu-
nopathological characteristics of a large cohort of patients.

Methods: Histopathological data of 109 cases with resected PAV were collected. The type and amount of infiltrated
cells were evaluated in the different types of bioprosthetic SVD by immunohistochemical staining.

Results: The most common cause of SVD was calcification, leaflet tear, and dehiscence (23.9%, 19.3%, and 18.3%,
respectively). Immunohistochemical staining demonstrated that macrophages were infiltrated in the calcified, lacer-
ated and dehiscence PAV, in which both M1 and M2 macrophages were existed in the calcified PAV. Importantly, the
higher content of M1 macrophages and less content of M2 macrophages were found in the lacerated and dehiscence
PAV, and MMP-1 expression was mainly found in the lacerated PAV. The endothelialization rate of leaflet dehiscence
was higher than that of calcified and lacerated leaflets. A large number of CD314-/CD11b+ cells was aggregated in
the spongy layer in the lacerated and dehiscence PAV.

Conclusion: Cell regeneration and infiltration is a double edged sword for the PAV deterioration. Macrophage infiltra-
tion is involved in the different types of SVD, while only MMP-1 expression is involved in lacerated leaflets. The mac-
rophage subtype of circulating angiogenic cells in dehiscence and tear PAV could be identified, which could reserve
macrophages in the PAV-SVD.
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Introduction

Valve replacement is a common surgical procedure in the
treatment of valvular diseases, and about 200,000 cases
have been reported worldwide. Especially in the last
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compared with mechanical prostheses. After the long-
term application, bioprosthetic valves caused structural
deteriorations, including calcification, narrowing of heart
valve, and tearing of leaflets [2]. The crosslinking with
glutaraldehyde has noticeably attracted clinicians’ atten-
tion [3], and various methods have been developed to
ensure that the calcification can be effectively avoided
[4]. However, the processes of tearing and dehiscence
of leaflets have been neglected. The porcine aortic valve
(PAV) tear or dehiscence was more prevalently reported
than bovine pericardial valve (BPV) replacement [5]. The
structural valve deterioration (SVD) is typically diag-
nosed using echocardiography and surgical observations,
leading to incomplete understanding the mechanism of
SVD. The present study aimed to analyze the pathological
features of PAV-SVD, especially leaflet tearing and dehis-
cence, based on histomorphology and immunopathology
of a large cohort of patients.

Bioprosthetic heart valves are fabricated from bovine/
porcine pericardium or porcine heart valves and undergo
SVD over time due to the lack of a regenerative capabil-
ity upon chemical fixation [6, 7]. However, it has been
recently reported that native valve calcification and
myxomatous degeneration are active processes. The
inflammatory cells, valvular interstitial cells (VICs), and
valvular endothelial cells (VECs) are all involved in an
active process [8—10]. Hence, the present research con-
centrated on the study of the role of active biological pro-
cesses in PAV-SVD and investigation of the preventive
measures for leaflet tearing and dehiscence.

Methods

Patients

Data of patients who underwent PAV replacement in our
institution between January 1, 2006 and December 31,
2020 were retrospectively analyzed. The present study
was approved by the Ethics Committee of Fuwai Hospi-
tal (Beijing, China). Informed consent was obtained from
all patients, and the study was conducted in accordance
with the principles of the Declaration of Helsinki. The
normal control bioprosthesis at "time 0" of implantation
could not be obtained. Participants with pannus over-
growth and paravalvular leakage were assigned into con-
trol group.

Pathological observations

All PAV tissues were fixed with formalin, dehydrated,
and wrapped with paraffin. Slides with thickness of
4-5 pm were sectioned, deparaffinized, and stained
with hematoxylin and eosin (H&E) and elastic Verho-
eff-Van Gieson. The histological features were observed
by Zeiss microscopy, including the disruption of col-
lagen and elastic fibers, collagen delamination, plasma
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protein permeation, etc. The modes of bioprosthetic
valve failure were recorded according to the following
recommendation [6]: (1) Structural valve dysfunction:
intrinsic permanent valve alterations that could lead to
hemodynamic or clinical dysfunction, including calcifi-
cation, leaflet tearing, dehiscence, wear, fracture, poppet
escape, and embolization. (2) Nonstructural dysfunction
can lead to changes in hemodynamics, such as pannus,
suture entrapment, paravalvular leakage, and propor-
tional imbalance that are non-intrinsic. (3) Valve throm-
bosis: any thrombus not caused by infection attached to
or near an operated valve that occludes part of the blood
flow path, interferes with valve function, or is sufficiently
large to warrant treatment. (4) Endocarditis: an infection
of the inner lining of the heart chambers and valves.

Quantification of collagens

The density of types I and III collagen in valve tissue
slices was measured using Picrosirius red staining, fol-
lowed by observation using polarized light microscopy as
previously reported [11]. Briefly, type I collagen showed
a red-yellow double refraction and type III collagen illus-
trated a red-green double refraction by Picrosirius red
staining, and observed by polarized light microscopy. We
measured the areas of types I and III collagen by the digi-
tal planar measurement, and their ratio was calculated by
dividing the calculated area of type I collagen by the area
of type III collagen. The measurement of areas of types
I and III collagen was carried out using Image-Pro Plus
Image Analysis software (Ver. 6.0; Media Cybernetics,
Inc., Waltham, MA, USA). The measurement was con-
ducted as follows: (1) Open the file of image of Picrosir-
ius red staining specimen, find the count/size option, and
select the yellow or green color with straw. (2) Close this
window, press the "Count” button to calculate the area of
the selected color. (3) Open the "view" option and find
the "Statistics”, then, the area of selected color is shown
in the "Sum".

Immunohistochemistry (IHC)

IHC was performed in calcified, dehiscence, tear and
non-SVD-PAVs with inclusion of 10 cases in each group.
The valve tissue section (5 pm) was incubated with spe-
cific primary antibodies, including rabbit smooth mus-
cle actin monoclonal antibody (1:200), rabbit vimentin
monoclonal antibody (1:200), rabbit anti-CD68 mono-
clonal antibody (1:8000), rabbit anti-CD16 monoclonal
antibody (1:100), rabbit anti-CD14 monoclonal antibody
(1:100), rabbit anti-CD163 monoclonal antibody (1:500),
rabbit anti-CD11b monoclonal antibody (1:1000), rabbit
anti-MMP-1 monoclonal antibody (1:100), rabbit anti-
CD34 polyclonal antibody (1:150), rabbit anti-CD34 poly-
clonal antibody (1:150), rabbit PCNA polyclonal antibody
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(1:200), rabbit Ki-67 polyclonal antibody (1:200), and rab-
bit ICAM-1 polyclonal antibody (1:50). Except for rabbit
ICAM-1 polyclonal antibody that was purchased from
Proteintech Group, Inc. (Rosemont, IL, USA), other anti-
bodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Then, the tissue sections were
incubated with the IHC Detection Reagent (HRP, Rabbit;
Cell Signaling Technology, Inc.) according to the manu-
facturer’s instructions. Slides were then developed with
3,3-diaminobenzidine (DAB) kit (Thermo Fisher Scien-
tific Inc., Waltham, MA, USA), and counterstained with
weak hematoxylin. In accordance with Taghavi-Mogh-
adam et al’s method, the following markers were used to
identify macrophage subtypes: CD68" and CD163~ for
identification of M1 macrophages; CD68" and CD163%
for identification of M2 macrophages [12]. The number
and extent of inflammatory cell infiltrates in the biopros-
thetic vlave were semi-quantified [13]. Briefly, score of 0
point indicates the absence of cells, score of 1 point indi-
cates the existence of <25 cells/high-power field (HPF),
score of 2 points indicates the existence of 25-99 cells/
HPE, score of 3 points indicates the existence of 100—249
cells/HPF, and score of 4 points indicates the existence of
> 250 cells/HPFE. The endothelialization rate was calcu-
lated by dividing the endothelium area by the total area
of leaflet surface.

Statistical analysis

The data were expressed as the mean = standard error
of the mean (SEM). The two-tailed Student’s t-test and
Levene’s test and Mann—Whitney U test were used to
compare data with the Gaussian distribution and the
non-Gaussian distribution. One-way analysis of variance
(ANOVA) was employed for making multiple compari-
sons. Percentages of different types of SVD in mitral and
aortic bioprostheses were compared using cross-stab-
bing. The variables included ratio of type I collagen to
type III collagen and the immune cell infiltration grade.

Results

Patients’ clinical features

In Fuwai Hospital, within 3000 cases per year underwent
valve replacement, 17.7% of prostheses were biopros-
thetic valves. A total 143 cases of bioprostheses were
enrolled, including 109 cases of PAV and 34 cases of BPV.
Besides, 109 cases of PAV were involved in the study with
the average age of 56.77 £17.40 (range 5-78) years old, of
whom 36.7% were male and 63.3% were female. The aver-
age lifespan was 8.74+3.75 (range 0.4—18) years. There
was no significant difference in the lifespan between the
mitral bioprosthetic valves and the aortic bioprosthestic
valves (8.78 £3.75 vs. 8.69 - 4.48 years, P=0.909).
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Mode of PAV failure

The 109 PAVs included 65 mitral valves, 40 aortic valves,
and 4 tricuspids. The most common cause of PAV fail-
ure was calcification (23.9%, 29/109), followed by leaflet
dehiscence (19.3%, 21/109), tear (18.3%, 20/109), infec-
tive endocarditis (10.1%, 10/109), pannus (9.2%,12/109),
calcification accompanied by leaflet tear or dehiscence
(4.6%, 4/109), thrombus (4.6%, 4/109), accompanied
surgery (6.4%, 7/109), and paravalvular leak (0.9%,
1/109). The percentage of mitral PAV leaflet dehiscence
was higher than aortic PAV (30.8% vs 5.0%, x*=9.928,
P=0.001). There was no statistically significant differ-
ence in the rates of tearing or calcification of mitral and
aortic valves (20.0% vs. 17.5%, X2= 0.100, P=0.751; 33.8%
vs. 20.0%, x*=2.326, P=0.127).

Histological findings of PAV with calcification, tear

and dehiscence

Leaflets are presented in an intact structure in non-SVD-
PAVs (pannus and paravalvular leak). Type I collagen,
elastic fibers, and type III collagen are located in dense
layer, ventricular layer, and sponge layer, respectively,
which is similar to PAV in the normal state (Fig. 1a).
The lacerated leaflets exhibited collagen delamination
and elastic fibers also showed breaking or disappeared
(Fig. 1b). Plasma protein permeating was observed. Using
Picrosirius red staining and polarized light microscopy;,
type I collagen I in dense layer and ventricular layer
was delaminated and fractured into debris, and more
amount of type III collagen was found in all three layers
of the lacerated leaflets. Collagen delamination generally
occurs in the hinge region of the dehiscence leaflets. The
increase of type III collagen was also observed, although
the degree was milder than that in the lacerated PAV. In
the most of calcified PAVs, the leaflets showed the colla-
gen deposition in dense layer. Compared with PAV with
leaflet tear and dehiscence, the amount of type I colla-
gen increased around the calcified area in PAV, and the
ratio of type I collagen to type III collagen was elevated
(8.35£6.91 vs. 1.094+0.37 and 0.66+0.19, P=0.016 and
0.044, respectively) (Fig. 1c). There was no significant
difference in ratio of type I collagen to type III collagen
between PAV with leaflet tear and dehiscence (1.09 £ 0.37
vs. 0.66 +0.19, P=0.902).

Infiltration and endotheliaziation of macrophages in PAV
with calcification, tear and dehiscence

IHC revealed an aggregation of vimentin (VIM)-pos-
itive cells in calcified, lacerated and dehiscence PAV.
Most of VIM-positive cells also showed CD68 posi-
tive, which indicated that macrophages were existed
objectively. However, these cells did not express smooth
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Fig. 1 The density of collagen and elastic fibers and their arrangement in different modes of PAV failure. a Normal PAV showed intact leaflet
structure with type | collagen located in dense layer and ventricular layer. Elastic fibers were located in ventricular layer in normal PAV (elastic
Verhoeff-Van Gieson staining; original magnification, 200x). b Elastic fibers were broken into debris in lacerated leaflets (arrow showed, elastic
Verhoeff-Van Gieson staining; original magnification, 200x ). ¢ The ratio of type | collagen to type Ill collagen was the lowest in the lacerated PAV

muscle actin (SMA) (Fig. 2a, b). Monolayer CD31(+)
cells mainly attached to the surface of leaflets, which
showed the morphology of endothelial cells with the pos-
itive expression of ICAM-1. The endothelialization rate
of dehiscence leaflets was higher than that of calcified
and lacerated leaflets (54.004+27.01% vs. 25.20 +23.24%
and 23.91425.82%, P=0.033 and 0.051, respectively).
PAV exhibited a significant macrophage infiltration in
the calcified, lacerated and dehiscence leaflets, especially
in the delaminated or calcified area or the surface of the

leaflets. The grade of total macrophage infiltration, which
was indicated by CD68+-, was significantly higher in lac-
erated leaflets than that in dehiscence and calcified leaf-
lets (2.00£0.00 vs. 1.00£0.00 and 1.3+0.6, P<0.001).
Macrophages with CD14+ and CD16+ were mainly
found in the lacerated leaflets compared with the dehis-
cence leaflets (1.86+0.69 vs. 0.67 +0.52 and 2.14+0.38
vs. 0.67 £0.52, P=0.002 and <0.001, respectively). Mac-
rophages with CD11b+ and CD163+ were mainly identi-
fied in the calcified leaflets compared with the lacerated

(See figure on next page.)

Fig. 2 Macrophage infiltration and endothelialization in different types of PAVs. a VICs expressed vimentin and were aggregated around

the calcified area in the PAV (original magnification, 200); b CD68 positive macrophages infiltrated in the damage area of PAV. ¢ The grade of
macrophage subtypes in calcification, dehiscence and tear PAV. d Macrophages expressed MMP-1 (original magnification, 200); e CD31 positive
cells were aggregated in the spongy layer of the lacerated leaflets (original magnification, 400); f CD11b positive cells were aggregated in the
spongy layer of the lacerated leaflets (original magnification, 400); g In control PAV, endothelial cells were located on the surface of cusp with

CD34-positive expression (original magnification, 200)
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leaflets (1.674+0.52 vs. 0.57+0.53 and 1.83+0.41 vs.
0.86+0.69, P =0.001 and 0.007, respectively) (Fig. 2c).
MMP-1 was expressed in lacerated leaflets, and the
expression level was higher than that in dehiscence leaf-
lets (1.11£0.98 vs. 0.17 £0.40, P=0.037) (Fig. 2d). Some
macrophages expressed PCNA, rather than Ki-67.

A large number of CD31 positive cells were aggregated
in the spongy layer of the lacerated and dehiscence PAYV,
rather than in calcified and non-SVD-PAV (Fig. 2e) with
the cell morphology of round or oval shape. In some of
these cells, CD11b was also weakly expressed (Fig. 2f),
rather than other markers of macrophages, includ-
ing CD68, CD163, CD14, and CD16. The markers of
endothelial cells, including ICAM-1 and CD34 were also
negatively expressed. The grade of infiltrated CD31+/
CD11b+ cells was higher in the lacerated and dehis-
cence leaflets compared with that in the calcified leaflets
(2.17+£1.19 and 2.60£0.89 vs. 0.83+0.94, P=0.006 and
0.003 respectively). In the control group, the PAV with
pannus and paravalvular leakage demonstrated that few
macrophages were located in the spongy layer, which
indicated that all macrophage markers and endothelial
cells were located on the surface of leaflets with the posi-
tive staining of CD31, CD34, and ICAM-1 (Fig. 2g).

Discussion

It is considered that the bioprosthetic valve dehiscence is
due to mechanical stress. It is noteworthy that the inci-
dence of dehiscence is significantly higher in the mitral
valve than that in the aortic valve, which was demon-
strated in the present study. When the left ventricle con-
tracts, the mitral valve closes and the aortic valve opens.
At this moment, the left ventricle contracts to pump the
blood to the aorta. The high level of left ventricular sys-
tolic pressure acts on the ventricle side of hinge region
of mitral bioprosthesis. Repeated action on this region
accelerates the disruption glutaraldehyde-fixed cusps,
especially near the commissure, resulting in dehiscence
[14]. However, there has been a paucity of publications
to indicate the changes of valve histological structure
with dehiscence in PAV. Mao et al. found that the micro-
structural damages occurred in pericardial patch dur-
ing manufacturing process may identify the vulnerable
sites that play an important role in the cusp dehiscence
of bovine pericardial valves [15]. As an important part of
pericardial patch, manufacturing process may cause the
elimination of collagen bundle ripple or layered damage
around the scaffold [15]. The above-mentioned research
showed that there may be corresponding changes at
the suture around the stent. The key factors causing the
relative concentration of stress mainly include uneven
or mismatched stent, suture hole, and joint [15]. In the
present study, we found that the collagen delamination
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occurred in the hinge region of the dehiscence PAV leaf-
lets. The increase of the amount of type III collagen was
also observed, although the degree was milder than in the
lacerated PAV. The extracellular matrix (ECM) damage
on the suture around the stent was caused by similar bio-
mechanical features.

Differing from dehiscence, lacerated leaflets showed
the overall structural damage in valve, including collagen
disruption into debris and plasma protein permeation as
demonstrated in the present study. Increased content of
type III collagen and decreased ratio of collagen I/III were
also found in the lacerated leaflets. The collagen matrix of
normal aortic valves was mainly formed by type I colla-
gen (70%), and 25% of type III collagen [16]. Purushotha-
man et al. [17] showed that increasing the density of type
IIT collagen and proteoglycan on the basis of reducing
the density of type I collagen may cause the expansion
of sponge layer and affect the function of mitral valve. It
was found that low-density type I collagen would dam-
age the formation of thick functional type I collagen fib-
ers. However, type III collagen has a better ductility than
thick type I collagen. The intuitive response to injury is
manifested in the synthesis of type III collagen [18].

At present, the clinically available PAV is mainly cross-
linked by glutaraldehyde (GLUT) to improve the ECM
stability and reduce the immunogenicity of valve tissue.
However, the residual GLUT is cytotoxic, which can
reduce the adhesion and proliferation of endothelial cells,
and hinder the endothelialization of valves [19, 20]. Addi-
tionally, the residual GLUT in PAV can also activate mac-
rophages, phagocytes, T lymphocytes, and aggregation of
platelet [21-23]. However, few studies have investigated
the distribution of subtypes of macrophages in SVD-
PAV. In the present study, we found that all subtypes of
macrophages, including M1 and M2, were observed sur-
rounding and apart from the calcification area. In lacer-
ated PAV, macrophages with CD14+ and CD16+ were
mainly found in the lacerated leaflets compared with
the dehiscence leaflets. Macrophages with CD11b+ and
CD163+ were mainly identified in the calcified leaf-
lets compared with the lacerated leaflets. Macrophages
are typically classified into M1 and M2 subtypes [24].
Some scholars demonstrated that M1 macrophages
cause inflammation and M2 macrophages suppress dif-
ferentiation and activation of M1 macrophages [25, 26].
Several studies have concentrated on the myxomatous
mitral valve degeneration (MVD), which is characterized
by leaflet thickening, diffuse accumulation of proteogly-
can, collagen fiber disruption, and elastin fragmentation.
These histological features are similar to the lacerated
PAV as observed in the present study. Increased mac-
rophage numbers in association with valve myxoma-
tous ECM changes are common to MVD arising from
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various causes [27, 28]. Kim et al. found that mitral valve
obtained from gene-edited Marfan’s syndrome (MES)
pigs and human MFS patients exhibited increased mono-
cytes and macrophages with expressions of CD14, CD64,
CD68, and CD163 [29]. Additionally, comparative tran-
scriptomic evaluation of both genetic and acquired forms
of MVD revealed a remarkable upregulated inflamma-
tory response in diseased valves. They also found that
deficiency of monocytes was protective against MVD
progression, resulting in a minimal leaflet thickening
and preserved mitral valve integrity [29]. CD163 is the
marker of M2 macrophages, which are capable of anti-
inflammatory responses and repair damaged tissues [30,
31]. CD11b, which is the a-chain of intergrin receptor, is
mainly expressed in the surface of innate immune cells,
including macrophages and neutrophils. CD11b is cru-
cial for maintaining homeostasis and tolerance, as well
as downregulating inflammatory mechanisms. Mac-
rophages deficient in CD11b have enhanced activation
of nuclear factor-kB (NF-kB) and other Toll-like receptor
(TLR)-dependent pathways and production of inflamma-
tory cytokines [32, 33]. Combined with previous studies,
we conclude that the imbalance infiltration between M1
and M2 macrophages in the leaflets is the essential mech-
anism of PAV laceration. Another important finding is
that PCNA expression was found in some macrophages,
while Ki-67 was negatively expressed in these cells. The
Ki-67 index is a marker used to evaluate cell proliferation
activity. An increase in Ki-67 expression indicates a rise
of the mitotic activity and the cell proliferation. While
the half-life of PCNA is approximately 20 h, and stain-
ing has been found in cells during the S phase. Therefore,
PCNA was used as a marker to identify cells that were
actively undergoing or have recently undergone prolif-
eration [34, 35]. In the present study, macrophages with
PCNA-+ and Ki67- may indicate that they have recently
undergone proliferation, rather than mitosis. On the
other hand, the positive expression of PCNA indicates
that the macrophages are recruited macrophages since
the resident cells in glutaraldhyde-treated cusps will not
be proliferating.

Proteolytic enzymes, such as matrix metalloproteinases
(MMP-1, MMP-2, MMP-9, and MMP13) and cathepsin
K, have also been detected during diseases associated
with pathologic remodeling [35, 36]. The local balance
between MMPs and tissue inhibitors of metalloprotein-
ases (TIMPs) plays a decisive role in tissue remodeling
[37, 38]. Among them, MMP-1 arises from macrophages
and fibroblasts. In terms of affinity, collagen fibers are
the most obvious. It is conducive to activate type I col-
lagen decomposition [37, 38]. Few studies have been per-
formed to investigate the role of MMP-1 in the SVD PAV.
Our study showed that MMP-1 was mainly expressed
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by macrophages in the lacerated PAV and the damaged
area in the dehiscence PAV. Previous studies have mainly
concentrated on the MMP-1 and native valve calcifica-
tion, and showed a correlation between MMP-1 level and
heart valve stenosis [16, 39]. Inconsistently, we did not
find the increased MMP-1 expression in calcified PAV,
although the macrophage infiltration was obvious. This
discrepancy demonstrates that the mechanism of calcifi-
cation of bioprostheses does not depend on the MMP-1
expression. Other family members of MMPs should be
investigated in the future. How to decrease the suture
area in the bioprostheses and anti-inflammatory therapy
are effective methods to alleviate the dehiscence PAV.

In the present study, we also found that the mac-
rophages were involved in the calcification of biopros-
theses. M1 and M2 macrophages were both found in
the calcified area of leaflets. Compared with lacerated
leaflets, calcified leaflets had more infiltrated M2 mac-
rophages, which could indicate that the balance between
proinflammation (M1) and antiinflammation (M2) con-
trols the remodeling and calcification of the valve. It can
also be concluded that bioprosthese calcification is the
repair reaction after ECM degeneration mediated by
macrophages. One of the important findings of the pre-
sent study was the existence of VIM(+)/SMA(-) cells,
and the latter is one of the biomarkers of VICs in native
heart valve. It was reported that VICs derived from
human pluripotent stem cells (hPSCs) could be con-
trolled by several pathways, including BMP, FGF, Wnt,
etc. [40-42]. Jiao et al. found that hPSCs with truncated
Notch1 have impaired smooth muscle cell and endothe-
lial differentiation, which indicated the decreased expres-
sion levels of SMA and CD31 [43]. Relevant studies have
shown that the formation of thoracic aortic aneurysm in
some patients could be caused by Notchl gene mutation
affecting the SMC differentiation of bicuspid aortic valve
[43]. There has been a paucity of studies concentrated on
the mechanism and role of immature VICs in PAV. Thus,
further investigation on the pathways of the derivation of
VICs needs to be performed. However, these immature
VICs still have their essential functions, including induc-
ing calcification of bioprostheses by VICs, which could
be pathologically differentiated into myofibroblast-like
VICs or osteoblast-like VICs.

It was found that a large number of CD31+ and
CD11b+ cells existed in the sponge layer of PAV.
CD31 is the surface marker of circulating angiogenic
cell (CAC) [40-43]. The major subtypes of CD31+
CACs are T-cells (CD3+) [16, 40-43], monocyte/
macrophages (CD14+ and CD11b+) [42, 43], and
progenitor cells (CD34+) [44—46]. To date, few stud-
ies have concentrated on the role of CD31+/CD11b+
cells in the valvular heart diseases. Kim et al. found
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that surface markers co-expressed on CD31+ cells
from coronary artery disease patients were downregu-
lated in T-cell populations (CD3+) and upregulated in
inflammatory cell populations (CD14+ and CD11b+)
compared with in healthy controls. They demonstrated
that the number of CD31+ cells might predict adverse
cardiovascular events [16]. Oba et al. found that in the
non-calcified aortic valve, the levels of markers of mac-
rophage subtypes, including CD68, CD163, and CD206
were elevated in the spongiosa, which may suggest that
the sponge layer may provide a microvascular network
for infiltration of macrophages [47]. Compared with the
calcified PAV, the lacerated and dehiscence leaflets had
wider spongiosa, which accommodate more CD31+/
CD11b+ circulating angiogenic cells. The problem is
that whether these CD314-/CD11b cells could be the
predictor of bioprosthesis inflammation. The exact role
of these cells in PVA has not yet been clarified, and fur-
ther research is needed. One possible role of these cells
is the reserve of macrophages with pro-immflammatory
or anti-inflammatory functions in the PAV-SVD.

Endothelia cells play a key role in reducing calcifica-
tion and degeneration by acting as an effective barrier
between the valve and the blood to prevent plasma from
penetrating into the valve tissue [48—50]. Additionally,
the growth and reproduction of endothelial cells on
PAV are also conducive to tissue regrowth and repair.
Aldehydes remaining in GLUT-treated PAV are signifi-
cantly toxic to cells and mainly have a poor endothe-
lialization ability. Xu et al. found that PAV treated by
radical polymerization crosslinking exhibited better
cytocompatibility and endothelialization potential in
vitro [51]. In the present study, we found a relatively
higher endothelialization rate in the dehiscence leaflets
than that in the calcified and lacerated leaflets, which
indicated the protective role of endothelia against the
calcified leaflets and lacerated lesion. Endothelializa-
tion is another factor influencing the SVD, especially
leaflet tear and calcification. Our study suggested that
improving the endothelialization by different methods
may be advantageous to prevent the bioprosthesis from
leaflet tear and calcification.

There were certain limitations in the present study.
First, we did not analyze the characteristics of different
brands of commercial bioprosthetic valves because of the
limited sample size. There must be dissimilarity in the
histological features of different brands. It is therefore
necessary to collect more bioprosthetic valves to analyze
respectively. In addition, in the present study, we found
CD31+/CD11b+ cells in the tear and dehiscence PAV,
and deduced that these cells were macrophage subtype
of circulating angiogenic cell (CAC), which is consist-
ent with previous studies. Additional research should be
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performed to identify these cells and to reveal the func-
tions of these cells in the pathogenesis of SVD in the
future.

Conclusions

In summary, through the investigation of a series of SVD
cases, the histopathological characteristics of PAV were
deeply analyzed. It was revealed that the changes of col-
lagen type and density and infiltration of macrophages
accompanied by MMP-1 expression are the major his-
tological markers, which can be valuable to clarify the
pathogenesis of SVD. The different subtypes of mac-
rophages existing in the calcified and tear or dehiscence
PAV demonstrated the imbalance infiltration between
M1 and M2 macrophages in the leaflets, which is the
essential mechanism of PAV laceration. The macrophage
subtype of circulating angiogenic cells in dehiscence and
tear PAV could be identified, which could reserve mac-
rophages in the PAV-SVD.

Abbreviations

SVD: Structural valve deterioration; PAV: Porcine aortic valve; BPV: Bovine
pericardial valve; VICs: Valvular interstitial cells; VECs: Valvular endothelial cells;
GLUT: Glutaraldehyde; MVD: Mitral myxomatous degeneration; MFS: Marfan’s
syndrome; hPSCs: Human pluripotent stem cells; CAC: Circulating angiogenic
cell.

Acknowledgements
Not applicable.

Author contributions

LL designed the work and drafted the manuscript; XJD and YS analyzed data;
HYW substantively revised the manuscript; WZ: analyzed and interpreted the
patient data; YL and HYX performed the immunohistochemistry; YWY and
QZW performed H&e and elastic staining. All authors have read and approved
the manuscript.

Funding
No funding was obtained for this study.

Availability of data and materials

All data generated or analysed during this study are included in this published
article. My data do not include "DNA and RNA sequences, Genomics and
transcriptomics datasets,Linked phenotype and genotype data for human
subjects and Gene expression data".

Declarations

Ethics approval and consent to participate

This study was approved by the Institutional Review Board at Fuwai Hospital.
Informed consent was obtained from all patients and investigation were
conducted per the guidelines of the Declaration of Helsinki principles.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
'Department of Pathology, Fuwai Hospital, Peking UnionMedical College,
Chinese Academy of Medical Science, Beilishi Road No. 167, Xicheng District,



Li et al. BMC Cardiovascular Disorders

(2022) 22:336

Beijing 100037, China. “Center for Adult Surgery, Fuwai Hospital, Peking Union-
Medical College, Chinese Academy of Medical Science, Beilishi Road No. 167,
Xicheng District, Beijing 100037, China.

Received: 1 November 2021 Accepted: 12 July 2022
Published online: 28 July 2022

References

1.

20.

Zhu AS, Grande-Allen KJ. Heart valve tissue engineering for valve replace-
ment and disease modeling. Curr Opin Biomed Eng. 2018;5:35-41.

Le Tourneau T, Savoye C, McFadden EP, Grandmougin D, Carton HF, et al.
Mid-term comparative follow-up after aortic valve replacement with
Carpentier-Edwards and Pericarbon pericardial prostheses. Circulation.
1999;100(19 suppl):ll 11-11 16.

Yavahare NR, Jones PL, Hirsch D, Schoen FJ, Levy RJ. Prevention of
glutaraldehyde-fixed bioprosthetic valve calcification by alcohol pretreat-
ment; further mechanistic studies. J Heart Valve. 2009,9:561-6.

Thiene G, Valente M. Anticalcification strategies to increase bioprosthetic
valve durability. J Heart Valve Dis. 2011,20:37-44.

Duan XJ, Wang HY, Xu JP, Li L, Xu HY, Wang QZ. Surgical pathology analy-
sis of the causes of failure of 48 bioprosthetic heart valve in 40 Chinese
cases. Zhonghua Wai Ke Za Zhi. 2016;1:710-5.

Koziarz A, Makhdoum A, Butany J, Ouzonunian M, Chung J. Modes

of bioprosthetic valve failure: a narrative review. Curr Opin Cardiol.
2020;35:123-32.

Maniji RA, Lee W, Cooper DKC. Xenograft bioprosthetic heart valves: past,
present and future. Int J Surg. 2015;23:280-4.

Sainger R, Grau JB, Branchetti E, Poggio P, Seefried WF, et al. Human
myxomatous mitral valve prolapse: role of bone morphogenetic protein
4 in valvular interstitial cell activation. J Cell Physiol. 2012;227:2595-604.
Rutkovskiy A, Malashicheva A, Sullivan G, Bogdanova M, Stenslokken AKO,
et al. Valve interstitial cells: the key to understand of heart valve calcifica-
tion. J Am Heart Assoc. 2017;14:006339.

Xu K, Xie S, Huang Y, Zhou T, Liu M, et al. Cell-type transcriptome atlas of
human aortic valves reveal cell heterogeneity and endothelial to mes-
enchymal transition involved in calcific aortic valve disease. Arterioscler
Thromb Vasc Biol. 2020;40:2910-21.

Krishnan P, Purushothaman KR, Purushothaman M, Thurnbull IC, Tarricone
A, et al. Enhanced neointimal fibroblast, myofibroblast content and
altered extracellular matrix composition: implications in the progression
of human peripheral artery restenosis. Atherosclerosis. 2016;251:226-33.
Taghavie-Moghadam PL, Butcher MJ, Galkina EV. The dynamic lives of
macrophage and dendritic cell subsets in atherosclerosis. Ann NY Acad
Sci. 2014;1319:19-37.

Yahagi K, Ladich E, Kutys R, Mori H, Svensson L, et al. Pathology of ballon-
expandable transcatheter aortic valves. Catheter Cardiovasc Interv.
2017;15(90):1048-57.

Haziza F, Papouin G, Barratt-Boyes B, et al. Tears in bioprosthetic heart
valve leaflets without calcifc degeneration. J Heart Valve Dis. 1996,5:35-9.
Mao J, Wang Y, Philippe E, Cianciulli T, Vesely |, et al. Microstructural
alterations owing to handling of bovine pericardium to manufacture bio-
prosthetic heart valves: a potential risk for cusp dehiscence. Morphologie.
2017;101:77-87.

Schoen FJ. Aortic valve structure-function correlations: role of elastic fib-
ers no longer a stretch of the imagination. J Heart Valve Dis. 1997,6:1-6.
Purushothaman KR, Purushothaman M, Turnbull IC, Adams DH, Anyanwu
A, et al. Association of altered collagen content and lysyl oxidase expres-
sion in degenerative mitral valve disease. CardiovasPathol. 2017;29:11-8.
Doillon CJ, Dunn MG, Bender E, Silver FH. Collagen fiber formation in
repair tissue: development of strength and toughness. Coll Relat Res.
1985;5:481-592.

Golomb G, Schoen FJ, Smith M, et al. The role of glutaraldehyde-induced
cross-links in calcification of bovine pericardium used in cardiac valve
bioprostheses. Am J Pathol. 1987,127:122-30.

Carpentier A, Lemaigre G, Robert L, et al. Biological factors affecting
long-term results of valvular heterografts. J Thorac Cardiovasc Surg.
1969;58:467-83.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 9 of 10

Dahm M, Lyman WD, Schwell AB, et al. Immunogenicity of gluta-
raldehyde-tanned bovine pericardium. J Thorac Cardiovasc Surg.
1990;99:1082-90.

EvertsV, van der Zee E, Creemers L, et al. Phagocytosis and intracellular
digestion of collagen, its role in turnover and remodelling. Histochem J.
1996;28:229-45.

Stein PD, Wang CH, Riddle JM, et al. Leukocytes, platelets, and surface
microstructure of spontaneously degenerated porcine bioprosthetic
valves. J Card Surg. 1988;3:253-61.

Yetkin E, Waltenberger J. Molecular and cellular mechanisms of aortic
stenosis. Int J Cardiol. 2009;135:4-13.

New SE, Aikawa E. Molecular imaging insights into early inflammatory
stages of atrial and aortic valve calcifcation. Circ Res. 2011;108:1381-91.
Rath M, Mller I, Kropf P, Closs El, Munder M. Metabolism via arginase or
nitric oxide synthase: two competing arginine pathways in macrophages.
Front Immunol. 2014;5:532.

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M,
Esmaeili SA, et al. Macrophage plasticity, polarization, and function in
health and disease. J Cell Physiol. 2018;233:6425-40.

Gleissner CA. Macrophage phenotype modulation by CXCL4 in athero-
sclerosis. Front Physiol. 2012;3:1.

Kim AJ, Xu N, Umeyama K, Hulin A, Ponny SR, Vagnozzi RJ, et al.
Deficiency of circulating monocytes ameliorates the progression of
Mmyxomatous valve degeneration in Marfan syndrome. Circulation.
2020;141(2):132-46.

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental
guidelines. Immunity. 2014;41(1):14-20.

Han C, Jin J,Xu S, Liu H, Li N, Cao X. Integrin CD11b negatively
regulatesTLR-triggered inflammatory responses by activating Syk and
promotingdegradation of MyD88 and TRIF via CDI1-b. Nat Immunol.
2010;11:734-42.

McFarland HI, Nahill SR, Maciaszek JW, Welsh RM. CD11b (Mac-1): a
marker for CD8+ cytotoxic T cell activation and memory in virus infec-
tion. J Immunol. 1992;149:1326-33.

Faridi MH, Khan SQ, Zhao W, Lee HW, Altintas MM, Zhang K, et al. CD11b
activation suppresses TLR-dependent inflammation and autoimmunity in
systemic lupus erythematosus. J Clin Invest. 2017;127:1271-83.

Graziano F, Cascinu S. Prognostic molecular markers for planning
adjuvant chemotherapy trials in Dukes'B colorectal cancer patients: how
much evidence is enough? Ann Oncol. 2003;14:1026-38.

Bantis A, Giannopoulos A, Gonidi M. Expression of P120, Ki - 67and PCNA
as proliferation biomarkers in imprint smears of prostate carcinoma and
their prognostic smears of prostate carcinoma and their prognostic value.
Cytopathology. 2004;15:25-31.

Mittal R, Patel AP, Debs LH, Nguyen D, Patel K, Grati M, et al. Intricate
functions of matrix metalloproteinases in physiological and pathological
conditions. J Cell Physiol. 2016;31:2599-621.

Lurins J, Lurina D, Svirskes S, Nora-Krukle A, Tretjakovs P, et al. Impact of
several proinflammatory and cell degradation factors in patients with
aortic valve stenosis. Exp Ther Med. 2019;17:2433-42.

Banerjee T, Mukherjee S, Ghosh S, Niswas M, Dutta S, et al. Clinical
significance of markers of collagen metabolism in rheumatic mitral valve
disease. PLoS ONE. 2014;9:290257.

Sacks SMS, Yoganathan AP. Heart valve function: a biomechanical per-
spective. Philos Trans R Soc Lond B Biol Sci. 2007;29(362):1369-91.
Ziegelhoeffer T, Fernandez B, Kostin S, et al. Bone marrow-derived

cells do not incorporate into the adult growing vasculature. Circ Res.
2004;94:230-8.

Kim MH, Guo L, Kim HS, Kim SW. Characteristics of circulating CD31(+)
cells from patients with coronary artery disease. J Cell Mol Med.
2014;18:2321-30.

Barron M, Gao M, Lough J. Requirement for BMP and FGF signaling
during cardiogenic induction in non-precardiac mesoderm is specific,
transient, and cooperative. Dev Dyn. 2000,218:383-93.

Jiao J, Weihua T, Ping Q, Elizabeth LN, Michael MW, et al. Induced
pluripotent stem cells with NOTCH1 genemutation show impaired
differentiation into smoothmuscle and endothelial cells: Implications

for bicuspidaortic valve-related aortopathy. J Thorac Cardiovasc Surg.
2018;156:515-22.



Li et al. BMC Cardiovascular Disorders

44,

45.

46.

47.

48.

49.

50.

(2022) 22:336

GeY, Cheng S, Larson MG, et al. Circulating CD31+ leukocyte fre-
quency is associated with cardiovascular risk factors. Atherosclerosis.
2013;229:228-33.

Shih YT, Wang MC, Yang TL, et al. 3(2)-integrin and Notch-1 differentially
regulate CD34(+)CD31(+) cell plasticity in vascular niches. Cardiovasc
Res. 2012,96(2):296-307.

Hur J, Yoon CH, Kim HS, et al. Characterization of two types of endothelial
progenitor cells and their different contributions to neovasculogenesis.
Arterioscler Thromb Vasc Biol. 2004;24(2):288-93.

Oba E, Aung NY, Ohe R, Sadahiro M, Yamakawa M. The distribution

of macrophage subtypes and their relationship to bone morpho-
genetic protein 2 in calcifed aortic valve stenosis. Am J Transl Res.
2020;12(5):1728-40.

Trantina-Yates AE, Human P, Bracher M, et al. Mitigation of bioprosthetic
heart valve degeneration through biocompatibility: in vitro versus spon-
taneous endothelialization. Biomaterials. 2001;22:1837-46.

Hoffman D, Gong G, Liao K, et al. Spontaneous host endothelial growth
on bioprostheses: influence of fixation. Circulation. 1992;86:11 75-I1 79.
Rafii S, Butler JM, Ding B-S. Angiocrine functions of organ-specific
endothelial cells. Nature. 2016;529:316-25.

51. XuL,Yang F, Ge Y, Guo G, Wang Y. Crosslinking porcine aortic valve
by radical polymerization for the preparation of BHVs with improved
cytocompatibility, mild immune response, and reduced calcification. J
Biomater Appl. 2021;35:1218-32.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Is cell regeneration and infiltration a double edged sword for porcine aortic valve deterioration? A large cohort of histopathological analysis
	Abstract 
	Background and objective: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Patients
	Pathological observations
	Quantification of collagens
	Immunohistochemistry (IHC)
	Statistical analysis

	Results
	Patients’ clinical features
	Mode of PAV failure
	Histological findings of PAV with calcification, tear and dehiscence
	Infiltration and endotheliaziation of macrophages in PAV with calcification, tear and dehiscence

	Discussion
	Conclusions
	Acknowledgements
	References


