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Abstract: Activation of the osteogenic signaling cascade (OSC) is thought to be involved in aortic valve stenosis.
The aim of this study was to clarify the distribution of macrophage (M) subtypes in the calcified aortic valve and to
clarify the relationship between osteoblast-like cells (OLC) and OSC activation. Thirty-six cases of calcified aortic
valve were set as the calcification group, and six autopsy cases of aortic valve without pathological calcification
comprised the noncalcification group. Aortic valve tissues were used in histological studies including single and
double immunostaining to identify M subtypes, bone morphogenetic protein 2 (BMP2) and osteopontin, reverse
transcription polymerase chain reaction (RT-PCR) for CD206, heme oxygenase-1 (HO-1), and BMP2 mRNAs and
in situ RT-PCR for BMP2 mRNA. Ms positive for CD68, CD163, CD206, and HO-1 were significantly higher in the
calcification group than in the noncalcification group (P < 0.01). Comparison of the positive cells in each section of
the calcification group showed that cells of all M subtypes were found around calcifications. Osteopontin® cells were
also observed around calcifications. CD163*/CD206* M2 and CD163*/HO-1* Mox were significantly higher in the
sponge layer in both groups. In double immunofluorescence, CD206* and a portion of HO-1* Ms expressed BMP2,
and in RT-PCR, CD206 or HO-1 mRNA was expressed in cases in which BMP2 was expressed. In in situ RT-PCR,
expression of BMP2 mRNA was observed around calcifications. This work clarifies the distribution of M subtypes
in calcified aortic valves. In addition, the results suggest that CD206* M2 and HO-1* Mox, which express BMP2 in

calcified aortic valves, are OLC candidates.
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Introduction

Aortic valve stenosis (AS) is a disease in which
ejection of blood from the left ventricle to the
aorta is impaired because the aortic valve is
subject to opening due to various causes. Un-
til approximately 1980, rheumatic AS due to
streptococcal infection in early childhood was
considered a possible cause of this condition.
Although the incidence of rheumatic AS in de-
veloped countries has decreased drastically
because the number of cases of rheumatic fe-
ver has decreased due to the use of anti-biot-
ics, the number of AS cases due to age-related
degeneration of the aortic valve is increasing
yearly with the increased elderly population
and the advent of dialysis [1, 2].

The most problematic issue in age-related de-
generation of the aortic valve is calcification,

which markedly reduces valve mobility. Calcifi-
cation makes it difficult for surgeons to resect
the valve leaflets. Consequently, it is necess-
ary to analyze the mechanism of calcification
and find preventive or therapeutic methods.

In the calcified aortic valve, the osteogenic
signaling cascade (OSC), which involves bone
morphogenetic protein 2 (BMP2), a marker
of osteoblast-like cells (OLC) and the Wnt/[3-
catenin signaling cascade, is activated [3, 4].
However, the mechanisms by which the pro-
osteogenic signaling cascade is activated are
still unknown. Although various types of cells,
including myofibroblasts, valvular interstitial
cells, and circulating osteoblast lineage cells
in the blood (osteoprogenitor cells), have been
suggested to be involved in the origin of OLC,
the cell types that contribute to it have not
yet been definitively identified [5-10].
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Changes similar to atherosclerosis are often
seen as pathological features of calcified aor-
tic valves [11]. In early lesions, a thickened
subendothelial layer, inflammatory cell infiltra-
tions containing many macrophages (Ms) and
T lymphocytes, and oxidized lipids are obser-
ved. Previous reports have shown that Ms se-
crete inflammatory cytokines and cause fibro-
sis, so that the aortic valve is affected by re-
modeling and calcification [11-14]. In addition,
in congenital bicuspid valves, which may un-
dergo AS calcification in younger individuals,
Ms are more prevalent than in normal tricus-
pid valves, suggesting that Ms are likely invol-
ved in calcification [15-17]. Furthermore, some
altered microRNAs are responsible for the
phenotypes of Ms and of valvular interstitial
cells in calcified human aortic valves [18-20].

Recent reports classify Ms into five subtypes:
MO, M1, M2, Mox, and M4. Although the fea-
tures of each M subtype have not been fully
elucidated, it is believed that M1 causes infla-
mmation and that M2 suppresses differentia-
tion and activation to M1 [21-25]. Mox is also
found in oxidized phospholipids and is related
to atherosclerosis. MO is regarded as a precur-
sor cell that differentiates into M1, M2, and
Mox. M4 is not derived from MO but is charac-
terized as expressing the chemokine CXCLA4.

At present, the distribution and role of M sub-
types in the aortic valve are not fully under-
stood. The aims of this study are to evaluate
the distribution of M subsets in calcified aor-
tic valves and to clarify the relationship betw-
een OLC and OSC activation.

Materials and methods
Cases

After pathological diagnosis, 36 open heart
surgery cases from the Second Department
of Surgery (Cardiovascular Surgery), Yamaga-
ta University Hospital, Faculty of Medicine,
were collected as the AS calcification group
[male:female ratio 19:17; average age 76.3
years (57~86 years); bicuspid 9, tricuspid 27;
past history: hypertension 29, diabetes melli-
tus 11, hyperlipidemia 6, hemodialysis 3. Be-
cause this study covers only age-related AS,
cases of congenital AS and AS suspected
to be rheumatic by pathological observation
were excluded from this study.
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Six autopsy cases without gross or microscopic
calcifications in the aortic valve in our institute
were used as the noncalcification group (con-
trol group) [male:female ratio 5:1; average age
66 years (57~74 years); bicuspid O, tricuspid 6;
past history: hypertension 2, diabetes mellitus
1, hyperlipidemia 2, hemodialysis 0O]. The cau-
se of death of all cases was noncardiologic
disease.

The isolated aortic valve was immediately divi-
ded, fixed in 10% neutral buffered formalin at
room temperature for 6~12 hours, embedded
in paraffin, and sliced into sections 3 to 5 ym
in thickness. The sections were stained with
hematoxylin and eosin and elastica-Masson
and subjected to immunohistochemistry (IHC),
double immunofluorescence (IF) staining, and
in situ reverse transcription polymerase chain
reaction (RT-PCR). In addition, a portion of the
isolated aortic valve was frozen in OCT com-
pound in liquid nitrogen, stored at -80°C and
used in RT-PCR.

All of the specimens were obtained with the
written consent of the patient. This study was
approved by the Research Ethics Committee
(H24-167) of Yamagata University Faculty of
Medicine, Yamagata, Japan.

Immunohistochemistry

IHC was performed using antibodies against
CD68 (KP1; mouse IgGl, Dako, Carpinteria,
CA, USA), inducible nitric oxide synthase
(INOS) (rabbit polyclonal, Abcam, Cambridge,
UK), CD163 (10D6; mouse IgG1, Novocastra,
Newcastle upon Tyne, UK), CD206 (5C11;
mouse 1gG1, Abnova, Taipei, Taiwan), heme
oxygenase (HO)-1 (D-8; mouse 1gGl, Santa
Cruz, Dallas, TX, USA), BMP2 (rabbit, poly-
clonal, Abcam), and osteopontin (OPN; rabbit
polyclonal, Abcam). For IHC, formalin-fixed and
paraffin-embedded tissue sections (4 um in
thickness) were blocked with 0.3% H,0, in
methanol at 4°C for 30 min and then subject-
ed to antigen retrieval in trypsin for 30 min at
37°C for anti-CD68 antibody, in citric acid
(Antigen Retrieval Solution pH 6; latron La-
boratories Inc., Tokyo, Japan) for anti-CD 163
antibody, anti-iNOS antibody, anti-HO-1 anti-
body, and anti-OPN antibody, and in EDTA (pH
9.0; Nichirei, Tokyo, Japan) in an autoclave (2
atmospheres, 121°C, 20 min) for anti-CD206
antibody. The sections were incubated with
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primary antibodies at room temperature over-
night. The labeled streptavidin-biotin peroxida-
se method (UltraTech HRP Streptavidin-Biotin
Detection system, PN IM2391; Immunotech,
Marseille, France) was used. A positive reac-
tion was detected as brown color on incub-
ation with 3,3’-diaminobenzidine tetrahydroch-
loride (Dojindo, Kumamoto, Japan). The sec-
tions were then counterstained with hema-
toxylin. Human tonsil tissue was used as a
positive control. Phosphate-buffered saline
(0.01 M, pH 7.4) (omitting primary antibody),
Universal Negative Control-Mouse (N1698;
DAKO) and Universal Negative Control-Rabbit
(N1699; DAKO) were used as negative con-
trols. In accordance with Taghavie-Moghadam
et al. [24], the following markers were used to
identify M subtypes: M1 is CD68", iINOS*, and
CD163; M2 is CD68*, CD206*, and CD163%;
and Mox is CD68*, HO-1*, and CD163*. Becau-
se no specific antibodies are available for the
detection of MO and M4 in formalin-fixed and
paraffin-embedded tissue sections, they were
not identified in this study.
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Figure 1. Nine sections of aortic valve and an area
“around calcification”. A. ldentification of three
parts of the aortic valve. The aortic valve was divid-
ed into approximately three equal parts from the
valve annulus part to the valve leaf part to form the
valve base part, valve center part, and valve leaflet
part. B. Identification of three layers of the aortic
valve within the valve center part. The aortic valve
was further divided into three layers (the fibrosa,
the spongiosa, and the ventricularis), yielding a
total of nine sections. C. Identification of “around
calcification” areas in calcified aortic valves. There
was histologically a tendency for macrophages to
accumulate around the calcified foci. Therefore,
“around calcification” was added as one section.
Elastica-Masson staining.

Measurement of positive cells by IHC was con-
ducted as follows. First, each paraffin section
was divided into approximately three equal
parts from the valve annulus to the valve leaf,
creating a valve base part, a valve center part,
and a valve leaflet part. Elastica-Masson sta-
ining was used to identify the fibrosa, spongio-
sa, and ventricularis layers of the aortic valve;
thus, each section was divided into nine parts
(Figure 1A, 1B). In addition, there was a ten-
dency for M to accumulate around calcified
foci (Figure 1C). Therefore, “around calcifica-
tion” was added as one section; this section
was defined as a region in which immunoposi-
tive cells were measured in up to 20 views
of high-power-view field (x400) while observing
a calcification occupying approximately 20%
of one view of the high-power-view field. Each
section was observed in up to 20 high-power-
view fields (x400). The frequency of cells posi-
tive for OPN in areas “around calcification” and
areas remote from calcification was compared
in six cases with and without calcification, re-
spectively. The frequencies of positive cells in
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Table 1. Frequency of calcification in nine valve sec-

tions in patients with aortic valve stenosis

template for PCR analysis using Emerald
Amp PCR Master Mix (Takara Bio, Otsu,

Japan). The forward- and reverse-specific
primers, amplicon sizes, and annealing

Valve base Valve center Valve leaflet
Layer
part part part
Fibrosa layer 54.6% 65.5% 30.3%
Spongiosa layer 37.0% 47.1% 18.5%
Ventricularis layer 7.6% 12.6% 9.2%

temperatures were as follows: glyceralde-
hyde-3-phosphate dehydrogenase (GAP-
DH), 5-TTGGTATCGTGGAAGGACTC-3’ (for-

each section were evaluated by two indepen-
dent observers, and the mean values per high-
power-view field are reported.

Double IF staining

Double IF staining of formalin-fixed and paraf-
fin-embedded tissue sections of calcified aor-
tic valves was performed as previously des-
cribed [26] using antibodies against BMP2,
CD68, CD206, and HO-1. In brief, following an-
tigen retrieval, tissue sections were incubated
overnight with a cocktail of primary antibodies
followed by incubation with fluorescein-con-
jugated AffiniPure goat anti-rabbit 1gG (H+L)
(Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) for BMP2 detection and with
rhodamine-conjugated AffiniPure donkey anti-
mouse IgG (H+L) (Jackson ImmunoResearch
Laboratories) for identification of M subsets.
Because the anti-iNOS antibody and the anti-
BMP2 antibody were both rabbit polyclonal
antibodies, double IF staining could not be per-
formed. Therefore, single IF staining of serial
sections with each antibody was performed.
Nuclei were counterstained with DAPI (4',6-
diamidino-2-phenylindole). IF was performed to
observe the co-expression of BMP2 in M sub-
sets under a fluorescence microscope.

Reverse transcription polymerase chain reac-
tion

RT-PCR was performed using frozen speci-
mens of 10 calcified aortic valves, 5 noncalci-
fied aortic valves, and 1 human tonsil as a
positive control. Total messenger RNA (MRNA)
was extracted from the frozen specimens and
purified; purification included a DNase treat-
ment step using QIA shredder (QIAGEN, Due-
sseldorf, Germany) and the RNeasy MINI kit
(QIAGEN) according to the manufacturer’s in-
structions. Complementary DNA (cDNA) was
synthesized using a Reverse Transcription Kit
(QIAGEN). The resulting cDNA was used as a
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ward) and 5-CGCTGTTGAAGTCAGAGGAG-

AC-3’ (reverse), 138 bp, 60°C; CD206,
5-CACCATCGAGGAATTGGACT-3’ (forward) and
5-ACAATTCGTCATTTGGCTCA-3' (reverse), 62
bp, 60°C [27]; HO-1, 5-ATGACACCAAGGACCA-
GAGC-3’ (forward) and 5-GTGTAAGGACCCAT-
CGGAGA-3’ (reverse), 153 bp, 55°C [28]; and
BMP2, 5-GACACTGAGACGCTGTTCC-3’ (forwa-
rd) and 5-CCATGGTCGACCTTTAGG-3’ (reverse),
202 bp, 57°C [29]. The PCR products were
subjected to electrophoresis in 4% agarose
gels (NuSieve 3-1 Agarose; LONZA, Rockland,
ME) in 1x TAE buffer solution and visualized
by staining with ethidium bromide.

In situ reverse transcription polymerase chain
reaction

In situ RT-PCR of BMP2 was performed using
paraffin-embedded tissue obtained from calci-
fied aortic valves. The conditions used for IN
SITU PCR were as described elsewhere [30].
Briefly, dewaxed and rehydrated 3~5 ym par-
affin sections were heated in a thermal cycler
at 99°C for 6 sec to block endogenous phos-
phatase and fixed in 4% paraformaldehyde for
4 hours at room temperature. After fixation, the
slides were incubated in proteinase K (DAKO,
ready-to-use, #53020) for 15 min at 37°C. The
sections were then heated at 95°C for 2 min to
stop protein digestion, air-dried and incubated
in DNase digestion solution (DNase | recombi-
nant, RNase-free, Roche Diagnostics, Mann-
heim, Germany) at 37°C overnight.

After DNase digestion, reverse transcription
was performed using the solution provided
with the PrimeScript Il cDNA synthesis kit (Ta-
kara) according to the manufacturer’s proto-
col. Coverslips were placed over the solutions
in the DNase digestion and reverse transcrip-
tase reactions to prevent evaporation of the
solutions. Slide sealers (Takara) were placed
on the slides around the tissue prior to PCR.
The IN SITU PCR reaction mix consisted of
PCR buffer containing 15 mM MgCl,, PCR dig-
oxigenin (DIG) labeling mix, Tag DNA polymer-

Am J Transl Res 2020;12(5):1728-1740
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Figure 2. Representative immunostaining images showing the expression of macrophage subtype markers [CD68
(A), CD163 (B), CD206 (C), heme oxygenase-1 (D), and inducible nitric oxide synthase (iNOS) (E)] and bone morpho-
genetic protein 2 (BMP2) (F) by single immunohistochemistry in the valve center part and spongiosa layer of a single
case in the calcification group. Cells of the iINOS* M1 and CD163*/CD206* M2 subtypes frequently increased, while
cells of the CD68* M1/M2 subtype and heme oxygenase-1* Mox subtypes were relatively few. Note that scattered
BMP2* cells were also present. iINOS and BMP2 were present in some vascular endothelial cells.

Table 2. Frequency of cells immunopositive
for macrophage subtype markers and bone
morphogenetic factor-2 (BMP2) in the calcifi-
cation and noncalcification groups

Number of positive cells/high-power
field (x400) (Mean + SD)

Antibody . .
Calcification Noncalcification
group group
CD68 0.44 + 1.35 0.07 +0.21
CD163 1.43 £2.10 0.86+1.28
iNOS 2.16 +4.29 1.38 + 1.79
CD206 1.03+1.61 0.42 +0.74
HO-1 0.47 +2.19 0.01 £0.05
BMP2 0.88+1.79 absent

SD, standard deviation; iNOS, inducible nitric oxide syn-
thase; HO-1, heme oxygenase-1.

ase and primer pairs for BMP2 (the same
primer pairs that were used in RT-PCR). A total
of 125 uL of PCR reaction mix was applied to
the tissue sections, which were then sealed
with slide sealers. The slides were placed in a
MasterCycler® PCR thermal cycler (Eppendorf,
Hamburg, Germany) for 1 cycle of 94°C for 2
min, 30 cycles of 94°C for 30 sec, 57°C for
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30 sec, and 72°C for 45 sec, and 1 cycle of
72°C for 7 min. The location of DIG incorpor-
ated into PCR amplicons was detected by an
alkaline phosphatase assay using anti-DIG-
alkaline phosphatase Fab fragments (1:100
dilution) (Roche Diagnostics), which were in-
cubated with the samples for 30 min at 37°C.
The IN SITU PCR product was detected using
a Vulcan fast red chromogen kit 2 (Biocare
Medical, Concord, CA, USA), and the samples
were counterstained with hematoxylin. Tissue
sections without primers and without reverse
transcriptase reactions were used as nega-
tive controls.

Statistical analysis

JMP 10.0.2 software (SAS Institute, Cary, NC,
USA) was used for statistical analysis. The
Mann-Whitney U test was used to compare
the number of positive cells in each section in
the two groups. In addition, the Steel-Dwass
test was performed to compare the number
of positive cells in three or more groups. Dif-
ferences with P < 0.05 were considered to be
significant.

Am J Transl Res 2020;12(5):1728-1740
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Table 3. Frequency of cells immunopositive for macrophage subtype
markers and bone morphogenetic protein 2 in four parts of the aortic
valve in the calcification and noncalcification groups

in the ventricularis layer,
and even more common
in the fibrosa layer. Cal-

Number of positive cells/high-power field
(x400) (Mean £ SD)

cification was most com-
monly (65.5%) found in

Antibody/Valve part

Noncalcification the fibrosa/valve center

Calcification
group (n = 36)
CcDhe68
Valve base part 0.51 +0.89 **
Valve center part 0.59+1.91 ]* * }
Valve leaflet part 0.21 + 0.99 ]* }
Around calcification 0.67 £1.01

CD163

Valve base part 1.84 +2.48 *
Valve center part 1.63 £ 2.09 ]* } *
Valve leaflet part 0.83+1.46 ]* }
Around calcification 212 +2.18

CD206
Valve base part
Valve center part
Valve leaflet part
Around calcification

Heme oxygenase-1
Valve base part
Valve center part

1.25+1.82

0.67 + 1.07 ]*
197 +1.72

0.66 + 3.19 ]*
*

Valve leaflet part 0.32+1.58 ]

Around calcification 0.65 + 1.00
Inducible nitric oxide synthase

Valve base part 2.08 + 3.68

Valve center part 2.35+4.33 wx

Valve leaflet part 2.03+4.80 ]* }

Around calcification 3.31+4.83

Bone morphogenetic protein 2
Valve base part
Valve center part
Valve leaflet part
Around calcification

0.99 £ 1.90 *
1.03+x1.71 ]* }
0.62+1.72 *
0.98 + 1.66 ]

*
147 +1.78 ]* } }*

0.42+1.28 }**

group (n = 6) (Table 1).
013+ 0.31 Dlstrlb_utlon of M_s_ub-_
0.04 £ 041 types in the (.:fwaCIf_lcatlon
and noncalcification
0.04 +0.13 groups by IHC
absent
Representative images
1.04 +1.43 obtained by single-la-
0.95 + 1.15 ] *k bel immunohistochemis-
0.59 + 1.23 try are shown in Figure
absent 2. Among the M sub-

types, iNOS* M1 was the
most common in both
048 +0.78 the gglcif.ication and non-
o calcification groups (Ta-
0.19+0.39 ble 2). There was no sig-
absent nificant difference betw-
een the two groups in

0.58 £ 0.91 } i

0.01 +0.05 the frequency of iINOS*
0.01 +0.06 M1 cells. However, the
0.+0. number of cells immu-
absent nopositive for other M
markers (CD68, CD163,
156 + 1.75 C.D2.0.6, and. HO-1) well'e
150 + 210 significantly _mcre_ased in
the AS calcification gro-
1.08 + 1.46 .
up compared with the
absent noncalcification group (P
< 0.01). Very few HO-1*
0.+0. Mox cells were observed
0.+0. in the noncalcification
0.+0. group.
absent

SD, standard deviation; Mann-Whitney U test: *, P < 0.01: **, P < 0.05.

Results

Evaluation of calcification in AS surgical speci-
mens by hematoxylin and eosin staining and
elastica-Masson staining

Prior to the measurement of immunopositive
cells, each section of the AS surgical speci-
mens was evaluated for calcification. Calcifi-
cation was more common in the valve base
and valve center than in the valve leaflet,
more common in the spongiosa layer than

1733

There were significant
differences according to
the Steel-Dwass test, as
follows: In the calcification group: CD68 vs
CD163, iNOS, CD206, and HO-1; CD163 vs
CD206 and HO-1; iNOS vs HO-1; CD206 vs
HO-1 (P < 0.01). In the noncalcification group:
CD68 vs CD163, iNOS, CD206, and HO-1;
CD163 vs iNOS, CD206, and HO-1; iNOS vs
CD206 and HO-1; CD206 vs HO-1 (P < 0.01).

There were significant differences according to

the Mann-Whitney U test, as follows: CD68,
CD163, CD206, HO-1, and BMP2 except iNOS:

Am J Transl Res 2020;12(5):1728-1740
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Table 4. Frequency of cells immunopositive for macrophage subtype
markers and bone morphogenetic protein 2 in four layers in the calcifi-

cation and noncalcification groups

Number of positive cells/high-power field
(x400) (Mean £ SD)

Antibody/Valve layer

Noncalcification
group (n = 6)

Calcification
group (n = 36)
CcDhe68
Fibrosa layer 0.36+1.33 ]* *
Spongiosa layer 0.66 + 1.80
Ventricularis layer 0.29 £ 0.65 ]*
Around calcification 0.67 £ 1.01

Ccb1e63
Fibrosa layer
Spongijosa layer
Ventricularis layer
Around calcification
CD206
Fibrosa layer
Spongiosa layer
Ventricularis layer
Around calcification
Heme oxygenase-1
Fibrosa layer

1.03 +1.90 ]*
1.98 + 2.51
1.30+1.70 ]*
2.12+2.18

0.46 £0.81 ]*

1.00 + 1.53 ]*
1.97 +1.72

Spongiosa layer 0.63 + 1.92 ]

Ventricularis layer 0.28+0.84 7* }

Around calcification 0.65 + 1.00 ]
Inducible nitric oxide synthase

Fibrosa layer 1.79+3.73

Spongijosa layer

Ventricularis layer 2.25+4.62
Around calcification 3.31+4.83

Bone morphogenetic protein 2
Fibrosa layer 0.71+1.41
Spongiosa layer 1.12 £ 2.180
Ventricularis layer 0.81 + 1.67 ]**
Around calcification 0.98 + 1.66

*
1.62 +2.03 ]**r}

0.49 + 3.15 ]*
*k ok

242+ 4.45 r*
]*

0.02 £ 0.06 ]**

ing M subtype markers
was significantly increas-
ed around calcifications.
In addition, the number of
CD163*/CD206* M2 and
HO-1* Mox cells was sig-
nificantly decreased at
the valve leaflet compar-
ed to the valve base and
the valve center. However,

0.14 +£0.30 the number of INOS* cells
0.05+0.17 in the different valve sec-
absent tions in the calcification
group did not differ sig-
0.38+0.73 71* nificantly.
1.48 £ 1.48 7*
0.71 + 1.28 ] In the noncalcification gr-
absent oup, CD163* M showed a

0.09+0.19 |*

significant difference be-
tween the valve center
and the valve leaflet, and

083089 1% cp206* M2 showed a sig-
0.33+0.76 nificant difference betw-
absent een the valve base and
the valve leaflet. BMP2*
0.+0. cells, a marker of OLC,
0.02 + 0.08 were also present in sig-
0.+0. nificantly lower numbers
absent in the valve leaflet than in
other parts of the valve in

0.97 + 1.00 ]* the calcification group.
244 £242 ]* The distribution of posi-
0.73+1.04 tive cells in the fibrosa,
absent spongiosa, and ventricu-
laris layers and around
0.+0. calcifications is summa-
0.+0. rized in Table 4. The num-
0.+0. ber of cells of any M sub-
absent type was significantly in-

SD, standard deviation; Mann-Whitney U test: *, P < 0.01: **, P < 0.05.

calcification group vs noncalcification group (P
< 0.01).

Distribution of M subtypes in each part of the
aortic valve in the calcification and noncalcifi-
cation groups by immunohistochemistry

The distribution of positive cells in the valve
base, valve center, valve leaflet, and around
calcifications of the calcified valves is summa-
rized in Table 3. The number of cells express-
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creased around calcifica-
tions compared to other
areas. Among the fibrosa,

spongiosa, and ventricularis layers, M subtype
marker-positive cells, excluding iNOS, tended
to be higher in the spongijosa.

In the noncalcification group, M subtype mark-
er-positive cells, except cells positive for HO-1,
were significantly increased in the spongiosa.
Very few HO-1" cells were observed in any sec-
tions of the noncalcification group. BMP2* cells
tended to be in the spongiosa, but there was no
significant difference.

Am J Transl Res 2020;12(5):1728-1740
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Figure 3. Evaluation of the expression of bone morphogenetic protein 2 (BMP2) in macrophage subtypes by double
immunofluorescence staining. Because the anti-iNOS antibody and the anti-BMP2 antibody were both rabbit poly-
clonal antibodies, single immunofluorescence staining was performed for each of the two proteins using serial
sections. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (blue). Co-expression of BMP2 (green) was
confirmed in a subset of the cells that showed positive staining for CD68 (M1/M2 subtype), CD206 (M2 subtype),
and heme oxygenase-1 (Mox subtype) (red). However, co-expression of iNOS (M1 subtype) and BMP2 was not ob-

served.

Expression of BMP2* in M subtypes by double
IF staining

Co-expression of BMP2 was confirmed in a por-
tion of the cells that were positive for CDGS,
CD206, and HO-1 (Figure 3). Co-expression of
iNOS and BMP2 was evaluated in serial sec-
tions of 10 specimens but was not observed.

Expression of OPN in six cases with or without
calcification by IHC

No OPN expression was observed in a case
without calcification (Figure 4; Table 5). On the
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other hand, OPN was expressed around calcifi-
cations in all cases with calcification. In three
cases with calcification, positive cells for OPN
were scattered in the area remote from the
calcification.

Expression of CD206, HO-1, and BMP2
mMRNASs in the aortic valve by reverse transcrip-
tion polymerase chain reaction

RT-PCR was performed to detect the presence
of CD206, HO-1 and BMP2 mRNAs in tissues
of the patients with aortic valve stenosis in
the calcification and noncalcification groups.

Am J Transl Res 2020;12(5):1728-1740
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Figure 4. Osteopontin (OPN) immunostaining of calcified aortic valves. (A)
OPN was expressed around calcifications in a case with calcification. The
calcified focus is encircled by a dotted line. (B) High-power view of the area
encircled by the dotted line in (A). Numerous cells positive for OPN were ob-

served around the calcified focus.

Table 5. Frequency of cells immunopositive for
osteopontin around calcifications and in areas
remote from calcifications

Osteopontin-positive cells

Case Calcification  Around  In an area remote

number L e
calcification from calcification

Case 1 Present + +

Case 2 Present + -/+

Case 3 Present +

Case 4 Present + -/+

Case 5 Present +

Case 6 Absent

-, Negative, -/+; Less frequently positive, +; Frequently posi-

tive.

Human tonsil tissue was used as a positive
control. GAPDH mRNA (a housekeeping gene)
was expressed in all cases. CD206 mRNA was
expressed in 8 cases (80%) in the calcification
group and in 3 cases (60%) in the noncalcifica-
tion group. HO-1 and BMP2 mRNAs were ex-
pressed in 6 cases (60%) and 5 cases (50%),
respectively, in the calcification group and in
4 cases (80%) and 4 cases (80%), respective-
ly, in the noncalcification group (Figure 5). In
cases in which BMP2 mRNA was detected,
expression of CD206 and/or HO-1 mRNA was
observed.

Expression of BMP2 mRNA in the aortic valve
by in situ reverse transcription polymerase
chain reaction

After in situ RT-PCR, BMP2 mRNA was observ-
edaround calcifications of the calcified aortic va-
Ive stenosis through Vulcan fast-red staining
(Figure 6).
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Discussion

It has previously been report-
ed that Ms infiltrate the aortic
valve from the early stage of
AS, and these cells are consid-
ered the primary cause of cal-
cification [12, 13]. We investi-
gated the distribution of M
subtypes in aortic valve ste-
nosis and the association be-
tween BMP2* cells and calcifi-
cation, with a special focus on
areas around calcifications,
using AS surgical specimens.

The immunohistological distribution of M sub-
types in the calcification group was compared
with that in the noncalcification group. In both
groups, M subsets, including iNOS*/CD68*,
CD163*/CD206*, and HO-1* cells, were obser-
ved in all sections of the aortic valve. Even in
the noncalcification group, M subsets were
unexpectedly observed in the aortic valve. In
this study, we used six autopsy cases without
calcification of the aortic valve as controls
(noncalcification group). The average age of
the cases was 66 years (57~74 years). The
presence of Ms in noncalcified aortic valves
may be an age-related phenomenon. iNOS* M1
were the most frequently observed type of
cells in both calcified and noncalcified valves.
However, there was no significant difference in
the number of INOS* M1 cells in calcified and
noncalcified valves. In contrast, there were sig-
nificant differences in CD163*/CD206* (M2)
and HO-1* (Mox) cells in the calcification and
noncalcification groups. This study is the first
to demonstrate that HO-1* Mox are hardly
observed in individuals without calcification of
the aortic valve. The localization of Mox in ath-
erosclerosis has been reported in some papers
[31, 32]. Like atherosclerotic changes, early
lesions of AS may begin as a thickening of the
subendothelial layer and may be accompanied
by the migration and accumulation of all M sub-
sets, including HO-1" Mox. The increasing colo-
calization of iNOS* M1 and CD163*/CD206*
M2 in calcified valves may indicate that the bal-
ance between proinflammation (M1) and anti-
inflammation (M2) controls the remodeling and
calcification of the valve.

In the aortic valve, the valve base and valve
center are more mechanically stressed than

Am J Transl Res 2020;12(5):1728-1740
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Figure 5. Evaluation of the expression of CD206 by cells of the M2 subtype,
heme oxygenase-1 (HO-1) by cells of the Mox subtype, and bone morpho-
genetic protein 2 (BMP2) mRNAs in the aortic valve by reverse transcrip-
tion polymerase chain reaction. CD206 mRNA was expressed in 8 cases
(80%) in the calcification group and in 3 cases (60%) in the noncalcifica-
tion group. HO-1 and BMP2 mRNAs were expressed in 6 cases (60%) and
5 cases (50%), respectively, in the calcification group and in 4 cases (80%)
and 4 cases (80%), respectively, in the noncalcification group. In cells that
expressed BMP2 mRNA, expression of mRNA of CD206 and/or HO-1 was
observed. Lanes 1-10, calcification group; N1-N5, noncalcification group. M,
marker; PC, positive control; GAPDH, glyceraldehyde-3-phosphate dehydro-

genase.
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Figure 6. Evaluation of the expression of bone mor-
phogenetic protein 2 (BMP2) mRNA in the aortic
valve by in situ reverse transcription polymerase
chain reaction. Signals for BMP2 mRNA were ob-
served around calcifications of the calcified aortic
valve by Vulcan fast-red staining.

the valve leaflets, often resulting in age-related
calcification [33, 34]. In the specimens of the
AS calcification group used in this study, calci-
fication was more frequently observed at the
valve base and valve center than in the valve
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leaflet. All the M subtypes
were significantly increased
in the valve base and valve
center in the surrounding cal-
cified areas, suggesting that
OSC may be activated at sites
where Ms infiltrate and accu-
mulate, leading to the induc-
tion of calcification. Further-
more, because significantly
fewer BMP2* cells were found
at the valve leaflets, OLC, the
origin of OSC, may also be
B [ present in the region associ-
ated with calcification.

In this study, the results of
=3 [ [ examination of M subsets in
sections of the fibrosa, spon-
giosa, and ventricularis lay-
ers differed somewhat from
what was expected. The litera-
ture suggests that calcifica-
tion tends to occur in the fib-
rosa [35]. In this study, calcifi-
cation was also found to be
more frequent in the fibrosa;
we therefore estimated that
M are most abundant in the
fibrosa. However, significant
numbers of M2 and Mox were
also observed in the spongiosa. In patients
with calcified aortic valve stenosis in an ad-
vanced stage requiring operation, most of the
fibrosa is occupied by dense acellular fibrosis
and calcification, resulting in decreasing M in-
filtration of this layer. In addition to our finding
of the presence of M subsets in the spongio-
sa of noncalcified aortic valves, it may be sug-
gested that the sponge layer may provide a
microvascular network that allows M infiltra-
tion.

The association between M subtypes and OLC
was evaluated by double IF staining. The resu-
Its demonstrate for the first time that CD68* M
(all M subtypes), CD206* M2 and some HO-1*
Mox co-express BMP2; however, iNOS* M1 did
not show co-expression of BMP2. This sugge-
sts that activation of OLC involved in mineral-
ization/calcification may occur at least in part
due to M2 and Mox.

Expression of OPN in six cases with or without

calcification was examined in this study. While
no OPN expression was observed in a case

Am J Transl Res 2020;12(5):1728-1740
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Figure 7. Scheme of a possible mechanism of aortic valve calcification. Noncalcified valves contain a few mac-
rophages, predominantly those of the M1 subtype [inducible nitric oxide synthase (iNOS)*/CD68*] and, less fre-
quently, cells of the M2 subtype (CD68*/CD163*/CD206"). In the pre-calcification phase, against a background
of fibrosis, M1 and M2 subtypes gradually accumulate, with a mildly increasing ratio of cells of the M2 subtype
to those of the M1 subtype. A few heme oxygenase (HO)-1* Mox appear. In the calcified valve, calcification is ac-
companied by the presence of osteoblast-like cells (OLC). In this valve, all subtypes of macrophages are increasing,
with a relatively high ratio of cells of the HO-1* Mox subtype. Some cells of the M2 and Mox subtypes express bone

morphogenic protein-2 (BMP2).

without calcification, OPN was expressed ar-
ound calcifications in all cases with calcifica-
tion. In three cases with calcification, positive
cells for OPN were scattered in areas remote
from the calcification. In the adult heart under
physiological conditions, basal levels of OPN
are expressed. Increased expression of OPN
has been correlated with the progression of
cardiac remodeling and fibrosis to heart fail-
ure and with the severity of the condition [36].
Importantly, OPN isoforms are differentially
expressed during calcific aortic valve disease
progression and function to inhibit biominer-
alization, but only when phosphorylated [37,
38]. The effects of OPN on macrophage polar-
ization remain controversial; however, one re-
cent study reported that CD206" macropha-
ges strongly express OPN and suggested that
specific macrophage subtypes involved in tis-
sue repair may differentially express OPN [39].
In the present study, CD206* macrophages
were absent from noncalcified valves, but they
were frequently observed in many regions, in-
cluding areas around calcifications, suggest-
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ing that they may have properties similar to
those of OPN-expressing cells.

The levels of CD206, HO-1, and BMP2 mRNAs
in calcified and noncalcified valves were exam-
ined by RT-PCR. BMP2 mRNA was observed in
cases in which CD206 and/or HO-1 mRNAs
were expressed. Furthermore, IN SITU PCR in-
dicated the presence of BMP2 mRNA around
calcifications of calcified aortic valves.

Through this study, we clarified the following for
the first time. (1) INOS* M1 is the most highly
distributed cell subtype in both calcified and
noncalcified valves. (2) CD163*/CD206* M2
and HO-1* Mox are significantly increased in
calcified valves. (3) Some CD206* M2 and HO-
1" Mox co-express BMP2. (4) BMP2 mRNA was
expressed in cases in which CD206 and/or
HO-1 mRNA were present. (5) BMP2 mRNA was
observed around calcifications of calcified aor-
tic valves through IN SITU PCR. These results
suggest that M2 and some Mox cells may be
candidates for OLC related to calcification.

Am J Transl Res 2020;12(5):1728-1740
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Based on our results, we propose the follow-
ing mechanism of age-related mineralization/
calcification of the aortic valve (Figure 7). First,
mechanical stress is applied, mild inflamma-
tion occurs in the aortic valve, and M1 cells
migrate. As inflammation progresses, the num-
ber of M2 cells increases, suppressing differen-
tiation and activation to M1; Mox cells migrate,
and oxidized lipid deposition occurs. Some M2
and Mox cells may have the character of BMP2*
OLG; finally, OSC begins, causing calcification.

As a result of this mechanism, BMP2 is co-
expressed by a subset of M2 and Mox cells.
Investigation of the difference between M2 and
Mox cells that do not co-express BMP2 should
further clarify the mechanism through which
calcification occurs.
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