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Although various osteogenic inducers contribute to the calcification of human aortic valve interstitial
cells, the cellular origin of calcification remains unclear. We immunohistochemically investigated the cel-
lular origin of valve calcification using enzymatically isolated cells from both calcified and non-calcified
human aortic valve specimens. CD73-, 90-, and 105-positive and CD45-negative mesenchymal stem-like

l<8yV}f0TdSI ) ) cells (MSLCs) were isolated from both types of valve specimens using fluorescence-activated cell sorting.
ialct{ﬁc alomc stenosis MSLCs were further sorted into CD34-negative and -positive cells. Compared with CD34-positive cells,
ortic valve

CD34-negative MSLCs were significantly more sensitive to high inorganic phosphate (3.2 mM), calcifying
Mesenchymal stem-like cell easily in response. Furthermore, immunohistochemical staining showed that significantly higher num-
Inorganic phosphate bers (~7-9-fold) of CD34-negative compared with CD34-positive MSLCs were localized in calcified aortic
CD34 valve specimens obtained from calcified aortic stenosis patients. These results suggest that CD34-nega-

Calcification

tive MSLCs are responsible for calcification of the aortic valve.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Calcific aortic stenosis (CAS) often develops in people over
65 years old, and its frequency increases with age [1]. CAS is
characterized by valve thickening and stenosis of the orifice area
triggered by an overactive inflammatory process involving expres-
sion of cytokines, including tumor necrosis factor-o (TNF-at) [2],
transforming growth factor-beta 1 [3], and interleukin-1 beta
(IL-1beta) [4]. These cytokines contribute to extracellular matrix
formation, remodeling, and ectopic calcification, which are acceler-
ated in the presence of high inorganic phosphate (2.2-3.2 mM)
[5-7]. Although we recently demonstrated that TNF-o-induces
aortic valve calcification in patients with CAS [8], the cellular origin
of ectopic calcification remains unclear.

Osteogenic endothelial progenitor (EP) cells, such as vascular
endothelial growth factor receptor-2/CD34-positive cells, contrib-
ute to aortic valve calcification in atherosclerosis patients [9-11].
Furthermore, two recent studies reported that aortic valve calcifi-
cation is associated with ectopic ossification induced by various
bone marrow-derived circulating osteogenic progenitor (COP)
cells, such as type I collagen/CD45-positive and/or osteocalcin/
CD45-positive cells [12,13]. However, whether these progenitor
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cells that reside in the aortic valve trigger valve calcification has
yet to be confirmed. In addition, the detailed mechanism of aortic
valve calcification induced by these cell types remains unclear [14].

In this study, we investigated the cellular origin of human aortic
valve calcification using fluorescence-activated cell sorting (FACS)
of human aortic valve interstitial cells (HAVICs). We demonstrated
that most HAVICs obtained from both calcific and non-calcific aor-
tic valve specimens were characterized as CD73-, 90-, and 105-po-
sitive and CD45-negative mesenchymal stem-like cells (MSLCs).
These MSLCs contained both CD34-positive and -negative cells,
and the CD34-negative cells were rapidly calcified by a high
concentration of inorganic phosphate (3.2 mM). Furthermore,
CD34-negative MSLCs were more abundant in calcified valve spec-
imens than in non-calcified specimens.

2. Materials and methods
2.1. Isolation and culture of human aortic interstitial cells

Calcified aortic valves were obtained from eight patients with
CAS, and non-calcified valves with no signs of calcification were
obtained from eight patients with aortic regurgitation (AR) after
informed consent. This study was approved by the institutional
review board of Hirosaki University Hospital. There were no statis-
tically significant differences in clinical factors associated with CAS
between these two groups (data not shown).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2013.10.003&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.10.003
mailto:furukawa@cc.hirosaki-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2013.10.003
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

A. Nomura et al./Biochemical and Biophysical Research Communications 440 (2013) 780-785 781

Human aortic valve specimens were gently cut into pieces
2 +1 mm long. HAVICs were isolated by collagenase digestion of
the aortic valve pieces as previously described [8] and cultured
on a plastic dish in alpha minimal essential medium containing
10% fetal bovine serum (FBS). The medium was changed every
3 days. All chemicals were of analytical grade, and were obtained
from Wako Pure Chemicals (Osaka, Japan).

2.2. Isolation of CD34-negative and -positive mesenchymal stem-like
cells

After proliferation, confluent passage 1 HAVICs were detached
with 0.05% trypsin. Approximately 3 x 107 cells were washed with
PBS containing 2% FBS. To confirm the presence of MSLCs among
the isolated HAVICs, the cells were incubated with four fluoro-
chrome-conjugated mouse anti-human monoclonal antibodies
against CD markers: CD45-FITC, CD73-PE, CD90-APC, and CD105-
PerCP-Cy5 (BD Biosciences, San Jose, CA, USA). According to the
manufacturer’s recommendations, mouse monoclonal isotype
antibodies were used to detect nonspecific fluorescence. After
incubation in the dark for 40 min at 4 °C, cell fluorescence was
evaluated using a FACSAria™ cell sorter (BD Biosciences), and data
were analyzed with CellQuest™ software (BD Biosciences).

To separate the CD34-negative and -positive MSLC populations,
detached HAVICs were incubated with four fluorochrome-
conjugated mouse anti-human monoclonal antibodies: CD34-FITC,
CD73-PE, CD90-APC, and CD105-PerCP-Cy5 (BD Biosciences). Cell
fluorescence was evaluated and analyzed as described above.
CD34-negative and -positive MSLCs were sorted using a high-
speed sorter (FACSAria™, BD). The separated MSLC populations
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were centrifuged, transferred to culture medium, and incubated
on plastic plates for the following calcification experiments.

2.3. Identification of calcification

CD34-positive and -negative MSLCs, sorted by FACS from the
HAVICs enzymatically isolated from valve specimens as described
above, were used in all experiments. After reaching confluence,
cells were further cultured on 12-well plates in an osteogenic
condition using inorganic phosphate for 7 days. The degree of
calcification was measured by Alizarin Red S staining [15] at O
and 7 days. The stained cells were imaged using a digital camera
(Nikon, Tokyo, Japan). The amount of Alizarin Red S dye released
from the extracellular matrix after incubation in 100 mM aqueous
cetylpyridinium chloride solution was quantified by spectropho-
tometry at 550 nm [16].

2.4. Immunohistochemical staining of aortic valve specimens

Aortic valve specimens were fixed with paraformaldehyde,
embedded in paraffin, and cut into 4 um thick sections. After
deparaffinization with xylene followed by ethanol, endogenous
peroxidases were blocked with 0.3% H,0, in methanol at room
temperature for 10 min and then washed with PBS. Next, sections
were blocked with normal serum at room temperature for 30 min
and then incubated with the following primary antibodies: mono-
clonal anti-CD34, -CD73, -CD90, and -CD105 (Abcam, Cambridge,
MA, USA). Sections were incubated with secondary and tertiary
agents from a streptavidin biotin-peroxidase detection Kkit
(Histofine SAB-PO Kit; Nichirei, Tokyo, Japan), and then lightly
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Fig. 1. MSLCs isolated from human aortic valves by collagenase digestion included CD34-positive and -negative cells. CD markers for MSLCs were confirmed by flow
cytometry. Furthermore, MSLCs were sorted by FACS into CD34-negative and -positive populations. (A-C) All MSLCs were CD73-(A), CD90-(B), and CD105-(C) positive. (D)
Almost all MSLCs (more than 99%) were CD45-negative. (E) MSLCs included CD34-positive and -negative cells.
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counterstained with hematoxylin. DAPI was used as a fluorescent
nuclear stain. Images of three separate visual fields were obtained
from each insert with a 40x objective.

2.5. Statistical analysis

All statistical analyses were carried out using KyPlot 5.0
software (Kyenslab, Tokyo, Japan). Comparisons between groups
were assessed by ANOVA with Student-Newman-Keuls post hoc
corrections. Comparisons between two independent data sets were
assessed by Student’s t-test. Data are presented as mean = SEM
p <0.05 was considered to indicate statistical significance.

3. Results

3.1. Isolation of CD34-negative and -positive mesenchymal stem-like
cells

Flow cytometry showed that all cultured cells obtained from
both calcified and non-calcified valves were positive for CD73,
CD90, and CD105, indicating they were MSLCs (Fig. 1A-C). Nearly

all the MSLCs were also CD45-negative (more than 99%, Fig. 1D).
However, MSLCs contained both CD34-positive and -negative pop-
ulations (Fig. 1E). At the cell culture level, there was no significant
difference in the ratio of CD34-negative to -positive MSLCs
between calcified and non-calcified valves (data not shown).

3.2. High phosphate-induced calcification of CD34-negative MSLCs

MSLCs were cultured in the presence or absence of high inor-
ganic phosphate (3.2 mM) for 7 days after reaching confluence.
Marked calcification of CD34-negative, but not CD34-positive, cells
occurred in the presence of high inorganic phosphate for 7 days.
Calcification was significantly suppressed by sodium phosphono-
formate (SPF) [17], an inhibitor of inorganic phosphate transporter
1 (PiT-1) (Fig. 2A and B). Spectrophotometric quantification using
the bound and released Alizarin Red S dye confirmed that calcifica-
tion of CD34-negative, but not CD34-positive, MSLCs was signifi-
cantly accelerated by high inorganic phosphate, and this
calcification was strongly suppressed in the presence of SPF
(Fig. 2C).
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Fig. 2. CD34-negative MSLCs were easily calcified. After reaching confluence, CD34-negative and -positive MSLCs were further cultured in the presence of high levels of
inorganic phosphate (Pi, 3.2 mM) for up to 7 days. (A and B) Representative Alizarin Red S staining of cultured cells. CD34-negative MSLCs (A) were strongly calcified in the
presence of inorganic phosphate, and calcification was completely inhibited in the presence of sodium phosphonoformate, a selective PiT-1 inhibitor (SPF, B). Similar results
were confirmed in 5 samples. (C) Quantification of Alizarin Red S staining at day 7 via extraction with cetylpyridinium chloride. The amount of released dye was quantified by
spectrophotometry at 550 nm. CD34-negative (white bars) and CD34-positive (black bars) staining ratios were calculated relative to the day O control group. Each bar
indicates the mean + SEM; n=5. *p<0.01 compared with CD34-negative MSLCs control; ¥p <0.05 compared with CD34-positive MSLCs in the presence of inorganic
phosphate (3.2 mM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Localization of MSLCs in calcified aortic valves

CD73-, CD90-, and CD105-positive MSLCs were present in both
calcified (CAS) and non-calcified (AR) aortic valve specimens
(Fig. 3A-C). The average DAPI-positive cell number from CAS aortic
valve specimens (37.4+2.7/1.4 mm?, n=60) was not different
from that of non-calcified AR specimens (32.1+2.2/1.4 mm?
n=60). There were no significant differences in the localization
rates of CD73/105, CD90/105, and CD73/90-positive MSLCs be-
tween the CAS and AR specimens (Fig. 3D-F).

We further investigated the localization of CD34-negative and -
positive MSLCs. In the non-calcified AR aortic specimens, abundant
CD34-positive MSLCs were found among the CD73- and CD105-po-
sitive cells (Fig. 4A and C). However, CAS aortic valve specimens
rarely contained CD34-positive MSLCs (Fig. 4B and D). The localiza-
tion rates of CD34-negative MSLCs to CD73- and CD105-positive
cells were significantly higher in calcified CAS aortic valve speci-
mens than in non-calcified AR specimens (Fig. 4E and F).

4. Discussion

We demonstrated for the first time that CD73-, CD90-, and
CD105-positive MSLCs are localized in the aortic valve at both
the cellular and tissue levels. These MSLCs comprised both CD34-
positive and -negative cells, despite being CD45-negative.
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Furthermore, high inorganic phosphate induced rapid calcification
of the CD34-negative, but not CD34-positive, MSLCs. In addition,
CD34-negative cells were abundant in CAS valves, but not AR
valves.

We showed that all passage 1 HAVICs exhibited positive CD73,
CD90, and CD105 and negative CD45 expression, ensuring the
International Society for Cellular Therapy’s recommended propor-
tion as mesenchymal stem cells [18]. These cells were considered
MSLCs because portions of the population expressed CD34, a mar-
ker of hematopoietic stem cells. We found that CD34-positive
MSLCs were abundant in non-calcified aortic valve specimens,
while CD34-negative MSLCs were significantly increased in calci-
fied aortic valve specimens. In addition, we found that during the
culture of CD34-positive MSLCs for 1 week, approximately 10% of
the proliferated cells changed to a CD34-negative phenotype (data
not shown). From these results, we hypothesize that CD34-positive
MSLCs may be transformed into CD34-negative MSLCs, resulting in
augmented ectopic aortic valve calcification.

The cellular origin of ectopic aortic valve calcification has been
unclear for a long time, though several hypotheses have been put
forward. One suggestion was that aortic valve interstitial stromal
cells, such as fibroblasts, differentiate into osteoblast-like cells,
resulting in valve calcification. Although various molecular
mechanisms concerning bone morphogenetic protein-2 and other
osteogenic proteins have been proposed, an effective drug therapy
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Fig. 3. MSLCs were present in aortic valve specimens. Sections of aortic valves were incubated with various primary antibodies for stem cell markers and then detected by
secondary antibodies with fluorescent dyes. (A-C) Typical double immunohistochemical staining of calcified aortic valve from CAS specimens with mesenchymal stem cell
markers (CD73, CD90, and CD105). The merged figure is an overlay of the two panels. Cell nuclei were stained blue with DAPI. (D-F) Localization rate of CD73/105-(D), CD90/
105-(E), and CD73/90-positive (F) MSLCs in the calcified (CAS) and non-calcified (AR) aortic valve specimens. Bars represent mean + SEM; n = 3.
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Fig. 4. CD34-negative MSLCs were abundant in aortic valves of CAS specimens. Representative immunohistochemical staining images of aortic valve specimen from AR (A
and C) or CAS (B and D) by CD34 with CD73 (A and B) or with CD105 (C and D) are shown. The merged figure is an overlay of the two panels. Cell nuclei were stained blue with
DAPI. Bar graphs show the localization rate of CD34(—)/CD73(+) cells (E) and CD34(—)/CD105(+) cells (F) in the aortic valve. Each bar represents the mean + SEM; n = 3.

*p <0.001 compared with AR.

to inhibit aortic valve calcification has not yet been developed [19].
Recently, Valgimigli et al. reported that aortic valve calcification is
associated with ectopic ossification induced by CD34- and vascular
endothelial growth factor receptor-2-positive endothelial progeni-
tor (EP) cells [9]. Egan et al. proposed that ectopic calcification of
aortic valve is induced by CD45- and osteocalcin-positive COP cells
[13]. However, the precise definitions of EP and COP cells are yet
undetermined. On the other hand, Lin et al. demonstrated that
CD34-negative cells in adipose tissue-derived mesenchymal
stromal cells had a greater ability to differentiate into osteogenic
lineages than CD34-positive cells [20]. In this study, we confirmed
that calcification of CD34-negative MSLCs was rapidly induced
using high inorganic phosphate (3.2 mM). Furthermore, large
numbers of these cells were localized in calcified aortic valve spec-
imens. From these results and previous reports, we propose that
CD34-negative MSLCs are the cellular origin, or close to it, for
ectopic aortic valve calcification. In future studies, a more detailed
elucidation of the origin of each CD34-negative and -positive MSLC,
and identification of factors that trigger the transformation of
MSLCs from CD34-positive to -negative may lead to novel thera-
peutic strategies for CAS.

High inorganic phosphate-induced calcification of CD34-nega-
tive cells was completely suppressed in the presence of PiT-1
inhibitor, SPF. Recent studies indicate that hyperphosphatemia is
a major risk factor for vascular calcification [21]. Linefsky et al.
reported that increased normal serum phosphate levels are associ-
ated with valve calcification [22]. These results also suggest that
CD34-negative MSLCs are one of the cellular origins of aortic valve
calcification, as evidenced by their high activity in phosphate
transport through PiT-1. Further studies are expected to reveal
the molecular mechanisms of high inorganic phosphate-induced
calcification of CD34-negative MSLCs.

One limitation of this study is that although there was no differ-
ence in CD34-negative numbers between CAS and AR specimens as
observed by cell isolation and culture, large differences were seen
by immunohistochemical staining. This disparity is probably due
to differences in cell proliferation rates in culture. Although we
tried to measure the number of CD34-negative MSLCs immediately
after harvest from both CAS and AR specimens, no reliable data
were obtained using FACS because of cell damage from the diges-
tion, the existence of a lot of debris, and the detection limit of the
apparatus for measuring a small volume of living cells. Another
study limitation is the physiological relevance of the 3.2 mM inor-
ganic phosphate used to induce calcification. We investigated
inorganic phosphate-induced calcification of both CD34-negative
and -positive MSLCs using various concentrations of phosphate,
ranging from 1.45 mM (physiological concentration) to 3.2 mM.
However, inorganic phosphate concentrations up to 2.6 mM failed
to induce calcification of these MSLCs.

In conclusion, CD73, 90, and 105-positive and CD45-negative
MSLCs were successfully isolated from both calcified and non-
calcified aortic valve specimens. CD34-negative MSLCs are sensitive
to high inorganic phosphate (3.2 mM), easily inducing calcification.
Furthermore, large numbers of these MSLCs localize in calcific
aortic valve specimens obtained from CAS patients. These results
suggest that CD34-negative MSLCs are the cellular origin responsi-
ble for calcification of the aortic valve. These results should help to
further clarify the mechanism of aortic valve calcification and
contribute to the development of new therapies for CAS.
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