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Differentiation of Vascular Stem Cells Contributes
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ABSTRACT

The cellular and molecular basis of vascular calcification (VC) in atherosclerosis is not fully
understood. Here, we investigate role of resident/circulating progenitor cells in VC and contribu-
tion of inflammatory plaque environment to this process. Vessel-derived stem/progenitor cells
(VSCs) and mesenchymal stem cells (MSCs) isolated from atherosclerotic ApoE_/ ~ mice showed
significantly more in vitro osteogenesis and chondrogenesis than cells generated from control
C57BL/6 mice. To assess their ability to form bone in vivo, cells were primed chondrogenically
or cultured in control medium on collagen glycosaminoglycan scaffolds in vitro prior to subcuta-
neous implantation in ApoE_/_ and C57BL/6 mice using a crossover study design. Atheroscler-
otic ApoE_/_ MSCs and VSCs formed bone when implanted in C57BL/6 mice. In ApoE_/_ mice,
these cells generated more mature bone than C57BL/6 cells. The atherosclerotic in vivo environ-
ment alone promoted bone formation by implanted C57BL/6 cells. Un-primed C57BL/6 VSCs
were unable to form bone in either mouse strain. Treatment of ApoE_/_ VSC chondrogenic cul-
tures with interleukin (IL)-6 resulted in significantly increased glycosaminoglycan deposition and
expression of characteristic chondrogenic genes at 21 days. In conclusion, resident vascular cells
from atherosclerotic environment respond to the inflammatory milieu and undergo calcification.
IL-6 may have a role in aberrant differentiation of VSCs contributing to vascular calcification in
atherosclerosis. STEM CELLS 2016;34:913-923

SIGNIFICANCE STATEMENT

Although chronic heart disease affects over 15 million patients in the United States alone, the
pathophysiology of atherosclerosis and vascular calcification is not fully understood. Cues from
this study hold promise to unfold the possible mechanisms underlying vascular calcification
observed in atherosclerotic plague. Our data indicates that the atherosclerotic environment has
a fundamental effect on resident blood vessel stem/progenitor cells priming them to respond
to the local inflammatory milieu to differentiate and calcify. Additionally, we have identified IL-
6 as a potential inflammatory mediator. The role of IL-6 presented in this study provides impli-
cations for therapeutic applications to prevent vascular calcification.

ized [4-7]. The demonstrated multipotency of
these cells has led to their association with

INTRODUCTION

Vasculature has a notably high capacity for
repair throughout embryonic and adult life
with the presence of a number of stem pro-
genitor niches and/or lineages described [1, 2].
That progenitor cells, producing cells of vessel
walls in the embryo, remain within their niche
and become activated to repair/regenerate the
vascular wall in adults is a topic of active inter-
est [3, 4]. Progenitor cell populations such as
hemangioblasts, circulating endothelial progen-
itor cells, smooth muscle progenitor cells, mes-
enchymal stem cells (MSC) and pericytes in
vessel walls have been isolated and character-
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vascular calcification (VC) in atherosclerosis. VC
is an important complication of atherosclerosis
contributing to cardiovascular morbidity and
mortality [8], given the increased risk of heart
attack with calcified coronaries and the grow-
ing incidence of calcified aortic stenosis [9]. It
is increasingly accepted that VC is far from a
passive degenerative process but an active,
organized, complex, and highly regulated pro-
cess. In contrast to cardiac valvular and medial
artery calcification, atherosclerotic-associated
calcification is thought to occur by a process
similar to endochondral ossification [10] with

©AlphaMed Press 2016



914

Differentiation of Vascular Stem Cells

chondrocytes and osteoblasts detected in plaque [11]. In
recent years, there has been growing interest in the role of
resident progenitor cells as contributors to ectopic bone and
cartilage formation. There is some evidence that resident vas-
cular progenitor cells form nodules similar to calcified athero-
sclerotic plaques and get destabilized to factors like oxLDL
akin to atherosclerotic plaques [12]. Moreover, similar to peri-
cytes from other tissues, resident vascular pericytes have
been shown to differentiate in aberrant tissues found in athe-
rosclerotic plaque [13].

Here, we investigated the effect of the atherosclerotic
environment on resident vessel-derived stem/progenitor cells
(VSC) or bone marrow-derived MSC differentiation, represen-
tative of a circulating MSC population, in an attempt to eluci-
date their role in the formation of ectopic bone/cartilage in
atherosclerotic plaque. The approach presented involved isola-
tion and characterization of VSCs and MSCs from aortae and
marrow, respectively, of normal, background C57BL/6 and
atherosclerotic apolipoprotein E-null (ApoEf/f) mice. Ele-
ments of plague development such as early influx of inflam-
matory cytokines, formation of necrotic cores and
accumulation of smooth muscle cells (SMCs) and fibrous tis-
sue are similar to human disease in these mice [14]. The
intrinsic capacity of the cell populations to form bone and the
effect of the atherosclerotic host milieu on this process was
assessed in vivo. Cells were loaded on a collagen-
glycosaminoglycan scaffold [15] without priming or were first
chondrogenically-primed in vitro. The effect of the atheroscler-
otic environment on bone formation was investigated by
implanting both donor cell preparations into ApoEf/f recipi-
ent mice with constructs implanted in C57BL/6 mice as con-
trols. The incidence, extent and quality of calcified cartilage
and bone formation were assessed by a histological grading
system.

In an attempt to understand the mechanism of ectopic
vascular bone formation, the effect of pro-inflammatory cyto-
kines found in atherosclerotic plaque was assessed at the
molecular level. VSC preparations from C57BL/6 and ApoE_/_
mice were induced to undergo chondrogenesis by exposure
to transforming growth factor (TGF)-fi3 and bone morphoge-
netic protein (BMP)-2 in a three-dimensional (3D) format in
the presence or absence of interleukin (IL)-6, IL-1f8 or tumor
necrosis factor (TNF)-o. The effect of the cytokines on tempo-
ral patterns of expression of characteristic matrix components
during endochondral ossification was analyzed to identify the
factors that potentially modulate vascular calcification in vivo.

MATERIALS AND IMETHODS

MSC and VSC lIsolation, Culture, and Characterization

All animal procedures were conducted in a fully accredited
housing facility under a license granted by the Department of
Health, Ireland and were approved by the Animal Care and
Research Ethics Committee at the National University of Ire-
land Galway, Ireland. ApoE_/_ MSCs were isolated as
described previously with minor modifications [7]. Successful
cultures of bone marrow-derived MSCs from C57BL/6 mice
were established using modifications of a previously described
procedure [16]. The isolation of VSC from ApoE_/_ and
C57BL/6 aortas was adopted from the protocol described by
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da Silva Meirelles and Nardi [7]. Briefly, dissected aortas with
extraneous tissue removed were digested with collagenase
twice with the second cell fraction used to establish cultures
in RPMI-1640 medium with supplements. Subsequent to P2,
cultures were transferred to MSC medium. Detailed informa-
tion on isolation and growth analysis as well as isolation of
fibroblasts is provided in Supporting Information.

Surface Marker Analysis

Cells at P6 were analyzed for surface marker expression using
the FACSCanto (Becton Dickinson). Antibodies used for flow
cytometry are listed in the Supporting Information. Data were
analyzed by FlowJo software (Tree Star Inc.) using appropriate
controls with isotype-matched 1gG and unstained samples.
Immunohistochemical staining for 3G5, a cell surface ganglio-
side typically found on vascular pericytes [17] was performed.
3G5 positive cells were purified from an ApoE’/’ VSC prepa-
ration using fluorescence activated cell sorting as detailed in
Supporting Information.

Multilineage Potential

MSCs and VSCs were evaluated for osteogenic, chondrogenic,
and adipogenic differentiation. Osteogenic differentiation was
assessed by determination of calcium phosphate deposition
using von Kossa staining after 14 days in osteogenic differen-
tiation medium [18] and calcium quantitation was assessed
using Calcium Liquicolour Kit (StanBio, Boerne, TX). For adipo-
genic differentiation analysis, Oil Red O staining was per-
formed on cells cultured for 20 days in adipogenic induction
medium. For chondrogenesis, cell pellets were digested with
papain and glycosaminoglycan (GAG) determined using the
dimethylmethylene blue assay (DMMB). Histological sections
(5 um) of formalin-fixed pellets were stained for the presence
of GAG using toluidine blue. Immunocytochemistry for type Il
and X Collagen was performed for establishment of the chon-
drogenic phenotype. All procedures are described in detail in
the Supporting Information.

Animal Study and Histology

To study effects of the atherosclerotic environment and intrin-
sic capacity of the «cells to differentiate in vivo,
chondrogenically-primed constructs were implanted subcuta-
neously into C57BL/6 control and atherosclerotic ApoEf/f
mice that had been fed a Western diet. The seeding of scaf-
folds and chondrogenic priming of constructs are detailed in
Supporting Information methods.

For direct comparison, chondrogenically-primed, and
control-unprimed constructs, loaded with either MSC or VSC
from each mouse strain were implanted in C57BL/6 and
ApoE_/_ mice (n = 8 constructs). All mice were euthanized 8
weeks post-implantation and retrieved constructs were proc-
essed histologically. Four serial sections were cut at 4-8 levels
at least 100 um apart and stained with haematoxylin/eosin. To
quantify bone formation in the implanted constructs, a robust
histological grading/scoring system was developed to assess
the extent of three distinct features of differentiation: calci-
fied cartilage, bone, and bone marrow formation. Sections
from each animal and each treatment were randomized to
eliminate bias and scored for each feature by three independ-
ent, blinded researchers. The grading system involved assess-
ment of bone formation by allotting an overall bone score on
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Figure 1. Characterization of isolated stem cell populations. (A): Morphology of MSCs and VSCs isolated from ApoE7/7 and C57BL/6
background mice. Representative images at P7 showed a characteristic spindle-like, fibroblastic appearance. Scale bar, 200 um. (B):
Immunophenotypic profile of C57BL/6 and ApoEf/f MSCs and VSCs at P6. Surface marker expression (red line) for Sca-1, CD44, CD90.2,
CD146, 3G5, and Tie-2 compared to respective isotype controls (blue line). (C): Immunocytochemistry showing distribution of 3G5 posi-
tive MSCs and VSCs from both mouse strains; scale bar, 32 um. Abbreviations: MSCs, mesenchymal stem cells; VSCs, Vessel-derived

stem/progenitor cells.

the scale of 0-4 for the three parameters, with 0 indicating
no tissue was detected and 4 indicating 100% fill of the con-
struct. The overall bone score was defined as the sum of indi-
vidual calcified cartilage, bone, and bone marrow scores. This
bone score was used to define the percentage of overall bone
formation with score of 4 set as 100%. The scoring system is
detailed in Supporting Information Table 1. Sections were also
stained with Safranin O and Collagen type X to visualize
hypertrophic cartilage.

Effect of Pro-Inflammatory Cytokines on Chondrogenic
Differentiation of VSCs

The effect of pro-inflammatory cytokines on chondrogenic dif-
ferentiation of VSCs from ApoE7/7 and C57BL/6 mice was
assessed. Pellet cultures were established in chondrogenic
medium with or without treatment with 200 ng/ml IL-6 [19],
1ng/ml IL-1f [20] or 10 ng/ml TNF-o [20] (Peprotech) for 48
hours, and 7, 14, and 21 days. Gene expression of the chon-
drogenic markers Sox9, Fibromodulin, Type Il collagen, Aggre-
can (ACAN), Runx2, Alkaline phosphatase (ALP) and type X
collagen was assessed. See Supporting Information data for
detailed procedures.

www.StemCells.com

Statistical Analysis

Data are expressed as the mean = standard deviation (SD). All
experiments were performed in triplicate, unless otherwise
noted. Statistical significance was tested using Student’s t test
or ANOVA followed by Tukey’s test. p value of <.05 was set
as the cut off for statistical significance.

RESuLTS

Characterization of the Pericyte Nature of MSCs and
VSCs

Bone marrow-derived MSCs and aorta-derived VSCs, isolated
from C57BL6 and ApoE /™ mice showed a similar fibroblastic
morphology (Fig. 1A). The proliferation profile of the cell pop-
ulations was assessed from passage P6/7 to P14. Doubling
times calculated for all three independent pooled prepara-
tions from ApoE_/_ MSCs and VSCs as well as C57BL/6 VSCs
show a strong similarity. C57BL/6 MSCs did display slower
growth characteristics (Supporting Information Table 1).
Assessment of mouse MSC-, pericyte-, hematopoietic-, and
endothelial-associated cell surface markers was performed to
define the surface signature of the isolated populations. Rep-
resentative histograms for MSC and pericyte-associated
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Figure 2. Osteogenic and Chondrogenic differentiation of stem cell populations. (A): MSCs and VSCs isolated from C57BL/6 and
ApoE™’" mice underwent osteogenesis as demonstrated macroscopically by positive Von Kossa staining (i) and quantitatively by assess-
ment of calcium deposition (ii). Cells cultured in control medium were negative; scale bar, 500 um. (B): (i) Chondrogenesis was assessed
for proteoglycan deposition by toluidine blue staining after 21 days in pellet culture (top two panels with magnified insets taken from
the regions indicated, scale bars 500 and 200 um, respectively) and for the presence of collagen type Il and X (scale bars, 200 um). (ii)
GAG/DNA ratios for isolated pellets (n =3 cell preparations; *, **, p <.05). Abbreviations: MSCs, mesenchymal stem cells; GAG, glycos-

aminoglycan; VSCs, Vessel-derived stem/progenitor cells.

markers are shown in Figure 1B and Supporting Information
Table 1 summarizes results obtained using three individual cell
preparations. All VSCs and MSCs were negative for endothelial
and hematopoietic cell markers but were positive for the previ-
ously described MSC markers Sca-1 [21, 22] and CD44 [21],
although the latter was detected at a lower intensity (Fig. 1B).
CD90.2 was detected in a low percentage of MSCs but present
in VSCs. To further assess the pericyte nature of the cells,
expression of the pericyte markers, CD146 and 3G5, was inves-
tigated (Fig. 1B, 1C). VSCs showed some positivity for CD146
while MSCs were negative. Likewise, the presence of 3G5 was
associated with VSCs, although detected at lower levels by
both flow cytometry (Fig. 1B) and immunofluorescent staining
of cultured cells (Fig. 1C). Conversely, CD140b was detected at
high levels in both MSC preparations (>90%) but at lower lev-
els in C57BL/6 VSCs (57.2%) compared to Ap07/7 VSCs
(70.2%) (Supporting Information Table 2 and Figure 1). All MSC
and VSC preparations were negative for Tie-2 (Fig. 1B).

The In Vivo Atherosclerotic Environment Increases the
Ability of VSCs and MSCs to Generate a Calcified
Matrix In Vitro

The ability of MSCs and VSCs, isolated from ApoE_/_ and
C57BL/6 mice, to generate a calcified matrix through direct

©AlphaMed Press 2016

intramembranous ossification or endochondral ossification, via
a cartilage intermediate, was investigated. When treated with
osteogenic supplements to induce direct ossification, all prepa-
rations showed the presence of a mineralized matrix by Von
Kossa staining. Staining was more pronounced in VSCs and
MSCs from ApoE7/7 mice compared to cells from C57BL/6
mice (Fig. 2Ai and Supporting Information Figure 2). Quantifica-
tion of calcium elaborated in the matrix indicated that levels
were significantly higher in cells from ApoEf/f mice compared
to the respective cells from C57BL/6 mice (Fig. 2Aii).

VSCs and MSCs from both mouse strains were induced to
undergo chondrogenic differentiation by exposure to BMP-2
and TGF-f33 for 21 days in 3D culture, as a model for the first
stages of endochondral ossification. In general, ApoE7/7 MSC
and VSC pellets tended to be larger in size compared to
respective C57BL/6 pellets. The matrix generated was ana-
lyzed for GAG using toluidine blue staining and quantitation
by DMMB. All treated preparations were positive for GAG
with metachromatic staining in pellets generated from ApoE_/
~ cells comparatively more intense (Fig. 2Bi). At higher magni-
fication, hypertrophic cells were observed to be embedded in
the proteoglycan rich matrix.

Sequential sections from the center of pellets were immu-
nostained for type Il and type X collagen to confirm
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and VSC constructs retrieved from ApoE7/7 mice showed more mature bone formation with well-developed bone marrow (yellow arrow-
heads) and blood vessels (red arrowheads) detected. Boxes indicated areas magnified. Left panels, 100 um magnification; right panels,
50 pm). Abbreviations: MSCs, mesenchymal stem cells; VSCs, Vessel-derived stem/progenitor cells.

chondrogenesis and hypertrophic differentiation, respectively.
Type Il collagen staining was detected primarily in the periph-
ery of MSC pellets but more generally expressed in VSC chon-
drogenic cultures. Localization of type X collagen correlated
with type Il collagen. Although all pellet cultures showed abun-
dant accumulation of type Il and X collagen at 21 days, staining
appeared greater in the ApoE7/7 MSC and VSC pellets (Fig.
2Bi). The GAG/DNA ratio in ApoE_/_ MSC and VSC pellets was
also significantly higher when compared to respective C57BL/6
pellets (Fig. 2Bii), indicating either increased synthesis and/or
low turnover per cell. Overall, VSCs and MSCs from ApoE7/7
mice had significantly higher in vitro chondrogenic potential
compared to control mice. Fibroblasts, isolated from adult
ApoE ™/~ and C57BL/6 mouse skin and lung tissue, did not
undergo osteogenesis and formed loose pellets that were not
possible to evaluate for chondrogenic differentiation.

Supporting Information Figure 3 shows negative staining
for calcium post osteogenic differentiation of ApoEf/f and
C57BL/6 lung fibroblasts. ApoE7/7 MSCs, used as a positive
control, were positive for both osteo- and chondrogenesis
(results not shown).

As 3G5 positive cells (3G5") have been shown to differen-
tiate to bone and cartilage [23], 3G5" and 3G5~ VSCs were
sorted to 100% purity and compared to the parent ApoE’/’
VSC population with respect to chondrogenic differentiation.
The parent and sorted cell populations were expanded for
two passages to obtain sufficient cell numbers and exposed
to chondrogenic medium for 21 days. 3G5" cells formed a
cohesive pellet with positive metachromatic staining and
hypertrophic cells detected (white arrow). Parent cells also
showed positive GAG staining. Conversely, 3G5  cells formed
a loose pellet compared to the 3G5™ pellets with weak GAG
staining. With respect to GAG/DNA levels, 3G5" cells pro-
duced over 1.5 fold more GAG than the parent and 3G5
cells (12.3+0.4, 81*+0.1, and 7.2+ 0.5 ug/ug GAG/DNA,
respectively) (Supporting Information Figure 4).

Following adipogenic differentiation, accumulation of lipid
droplets was visualized in C57BL/6 MSCs using Oil Red O

www.StemCells.com

staining whereas ApoEf/f MSCs and VSCs were negative for
adipogenic differentiation (data not shown).

Assessment of the Intrinsic Calcification Capacity of
Progenitor Cells In Vivo and the Effect of the
Atherosclerotic Environment

To assess calcification of progenitor cells in vivo, passage (P)8
MSCs and VSCs from both mouse strains were loaded on
collagen-glycosaminoglycan scaffolds [15] and predifferenti-
ated in chondrogenic medium for 32 days prior to subcutane-
ous implantation. Cell-scaffold constructs maintained in
control culture medium for 32 days served as negative con-
trols. A crossover experimental plan was used where cells
from each strain were implanted in C57BL/6 and ApoEf/f
mice (Supporting Information Figure 5).

Control and chondrogenically-primed constructs were
stained with toluidine blue to assess the quality of seeding.
Cells were found distributed throughout the constructs; how-
ever, cell density was higher at the edges. In all seeded,
chondrogenically-primed constructs, weak matrix staining for
GAG was evident whereas the controls showed no GAG depo-
sition (Supporting Information Figure 6). Not all implanted
constructs were retrievable with control cultures recovered at
a lower frequency. The gross appearance of primed constructs
is presented in Supporting Information Figure 7 with vasculari-
zation and a bony appearance evident. Representative sec-
tions were stained with Safranin O and collagen type X to
confirm the appearance of hypertrophic cartilage (Supporting
Information Figures 8 and 9).

ApoE_/_ MSCs and VSCs Form Bone in C57BL/6 Mice

When chondrogenically-primed constructs from atheroscler-
otic mice were transplanted into subcutaneous pouches of
control mice, all MSC- or VSC-seeded constructs underwent
mineralization and formed bone (Table 1A and B, Fig. 3A). In
the case of the primed ApoEf/f MSC constructs retrieved
from C57BL/6 mice, 5 of 5 retrieved constructs had evident
bone formation. The overall bone formation was 77.5% with
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Table 1. Histological analysis of (A) MSC and (B) VSC constructs retrieved from Ap0E7/7 and C57BL/6 mice scored for bone, calcified

cartilage and bone marrow formation

Implanted cells

A ‘ ApoE - MSCs C57BL/6 MSCs
control primed control primed
Calcified Cartilage 2/4 5/5 1/5 3/5
(0.41) (0.94) (0.12) (0.37)
Bone 2/4 5/5 2/5 2/5
(0.12) (1.2) (0.08) (0.24)
Bone Marrow 2/4 5/5 0/5 1/5
ApoE | (019) (0.6) (0) (0.14)
Overall Bone 0.72 2.74 0.2 0.75
Score
Percentage of 18% 68.5% 5% 18.75%
overall bone
® formation
o
- Calcified Cartilage 0/a 5/5 0/4 1/4
(0) (1.27) (0) (0.23)
Bone 0/4a 5/5 0/4 1/4
(0) (0.99) (0) (0.15)
Bone Marrow 0/a 5/s 0/4 0/a
C57BL6 (0) (0.84) | (0) 0)
Overall Bone 0 31 0 038
Score
Percentage of 0% 77.5% 0% 9.5%
overall bone

formation

Host

Implanted cells

ApoE / VSCs C57BL/6 VSCs
control primed . control primed
Calcified Cartilage 3/4 6/6 0/4 0/4
(0.32) (0.96) (0) (0)
Bone 3/4 6/6 0/4 0/4
(0.27) (1.01) (0) 0)
Bone Marrow 1/4 6/6 0/4 0/4
ApoE (0.13) (1.36) (0) (0)
Overall Bone 0.72 333 0 0
Score
Percentage of 18% 83.25% 0% 0%
overall bone
formation
Calcified Cartilage 1/6 5/ 0/4 0/6
(0.023) (1) | (0) | (0)
Bone 0/6 5/5 0/4 0/6
0 0.63) | (0) | ()]
Bone Marrow 0/6 3/s 0/4 0/6
C57BL/6 (0) (0.71) (0) (0)
Overall Bone 0.023 234 0 0
Score
Percentage of 0.583% 58.4% 0% 0%
overall bone
formation

Note: Constructs were stained with H&E staining for light microscopic evaluation and grading by three blinded reviewers. Numbers represent
constructs showing the presence of the particular feature out of the total number of retrieved constructs. Numbers in brackets indicate the
average score of the three assessments for the presence of bone, calcified cartilage and marrow and overall bone score the sum of these val-
ues. Overall bone formation was calculated from the summed mean scores with 4 representing 100% coverage.

Abbreviations: MSCs, mesenchymal stem cells; VSCs, Vessel-derived stem/progenitor cells

more than 20% of bone marrow formation suggesting areas
of maturity. However, the presence of 25% calcified cartilage
indicated areas of less mature bone. Chondrogenically-primed
ApoEf/f VSC constructs retrieved from C57BL/6 mice formed
bone or immature bone in 5 of 5 retrieved samples. In 3 of 5
constructs, bone marrow was seen (Fig. 3A). Of the 58.4%
overall bone formation score, 25% was immature bone with
calcified cartilage while 17.75% bone marrow was present. In
summary, bone marrow-derived MSCs, with known bone
forming capacity, demonstrated a greater capacity for bone
formation post-chondrogenic priming than VSCs from the
same atherosclerotic background.

The Atherosclerotic Environment Complements the
Intrinsic Capacity of ApoE_/_ MSCs and VSCs to Form
Bone

To investigate how the intrinsic capacity of MSCs and VSCs
from atherosclerotic mice is affected by the atherosclerotic
environment, the fate of the ApoEf/f constructs in ApoEf/f
mice was assessed. Quantification of overall bone formation is
detailed in Table 1 (A and B). All five constructs of primed
ApoE_/_ MSCs retrieved from atherosclerotic mice formed
bone and bone marrow. With prominent dense bone appear-
ance (30%), calcified matrix (23.5%) and areas with bone mar-
row (15%), the overall bone formation was rated at 68.5%. A
large number of hypertrophic cells were observed surrounded
by cartilage-like matrix containing bone like tissue compo-
nents and invading blood vessels (Fig. 3B and Table 1A). Of
note, un-primed control ApoEf/f MSC constructs retrieved
from atherosclerotic mice also formed some bone with 18%
of overall bone formation and 10.25% cartilage observed in 2
of 4 retrieved constructs. Total bone marrow observed was
4.75% and seen in 2 of 4 retrieved constructs (Table 1A).
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The examination of 6 of 6 primed ApoE7/7 VSCs in the
ApoEf/f environment showed the presence of osteoid tissue
with a number of hypertrophic cells embedded in a cartilagi-
nous matrix; notably, all constructs showed invading blood
vessels (Fig. 3B and Table 1B). The bone appearance was
dense with 83.25% overall bone formation and the presence
of a calcified matrix was prominent with 24% coverage. In all
treated ApoE_/_ constructs retrieved from ApoE_/_ mice,
substantial formation of bone marrow was observed (34%),
revealing the maturity of the developed bone. Similar to
ApoE7/7 MSCs explanted from atherosclerotic mice, un-
primed ApoE_/_ VSCs formed some bone (18%) in athero-
sclerotic mice (Table 1B). Detection of significant levels of cal-
cified cartilage in both conditions suggested endochondral
ossification as the primary pathway for bone formation. That
both unprimed atherosclerotic MSCs and VSCs formed bone
when exposed to the diseased environment and primed athe-
rosclerotic VSCs generated about 25% more bone highlights
the effect of the atherosclerotic environment on the calcifying
potential of vessel progenitor cells.

The Atherosclerotic Environment Positively Impacts
Bone Formation Capacity of C57BL/6 Cells

For ApoE7/7 MSC (4 of 4) and C57BL/6 MSC (4 of 4) control
constructs retrieved from control mice, there was no bone,
cartilage, or bone marrow formation (Table 1A). Two of 5
C57BL/6 MSC control constructs retrieved from atherosclerotic
mice had overall bone formation at 5%. Of this, 3% was calci-
fied cartilage with no bone marrow observed (Fig. 4 and Table
1A). This analysis of nonatherosclerotic constructs retrieved
from the atherosclerotic environment indicated a modest role
of the atherosclerotic environment alone. In the case of
primed C57BL/6 MSCs retrieved from atherosclerotic mice,
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overall new bone formation was 18.75%. Two of five con-
structs formed some bone while 3 of 5 constructs showed an
average of 9.25% calcified cartilage (Fig. 4 and Table 1A).
However, un-primed C57BL/6 VSCs were unable to form bone
in either mouse strain (Fig. 4, Table 1B) suggesting that
vessel-resident progenitor cells do not have intrinsic capacity
to form bone.

Effect of IL-6, IL-1f, or TNF-a on Pattern of Expression
During Chondrogenesis

In vivo data highlighted the relevance of the source of pro-
genitor cells to their calcification/bone formation potential,
with the inflammatory milieu of the atherosclerotic ApoEf/f
mouse altering the intrinsic calcification capacity of ApoE_/_
cells. Short term implantation in this inflammatory environ-
ment also resulted in increased bone capacity of C57BL/6
MSCs, although not VSCs. To determine putative factors
involved in establishing the atherosclerotic progenitor cell
phenotype we investigated the effect of IL-6, IL-1f3, and TNF-«
on chondrogenesis of VSCs. Pellet cultures were established
from ApoE_/_ and C57BI/6 VSCs and treated with chondro-
genic induction medium supplemented with 200 ng/ml IL-6,
1ng/ml IL-1f, or 10 ng/ml TNF-« treatment. Chondrogenically-
cultured pellets without cytokine treatment acted as controls.

In terms of morphology, ApoEf/f and C57BL/6 VSC pel-
lets treated with chondrogenic induction medium alone for 21
days and stained with toluidine blue had the characteristic
blue-pink appearance indicating the presence of GAG (Fig.
5A). GAG/DNA levels were equivalent between the two popu-
lations (Fig. 5B, 5C). C57BL/6 VSC pellets treated with inflam-
matory cytokines were smaller in appearance with minimal
GAG detected histologically and quantitatively (Fig. 5A, 5B).
GAG/DNA levels were significantly reduced by exposure to IL-
6, IL-15, and TNF-¢ compared to controls. Treatment with
200 ng/ml IL-6 caused a reduction in GAG production; treat-
ment with 1ng/ml IL-1 or 10ng/ml TNF-o further impacted
chondrogenic differentiation of C57BL/6 VSCs with signifi-
cantly reduced GAG levels compared to the IL-6-treated pel-
lets (Fig. 5B).

After 21 days chondrogenic pellet culture in the presence
of pro-inflammatory cytokines, ApoEf/f VSCs had a distinct
chondrogenic appearance/morphology. Notably, the IL-6
treated pellets were larger than control cultures treated with
chondrogenic medium alone (Fig. 5A). This increased size cor-
related with significantly higher GAG/DNA levels (Fig. 5C),
whereas exposure to 1ng/ml IL-1 or 10 ng/ml TNF-o had no
effect compared to controls. Glycosaminoglycan deposition
after exposure to IL-6 was significantly higher compared to all
other treatments (Fig. 5C).

The effect of 200ng/ml IL-6 on expression of the
chondrogenic-associated molecules, Sox-9, and fibromodulin,
as well as collagen type Il and aggrecan at 21 days was found
to be significantly higher in ApoEfl* VSCs compared to
C57BL/6 VSCs treated with 200 ng/ml IL-6 (Fig. 6A-6D). Simi-
larly, IL-6 addition led to a significant increase in gene expres-
sion of Runx2 and ALP, markers of chondrocyte hypertrophy,
in ApoE_/_ VSCs compared to C57BL/6 VSCs at 21 days (Fig.
6E, 6F). Significance was also seen at day 2 for Runx2 and day
7 for ALP. However, treatment with IL-6 led to decreased col-
lagen type X expression, also associated with hypertrophy and
generation of a transient cartilage template in endochondral
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Host- ApoE™

C57BL/6 MSCs

C57BL/6 VSCs

"!’, Rl S
Figure 4. Effect of atherosclerotic environment on non-
atherosclerotic C57BL/6 cells. Control, unprimed C57BL/6 MSC
constructs implanted into ApoE_/_ mice showed calcified carti-
lage and some bone formation (black stars). Comparatively,
primed C57BL/6 MSC constructs showed more bone formation
with marrow like spaces. Control and chondrogenically-primed
C57BL/6 VSC constructs implanted in to ApoE_/_ mice showed
no bone formation while remnants of scaffolds (red stars) were
seen. Scale bars, 50 um. Abbreviations: MSCs, mesenchymal stem
cells; VSCs, Vessel-derived stem/progenitor cells.

ossification, in both ApoEf/f and C57BL6 VSCs compared to
control cultures (Fig. 6G). The treatment with either IL-1f or
TNF-o showed a trend toward decreased expression of all
chondrogenic genes tested compared to control cultures (data
not shown).

DiscussION

In recent years, dogmas of not only repair and regeneration
but disease progression are changing rapidly with identifica-
tion of various stem/progenitor cells in the vessel wall. One
target cell population is the MSC, described as a pericyte or
pericyte-like cell and proposed to have a perivascular origin
[6, 24, 25]. Although current knowledge of vessel-derived pro-
genitor cells is in its infancy, much attention has focused on
their therapeutic application for conditions such as myocardial
infarction, ischemic heart disease, and limb ischemia. The con-
tribution of altered stem or progenitor cell function to disease
development is also of interest with reports of dysfunction in
bone marrow-derived endothelial progenitor cells, fibrocytes,
pericytes, MSCs, or smooth muscle progenitor cells contribut-
ing to atherosclerosis and vascular calcification [23, 26-29].
There is also increasing evidence that the vessel wall, includ-
ing the vascular intima or adventitia, is the seat for resident
stem progenitor cells [30] which can be induced to calcify
[31]. Evidence also suggests the presence of progenitor cells
in tunica media which can transdifferentiate into smooth
muscle cells and contribute to vascular remodeling in athero-
sclerosis [32].

The aim of this study was to identify, isolate and charac-
terize a population of resident stem/progenitor cells from the
aortic wall of young atherosclerotic mice and to assess their
role in the pathogenesis of atherosclerosis. VSCs were shown
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Figure 5. Effect of pro-inflammatory cytokines on chondrogenesis of ApoEf/f and C57BL/6 VSCs. (A): The effect of treatment with IL-
6 (200 ng/ml), for 21 days on proteoglycan deposition during chondrogenic differentiation of C57BL/6 and ApoE7/7 VSCs is visualized by
toluidine blue staining (Scale bars, 200 um) and (B) quantified by determination of GAG/DNA ratio (n =3 cell preparations; *, p <.01;
** p<.02; ¥, p<.05). Abbreviations: GAG, glycosaminoglycan; TNF-c, tumor necrosis factor; VSCs, Vessel-derived stem/progenitor cells.

to be capable of differentiating into bone and cartilage and
were fundamentally altered by the atherosclerotic environ-
ment. These cells were compared to bone marrow-derived
MSCs to elucidate their potential contribution to formation of
ectopic bone or cartilage in atherosclerotic plaque. Resident
progenitors were associated with a more pericyte-like pheno-
type compared to matched MSCs, circulating progenitor cells
that may contribute to vascular calcification in plaque [33].
Indeed, both MSCs and VSCs from atherosclerotic mice were
shown to display significantly higher capacity to form a carti-
laginous template and directly ossify in vitro compared to
control cells from non-atherosclerotic, wild type mice. How-
ever, ApoEfl* VSCs had a greater chondrogenic capacity than
the same cells isolated from C57BL/6 mice. In vivo, formation
of prominent and mature bone-like structures in
chondrogenically-primed ApoE_/_ VSC and MSC constructs,
even in a non-atherosclerotic environment, suggested an
intrinsic proclivity of these cells to form ectopic bone, which
in the case of VSCs was boosted even further in the athero-
sclerotic environment. This notion was further supported by
the observation that the MSCs from control mice, whether
primed or not, were substantially less prone to form bone
even in the atherosclerotic environment. In contrast to MSCs
isolated from bone marrow which have a known functional
role in bone formation, VSCs isolated from the aorta of
C57BL/6 mice did not have the capacity to form bone or cal-
cify in vivo indicating that these vessel-derived progenitors do
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not have bone forming capacity in the non-diseased environ-
ment. However, ApoE’/’ VSCs that were primed to undergo
chondrogenesis prior to subcutaneous implantation in control
mice formed bone.

Metaplasia and calcification occurs in the aortic tunica. It
is now known that this abnormality is not just a physical
accumulation of calcium phosphate, but involves mechanisms
similar to bone formation with a number of bone-related pro-
teins expressed within the vessel wall [11]. The presence of
calcified cartilage and bone in the majority of constructs
where differentiation of implanted cells occurred, and particu-
larly in unprimed constructs, suggests that endochondral ossi-
fication was the primary pathway involved. Differentiation
and calcification of constructs in the atherosclerotic environ-
ment may be regulated by exposure to various factors like
TNF-o or IL-6 which may also play role in formation of the
plague and atherogenesis [34]. To date, a number of research-
ers have reported the presence of stem cells in blood vessels
including the aorta [7]. Their regenerative role in injury is well
known, however, our work was based on the premise that they
can also be implicated in pathological processes under certain
conditions. The mechanism whereby this occurs is not fully under-
stood. The potential of vessel wall stem cells to form bone, carti-
lage, muscle or fat has been reported previously [35]. More
specifically, the cells which are isolated form aortic tunicae have a
greater tendency to differentiate to the osteogenic lineage [35,
36] on exposure to inflammatory cytokines.
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Figure 6. Effect of IL-6 on expression of representative chondrogenic genes during differentiation of ApoEfl* and C57BL/6 VSCs. Isolated
cells were differentiated in chondrogenic conditions in the presence or absence of IL-6 (200 ng/ml) and cultured in pellet format for 21 days.
Gene expression normalized to GAPDH of (A) Sox9, (B) fibromodulin, (C) type Il collagen, (D) ACAN, (E) Runx2, (F) ALP, and (G) type X collagen
at time 0, and 48 hour, 7 day, 14 day, and 21 day pellets (n = 5) in chondrogenic medium. Data represents the relative expression seen after
exposure to IL-6 compared to control cultures exposed to chondrogenic medium without IL-6 (n = 3 cell preparations, two technical replicates;
*, p<.03; ** p <.02). Abbreviations: ACAN, Aggrecan; ALP, Alkaline phosphatase; VSCs, Vessel-derived stem/progenitor cells.

In both environments, ApoE_/_ cells were prone to calcify
and develop bone structures; nevertheless VSCs were more
sensitive to environmental factors. The ApoEfF environment
seemed to contribute to mature bone formation in the
ApoE7/7 primed constructs but to a lesser degree in control
nonprimed constructs. Interestingly, the ApoE7/7 environment
also triggered bone formation in C57BL/6 control constructs,
even without priming, albeit to a much lesser degree, again
supporting the hypothesis that the atherosclerotic environ-
ment plays a role in differentiation and ectopic bone forma-
tion. The importance of the atherosclerotic environment in
bone formation becomes even more obvious by the observa-
tion that control constructs retrieved from the control
non-atherosclerotic environment did not form bone. Never-
theless, the finding that there was some bone formation in
primed C57BL/6 constructs retrieved from control mice, was
similar to findings in Balb/C mice [37] and rats [38]. Previ-
ously, it has been shown that cells subjected to differentiation
assays will usually downregulate bone and chondrogenic tran-
scription factors under pro-inflammatory conditions [20]. In
this study, we found that the pro-inflammatory environment
of the atherosclerotic mice did not inhibit the formation of
bone in subcutaneous implants but exaggerated the effect
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leading to more advanced calcification, particularly in the case
of VSCs. In the atherosclerotic environment, a number pro-
inflammatory cytokines such as TNF-a, IL-6, IL-18 are
increased [39] and inflammatory cytokines are strongly related
to ectopic bone formation [40].

What triggers the inflammatory reaction in atherosclerosis
is not completely understood. However, numerous factors
such as oxidized LDL, free oxygen radicals and to some extent,
MMPs, heat shock proteins, and advanced glycation end prod-
ucts have been implicated. Data presented here help to
understand the regulatory mechanisms that link pericytes/
VSCs and ectopic calcification. Although the role of factors
other than inflammatory cytokines in promoting bone forma-
tion or calcification in vivo cannot be ignored, the significant
inhibitory effect of IL-6, IL-1 and TNFa on proteoglycan pro-
duction in C57BL/6 control VSC chondrogenesis in vitro com-
pared to no effect of IL-18 and TNFo and significantly
increased chondrogenic and hypertrophic gene expression as
well as overall GAG levels in response to IL-6 in ApoE /™
VSCs does indicate that these pro-inflammatory cytokines,
upregulated in the atherosclerotic environment, can modulate
VSC chondrogenesis. Overall, there was over twofold more
GAG/DNA produced by ApoEf/f VSCs compared to control
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C57BL6 VSCs. Similarly, Lacey et al. have demonstrated that
mouse MSCs, differentiated in the presence of pro-
inflammatory cytokines, had decreased chondrogenic and
osteogenic gene expression and both IL-1 and TNF-o have
been shown to significantly inhibit chondrogenesis of human
MSCs [20, 41, 42]. Furthermore, these factors potently inhibit
expression of Sox 9, the master chondrogenic transcription
factor through the NF-xB pathway [43]. As for control C57BL/
6 VSCs, IL-6 has also been shown to inhibit chondrogenesis of
healthy human MSCs [44, 45]. In this study, we have shown
for the first time that the Lacey VSCs have the ability to
respond to IL-6 treatment and induce accumulation of proteo-
glycans. The difference between Lacey VSCs and C57BL/6
VSCs was also apparent visually with IL-6-treated Lacey VSC
pellets appearing larger than control cultures in contrast to
the TNF-o and IL-1f3 treated pellets. IL-6 has also been shown
to induce calcification of SMCs. In a co-culture model,
increased expression of TNF-x and IL-6 in macrophages
induced SMC calcification in a paracrine manner [43]. The
atheroprotective and anti-calcific effects of osteoprotegerin
(OPG) have also been associated with receptor activator of
NF-xB ligand (RANKL) modulation of IL-6 production [45]. In
this study, vascular smooth muscle cells from ApoEf/foPGflf
mice showed increased chondrogenic differentiation and ele-
vated IL-6 levels in response to RANKL treatment and
decreased calcification after ablation of RANKL signalling. More-
over, increased expression of IL-6 has been associated with
human calcific aortic valve disease and phosphate-induced min-
eralization of mouse valve interstitial cells was dependent on
IL-6 [46]. The NF-xB pathway was also implicated on IL-6-
associated mineralization in this study. With respect to the con-
tribution of the diseased environment to altered responses to
cytokines, a recent study described an amplification autocrine
loop involving IL-6 and basic calcium phosphate crystal in pro-
moting calcification associated with experimental osteoarthritis:
the increased production of IL-6 was mediated partially
through STAT 3 and PI3 kinase [47].

The molecular analysis in this study was based on markers
signifying three progressive phases of chondrogenesis. Thus,
the significant upregulation of key genes in chondrogenesis in
ApoE/~ VSCs in the presence of IL-6 at different stages of
chondrogenic differentiation reveals that this cytokine plays a
central pathological role in the atherosclerotic microenviron-
ment. Although VSCs do not normally calcify in vivo they pos-
sess a differentiation potential which is responsive to
cytokines and makes them capable of formation of ectopic
bone in aortae. The differentiation of ApoE /™ VSCs in the
presence of IL-6 to chondrocytes characterized in this study
and the temporal changes observed in gene expression largely
paralleled the pattern of extensive -calcification in vivo

occurring in atherosclerosis. Sequential gene expression pat-
terns which closely regulate cell-cell and cell-matrix interac-
tions leading to alterations at morphological and metabolic
levels during development of cartilage [48] are not only mir-
rored during deposition of calcified matrix in the atherogenic
processes but also to some extent during commitment of
VSCs to the endochondral pathway.

Taken together, it is clear from this study that endochondral
ossification and calcification in atherosclerosis is a complex inter-
play of a number of factors, each contributing differently to the
process. It can be concluded that a major contributing factor is
the intrinsic capacity of MSCs and VSCs derived from atheroscler-
otic mice to calcify. Nonetheless, this study also demonstrated
that the environment in which cells are predifferentiated and the
actual host environment drive the implanted constructs to form
bone or premature bone, bone marrow, calcified cartilage, and
promote infiltration of blood vessels. This study also revealed
that in the presence of pro-inflammatory cytokines, IL-6 in partic-
ular, released by surrounding or localized inflammatory cells,
ApoE7/7 VSCs may become more permissive to this microenvir-
onment and commit to the chondrogenic differentiation pathway
leading to endochondral ossification.
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