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Abstract

Extracellular vesicles (EV) function as messengers between endothelial cells (EC) and
vascular smooth muscle cells (VSMC). Since chronic kidney disease (CKD) increases
the risk for vascular calcifications, we investigated whether EV derived from uraemic
milieu-stimulated EC and derived from uraemic rats impact the osteogenic transdif-
ferentiation/calcification of VSMC. For that purpose, human EC were treated with
urea and indoxyl sulphate or left untreated. Experimental uraemia in rats was in-
duced by adenine feeding. ‘Uraemic’ and control EV (EVYR: EVETRY were isolated
from supernatants and plasma by using an exosome isolation reagent. Rat VSMC
were treated with a pro-calcifying medium (CM) with or without EV supplementa-
tion. Gene expressions, miRNA contents and protein expressions were determined
by gPCR and Western blots, respectively. Calcifications were determined by colori-
metric assays. Delivery of miRNA inhibitors/mimics to EV and siRNA to VSMC was
achieved via transfection. EVE™R and EVUR differed in size and miRNA contents.
Contrary to EVE™RY EC- and plasma-derived EV'R significantly increased the pro-
calcifying effects of CM, including altered gene expressions of osterix, runx2, osteo-
calcin and SM22a. Further, EVUR enhanced the protein expression of the phosphate
transporter PiT-1 in VSMC and induced a phosphorylation of AKT and ERK. Knock
down of PiT-1 and individual inhibition of AKT and ERK signalling in VSMC blocked
the pro-calcifying effects of EVUR. Similar effects were achieved by inhibition of
miR-221/-222 and mimicking of miR-143/-145 in EV'R. In conclusion, EVUR might
represent an additional puzzle piece of the complex pathophysiology of vascular cal-
cifications in CKD.
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1 | INTRODUCTION

A high-risk group for the development of extensive and acceler-
ated vascular calcifications are patients with chronic kidney disease
(CKD), including children.*® Their impaired renal function and sub-
sequently increased plasma levels of uraemic toxins and elevated
phosphate and calcium levels contribute to vascular calcification via
multiple mechanisms.*

Even today, the pathophysiology of vascular calcifications such
as arteriosclerosis is still not fully understood and there is no estab-
lished therapy for the inhibition of onset and progression of vascular
calcifications.

Extracellular vesicles (EV) and their (patho) physiological func-
tions came into the focus of cardiovascular research during the
last years.>® Cells release EV under both physiological and patho-
physiological conditions. Subtypes of EV differ in their cellular or-
igin, size, membrane structure and their cargo load. Two important
EV subtypes are microvesicles (size ~100-1000 nm) and exosomes
(~20-150 nm).”

Exosomes were shown to impact the calcification of vascular
smooth muscle cells (VSMCs), %8 a key event during the development
of arteriosclerosis.” Pro-calcifying conditions can induce the gener-
ation of pro-calcifying exosomes in VSMC and calcified VSMCs in
turn secrete exosomes which promote calcification of non-calcified
VSMCs,! thus promoting progression of vascular calcification.

Besides this autocrine stimulation, also a paracrine exchange of
exosomes, for example, between endothelial cells (EC) and VSMC is
known, which contributes to the communication between cells.1?13
For instance, EC-derived exosomes could impact the phenotype
of VSMC.'? Thus, exosomes function as messengers in the cross-
talk of endothelial and smooth muscle cells in the arterial wall.**
Importantly, the release of EV by EC is also a function of the sur-
rounding milieu, for example, the presence of cardiovascular risk
factors like tumour necrosis factor-a (TNF-a) or angiotensin 11516

EC are in constant contact with the blood stream and interact
with its components. The uraemic milieu in CKD promotes constant
injury to the endothelium by inflammatory cytokines, uraemic tox-
ins, urea and other deleterious signals.}” We therefore have been
suggested that uraemic toxin-stimulated EC produce EV, which aug-
ment the calcium- and phosphate-induced osteogenic transdifferen-
tiation/calcification of adjacent VSMC.

2 | MATERIALS AND METHODS
2.1 | Cellculture

Human endothelial cells (EA. Hy926, ATCC® CRL-2922™) and rat
aortic VSMC (A7r5, ATCC® CRL-1444™) were routinely cultured in
standard culture medium which consisted of DMEM (Gibco/Thermo
Fisher Scientific, Hennigsdorf, Germany) with 862 mg/L L-alanyl-
L-glutamine, 1.0 g/L glucose, 50 pg/mL streptomycin, 50 units/ml

penicillin and 10% heat-inactivated foetal bovine serum (FBS, Gibco).

To avoid FBS-specific differences in the calcification experiments,
FBS was used from the same lot throughout the whole study. Cells
were cultured in a humidified atmosphere at 37°C and 5% CO,. Cells

were maintained at 70%-80% confluence by passaging as needed.

2.2 | Treatment of endothelial cells with
uraemic toxins

To mimic uraemic conditions in vitro, EC were treated for 7 days in
75 cm? flasks (NUNC) with standard culture medium supplemented
with 20 mmol/L urea (Merck) which roughly corresponds to concen-
trations seen during chronic renal failure*® and 375 pmol/L (50 pg/
mL) indoxyl sulphate (IS; Sigma-Aldrich) which corresponds to mean
plasma concentrations in uraemic patients.!” The medium was re-

placed every 2nd day. Untreated cells served as control.

2.3 | Rat model of chronic kidney disease

Chronic kidney disease in rats was induced by adenine feeding.
Details are described in the Appendix S1. Serum chemistry charac-

teristics of the experimental groups are given in Table S1.

2.4 | Isolation of extracellular vesicles from cell
culture supernatants and plasma from rats

EV derived from EC treated with uraemic toxins and from uraemic
rats are referred to hereinafter as uraemic EV (EVUR), while EV from
control treated EC and control rats are termed control EV (EVCR™).
A flow chart of the isolation procedure is shown in Figure S1. The

detailed isolation procedure is described in the Appendix S1.

2.5 | Characterization of extracellular vesicles

EVs were further characterized by dynamic light scattering, FACS
analysis, Western blot and miRNA contents by RT-PCR as described
in the Appendix S1.

2.6 | Treatment of VSMC with calcium, phosphate +
EVYR/EVCTRE

Vascular smooth muscle cells were grown in 24-well plates or 6-well
plates (NUNC) for 24 h (day 0). After reaching ~90% confluence, the
culture medium was replaced by a calcification medium (CM) which
consisted of standard culture medium supplemented with calcium
chloride (2.7 mmol/L vs. 1.8 mmol/L) and sodium dihydrogen phos-
phate (2.8 mmol/L vs. 1.0 mmol/L). CM was changed every second
day. To study specific effects of EV from EC culture supernatants,

CM and the control medium were supplemented with 150 ug/mL



FREISE ET AL.

WILEY-

EVYR or EVETRE respectively. Effects of rat plasma-derived EV were
investigated in an analogous manner. In order to save material, a con-
centration of 150 pug/mL represented a reasonable compromise re-
garding the ratio of EV-mediated effects and the necessary amounts
of EV.

2.7 | Analysis of treatment-dependent calcifications
in VSMC cultures

The degree of mineralization of VSMC cultures was determined
after 5 or 7 days of treatment by Alizarin-red staining as de-
scribed.?° Enzymatic activities of alkaline phosphatase (ALP) were
determined in supernatants of the VSMC cultures,?° and calcium
contents of the cultures were analysed by the o-cresolphthalein
complexone (OCPC) method.?° Calcium contents and ALP levels
were normalized to the protein contents as determined by the
BCA method.

2.8 | Analysis of gene and protein expressions
in VSMC

The respective passages describing the measurements of gene and
protein expressions in VSMC can be found in the Appendix S1.

2.9 | Inhibition of AKT and ERK phosphorylation
in VSMC

We applied LY3023414 (Ly30; Selleckchem, Munich, Germany),
a PIBK/AKT/mTOR inhibitor, to interfere with EVYR-induced ac-
tivation of AKT in VSMC. The activation of ERK1/2 in VSMC was
blocked by applying the inhibitor UO126 (Cell signalling). In Western
blot experiments, the cells were pre-incubated with 50 nmol/L Ly30
or 10 umol/L UO126 for 5 minutes prior to the respective treatment.
Both inhibitors were dissolved in DMSO and the resulting maximum
DMSO concentration in the experiments was 0.05%. To avoid long-
term toxicity of the inhibitors, the VSMC were treated prior to every

medium change (every 2nd day) for 5 minutes with Ly30 or UO126.

2.10 | Transfection of EV and VSMC

Isolated EVUR/EVETRL were transfected with miR inhibitors, miR
mimics or respective controls using the Exo-Fect™ siRNA/miRNA
Transfection Kit (System Biosciences, Palo Alto, CA, USA) accord-
ing to the manufacturer's instructions. All used miR inhibitors and
miR mimics are given in Table S2. 24 hours after transfection, the EV
were used in the respective experiments.

VSMC were transfected with siRNA targeted against PiT-1
(Silencer™ Slc20al siRNA, #AM16708, Invitrogen™) or a respec-

tive negative control (Silencer™ Negative Control No. 1 siRNA,

#AMA4611, Invitrogen™) using the HiPerFect Transfection Reagent
(Qiagen) according to the manufacturer's instructions.

2.11 | Statistical analyses

Data sets were analysed by one-way or two-way ANOVA followed
by the Tukey post hoc test using GraphPad PRISM, version 6.01
(GraphPad Software), and differences with P-values <.05 (*) were

considered statistically significant.

3 | RESULTS

3.1 | Characterization of EC-derived EVYR and
EVETRL

Using the EC supernatants, the isolation procedure yielded two EV
fractions for each treatment group (control vs. uraemic toxins), a
putative exosome-containing fraction and a putative microvesicle-
containing fraction (Figure S1). In this study, we focused on the
putative exosome-containing fraction only. Dynamic light scat-
tering analysis revealed different hydrodynamic diameters of
53.2 + 13.9 nm and 72.5 + 8.0 nm (P <.05) for EV<"Rt and EVVR, re-
spectively (Figure S2A). A concomitant FACS analysis of both groups
from the ‘exosome’-fraction revealed an intense signal for the two
exosome markers CD9 and CD81. In comparison, the respective sig-
nals in the putative ‘microvesicle’ fractions were distinctly reduced
(Figure S2B). Further, both ‘exosome’-fractions but not the corre-
sponding ‘microvesicle’-fractions contained the exosome marker

Alix, as shown by Western blot analysis (Figure S2C).

3.2 | EVYRaugment calcium- and phosphate-
induced morphological and transcriptional changes
in VSMC

As expected from previous studies, treatment with CM alone in-
duced a significant up-regulation of osterix, osteocalcin and runx2
after 2 and 4 days compared to control, while the gene expression
of SM22a was significantly reduced (Figure 1A). Supplementation
of CM with EV'R significantly enhanced the gene expressions of os-
terix and runx2 after 2 and 4 days compared to treatment with CM
alone and gene expressions of osteocalcin and SM22a were signifi-
cantly enhanced/reduced after 4 days (Figure 1A). Of note, the gene
expression of runx2 was significantly enhanced by EVUR already
after 24 hours compared to CM alone.

In line with the gene expression data, CM induced slight mor-
phological changes of VSMC within 72 hours compared to con-
trol (Figure S3A). The presence of EVUR distinctly enhanced and
accelerated the effects of CM on morphology. After 48 hours,
distinct signs of mineral depositions were visible, which were mas-

sively enhanced after 72 hours (Figure S3A). In contrast, EVCTR-
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FIGURE 1 EV“Raugment calcium- and phosphorous-induced transcriptional changes in VSMC. A, Gene expressions in VSMC were
determined by gPCR after treatment of the cells as indicated. Shown are means + SD (n = 4; *P < .05). B, Rat VSMC were treated as
indicated for 5 days. Effects on protein expressions were determined by Western blot. Displayed are representative blots together with

means + SD from quantification of respective band intensities (n = 3)

provoked no obviously different morphological changes compared
to treatment with CM alone. When applied in control medium,
neither EVE™RE nor EVUR induced any morphological changes com-
pared to control (Figure S3B), implicating that the effects of EVYR
require the presence of elevated concentrations of phosphate and
calcium.

Like the effects on cell morphology, neither EVC™RE nor EVYR
significantly affected the gene expressions of the above-mentioned

marker genes when applied in standard culture medium (Figure S3C).

The effects of EVUR on SM22a expression were confirmed also
on protein level by Western blot analysis further complemented by
an analysis of a-SMA. Treatment with CM for 5 days reduced the
protein expression of SM22x by ~20% compared to control. This
effect was strongly enhanced by EVUR (reduction of ~70%), while
EVCTRL only slightly impacted the effects of CM on SM22« expres-
sion (Figure 1 B). For a-SMA, we observed comparable effects. CM
induced a reduction of a-SMA expression by ~50%, whereas EVUR
enhanced these effects by up to ~80% (Figure 1 C).
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3.3 | EVUYRaugment calcium- and phosphate-
induced mineralization of VSMC cultures

To confirm that the observed morphological and transcriptional
changes of VSMC lead to mineralized VSMC cultures, Alizarin-red
staining and calcium measurements were performed. When cul-
tured in CM, the presence of EVUR significantly increased mineral
deposition in VSMC compared to CM alone, shown by Alizarin-red
staining and calcium measurements (Figure 2A,B). EVC™R pro-
voked no distinct differences compared to CM alone (Figure 2A,B).
Cells treated with control medium exhibited no obvious calcifica-
tions regardless of the presence of EVE™R or EVUR (Figure 2A,B).
Complementing the hitherto data, VSMC treated with CM+EVUR
showed higher ALP activities in supernatants than cells treated with
CM only (Figure 2C).

In parallel, we investigated whether the stimulating effects
of EVYR on VSMC calcification are because of the induction of
apoptosis. However, neither EVS™R" nor EVUR induced stronger
caspase-3/-7 activities compared to treatment with CM alone
(Figure S4).

3.4 | EVYRpromote activation of AKT and ERK
signalling and induce an enhanced expression of PiT-1
in VSMC

To gain first insights into underlying mechanisms of EVUR in VSMC,
we analysed AKT and ERK signalling which both are known to impact
calcification of VSMC.2! When treated in standard culture medium,
EVYR induced a strong phosphorylation of AKT after 15 minutes,
while EVETRE showed no effects (Figure 3A). A similar result was ob-
served when using CM. Only the presence of EVVR strongly phos-
phorylated AKT (Figure 3A). For the phosphorylation of ERK1/2,
effects of EVYR were also evident and enhanced compared to the
respective controls in standard culture medium as well as in CM, but
the effects were less pronounced compared to the EVYR-mediated
phosphorylation of AKT (Figure 3A).

Since treatment with EVC™R" did not result in significantly differ-
ent effects in the cells compared to treatment with CM alone, we
hereinafter focused on the effects of EVUR only.

AKT and ERK signalling are closely linked to the induction
of the sodium-dependent phosphate co-transporter PiT-1 in
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FIGURE 2 EV™R augment calcium- and phosphate-induced calcification on VSMC. A, VSMC were treated as indicated for 7 days. Shown
are representative images of cells stained with Alizarin-red and data on quantification of bound Alizarin-red dye. Shown are means + SD

(n = 4). In parallel set ups. B, calcium contents of the cultures were determined by the o-cresolphtalein method and C, alkaline phosphatase
contents were determined in the supernatants using the Quanti-Blue™ reagent. Shown are means + SD. (n = 4, *P <.05)
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FIGURE 3 EV"R promote activation of AKT and ERK signalling and

induce an enhanced expression of PiT-1 in VSMC. VSMC were

cultured and treated in 6-well microtitre plates as indicated. Shown are treatment-dependent effects on (A) the phosphorylation of ERK1/2

and of AKT after 15 min. In addition, treatment-dependent effects on

(B) the protein expression of PiT-1 after 2 and 5 days of treatment are

shown. Displayed are representative results from one out of three independent experiments along with means + SD from quantification

of respective band intensities. *P <.05. C, Protein expression of PiT-1 i

n VSMC was knocked down by siRNA. Shown is one representative

Western blot out of three along with means +SD from quantification of respective band densities (n = 3, *P <.05). D, In parallel, calcium

contents of the cultures were determined by the o-cresolphtalein met

calcifying VSMC and PiT-1 in turn is known to contribute to the
calcification of VSMC cultures.??? Therefore, we subsequently
studied effects of EVUR on the expression of PiT-1. Treatment of
VSMC with CM induced a higher PiT-1 expression compared to
control after 2 and 5 days of treatment (Figure 3B). The supple-
mentation of EVUR significantly enhanced the protein expression
of PiT-1 compared to treatment with CM alone after 2 and 5 days
(Figure 3B).

We consequently applied PiT-1 siRNA to selectively knock
down the PiT-1 protein expression in VSMC. Indeed, PiT-1 siRNA
strongly reduced the protein expression of PiT-1 in VSMC treated
with CM+EVYR, while an unspecific control siRNA did not show
any effects (Figure 3C). Further, a knock down of PiT-1 significantly

hod. Shown are means + SD. (n = 4, *P <.05)

reduced the pro-calcifying effects of EVUR indicated by strongly re-
duced calcium depositions in VSMC treated with CM and CM+EV'R
(Figure 3D). Again, a control siRNA did not reduce the calcium con-
tents of the VSMC cultures (Figure 3D).

3.5 | Inhibition of

AKT and ERK signalling alleviates the facilitating
effects of EVYR on calcium- and phosphate-induced
mineralization of VSMC

Since the activation of AKT signalling appears to be a target of
EVYR in VSMC, we applied the AKT inhibitor Ly30 in our in vitro
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FIGURE 4 Inhibition of AKT- and ERK signalling attenuate EVYR-mediated effects on VSMC calcification. A, VSMC were cultured like

in the calcification experiments with or without periodic treatment with the PISK/AKT/mTOR inhibitor Ly3023414 (Ly30). After 7 days,

the cells were stained with Alizarin-red. Shown are representative images of stained cells together with means + SD from quantification

of the red dye (n = 4, bars = 100 um). B, In a parallel set up, calcium contents of the cultures were determined by the o-cresolphtalein
method (n = 4). C, Effects of Ly30 on the osteogenic transdifferentiation of VSMC were determined by qPCR after treatment of the cells

as indicated. Shown are means + SD (n = 4; *P <.05). D, VSMC were cultured like in the calcification experiments with or without periodic
treatment with the MEK inhibitor UO126. After 7 days, the cells were stained with Alizarin-red. Shown are representative images of stained
cells (n = 3). In parallel, calcium contents of the cultures were determined by the o-cresolphtalein method. Shown are means + SD (n = 3;

*P <.05)

calcification model. Alizarin-Red staining experiments revealed pro-
tective effects of AKT inhibition against the augmented calcification
inducing effects of EVUR compared to CM alone (Figure 4A). Of note,
the AKT inhibitor did not prevent VSMC from CM-induced calcifica-
tions. These data were confirmed by parallel measurements of the
calcium contents in the VSMC cultures (Figure 4B). On transcrip-
tional level, the above shown strong induction of runx2 expression
by CM+EVR was distinctly alleviated after 1 and 2 days and signifi-
cantly reduced after 4 days of treatment (Figure 4C). Further, AKT
inhibition significantly reduced the EVYR-induced decline of SM22«
expression after 2 and 4 days of treatment (Figure 4C). Comparable
results were observed after inhibition of ERK signalling in VSMC.
The promoting effects of EVUR on VSMC calcifications were neu-
tralized by the synthetic inhibitor UO126 (Figure 4D).

3.6 | EVYRand EVC™ differ in their miRNA
loading and targeted manipulation of miRNA activities
impacts the pro-calcifying effects of EVYR

EV are known to function as ‘shuttles’, for example, for miRNAs
(miR). Therefore, we additionally analysed the contents of five pre-
selected miR in EVE™Rt and EVUR from the ‘exosome’-fractions. All
selected miR are known to be expressed in EC and to impact vas-
cular calcification. Three miRNAs were significantly enhanced in
EVYR compared to EVC™R'. The differences for miR-221 were the
strongest (1.55 + 0.08-fold enhanced, P < .05) followed by miR-126
(1.37 £ 0.05, P < .05) and miR-222 (1.24 + 0.11, P < .05) (Figure 5A).
In contrast, the levels of mir-143 and miR-145 were significantly
reduced in EVUR compared to EVCT™RL (0.35 + 0.19, P < .05 and
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FIGURE 5 miRNA contents affect the pro-calcifying effects of EVYR on VSMC. A, The contents of five preselected miRNA (miR) in the
EV were analysed by qRT-PCR. Shown are means + SD from three independent measurements. *P <.05. B, C, EVUR were transfected with
miR inhibitors, miR mimics or respective negative controls. After 24 h, the modified EVYR were applied in VSMC calcification experiments.
Mineralization of the cultures was determined by the o-cresolphtalein method (means + SD; n = 3, *P <.05) and by Alizarin-red staining
(representative images; n = 3)
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0.76 + 0.08, P < .05, respectively) (Figure 5A). To gain insights into
their potential functional relevance for the pro-calcifying effects
of EVYR, we applied specific miR inhibitors or miR mimics. Their
successful transfection into exosomes was validated by gRT-PCR
measurements (Figure S5). Indeed, transfection of EVYR with a miR-
221 inhibitor provoked a distinct reduction of VSMC calcifications
while the inhibition of miR-126 or miR-222 provoked no attenuat-
ing effects (Figure 5B). A simultaneous inhibition of miR-221 and
miR-222 tended to cause a stronger reduction of the pro-calcifying
effects of EVVR than by inhibition of miR-221 alone (Figure 5B).
Since levels of mir-143 and miR-145 were reduced in EVYR, we
applied miR mimics to selectively enhance their activity in EVYR.
An individual transfection with miR-143 or miR-145 mimics pro-
voked a distinct reduction of VSMC calcifications (Figure 5C). Like
miR-221/-222, a simultaneous approach tended to be even more
effective in reducing the pro-calcifying effects of EVVR (Figure 5C).
For all miR, transfection of EVUR with the negative controls for
miR inhibitors or miR mimics provoked no differences in VSMC calci-
fication compared to treatment with non-transfected EVYR. Further,

VCTRL

treatment with transfected E provoked no differences to treat-

ment with CM alone (Figure 5B,C).

WILEY-

3.7 | Plasma-derived exosome-like EV from uraemic
rats promote VSMC transdifferentiation ex vivo

To finally investigate whether our experimental approach could
in principle be translated to subsequent in vivo studies, we ap-
plied plasma-derived EV from uraemic rats and healthy controls
in our calcification model in vitro. A comparison of both EV frac-
tions revealed hydrodynamic diameters of 43.8 + 2.3 nm for
EVURand 32.7 + 1.9 nm for EVE™R, Like the in vitro-derived EVUR
from EC, the in vivo-derived EVYR but not EVE™R enhanced the
CM-induced transdifferentiation of VSMC. The supplementation
with EVUR significantly enhanced gene expressions of runx2 and
osterix compared to treatment with CM alone, while the expres-
sion of SM22a was strongly decreased (Figure 6A). Furthermore,
cells treated with CM+EV"R exhibited significantly enhanced PiT-1
protein expression levels after 3 days than cells treated with CM
only (Figure 6B). This was accompanied by a significantly enhanced
mineralization of VSMC cultures indicated by enhanced calcium
levels and Alizarin-red staining after 5 days compared to treat-

VCTRL

ment with CM alone. E showed no such stimulatory effects

(Figure 6C,D).
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FIGURE 6 Plasma-derived exosome-like EV from uraemic rats promote VSMC transdifferentiation ex vivo. VSMC were cultured as

indicated. A, Gene expressions in VSMC were determined by gPCR.

Shown are means + SD (n = 4). B, Treatment-dependent effects of

EVUR on the protein expression of PiT-1 after 3 days are shown. Displayed are representative results from one out of three independent
experiments along with means + SD from quantification of respective band intensities. Band densities were normalized to p-actin. C, Parallel
to the qPCR measurements, mineralization of the cultures was determined by the o-cresolphtalein method (means + SD; n = 4) and by
Alizarin-red staining (representative images; n = 4). *P <.05, "not significant
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3.8 | Inhibition of AKT blocks pro-calcifying
effects of EVUR from uraemic rats

Like for the in vitro-derived EVVR, we also tested whether inhibition
of AKT signalling can neutralize pro-calcifying effects of the in vivo-
derived EVYR. Indeed, the presence of Ly30 reduced the degree of
mineralization of the VSMC cultures to the level induced by treat-
ment with CM alone (Figure 7A,B). On transcriptional level, Ly30
also neutralized the EVYR-mediated up-regulation of runx2 and the
down-regulation of SM22a in VSMC (Figure 7C).

4 | DISCUSSION
Our results indicate that exosome-like extracellular vesicles derived
from uraemic toxin-treated endothelial cells (EVVR) in vitro, as well as
plasma-derived EVR from uraemic rats, could facilitate the calcium-
and phosphate-induced osteogenic transdifferentiation/calcification
of VSMC. Thus, endothelial cell-derived extracellular vesicles may act
as endogenous amplifiers of vascular calcification during CKD.

Besides a disturbed mineral homeostasis, CKD patients have el-
evated serum levels of uraemic toxins such as indoxyl sulphate (IS),
which associates with a cardiovascular phenotype in children with
CKD?® and promotes vascular calcification by activating the PI3K/
Akt/NF-kB pathway in VSMCs.?* Further, the diminished excretion
of water-soluble urea causes endothelial dysfunction and activation
of proatherogenic pathways'® and fosters protein carbamylation,
which aggravates the calcification of VSMC.?*

Uraemic toxins along with other compounds such as TNF-a, glu-

cose (high concentrations), thrombin and angiotensin Il were shown

to induce EV formation by endothelial cells.?® Further, physical as-
pects such as shear stress can impact the release of EV.?

In the present study, we applied IS and urea in our in vitro model
with EC to mimic a basic uraemic milieu. To obtain resulting EV from
EC supernatants, we set up a combined isolation procedure, which
reliably enabled us to isolate a presumptive exosome-containing
fraction. A characterization of the isolated EV revealed an exosome-
like size” and an expression of the exosome-specific marker proteins
CD9, CD81 and Alix.?® Thus, EVC™R" and EVYR displayed exosome-
like characteristics. However, further investigations would be nec-
essary to verify the endosomal system-derived origin of both vesicle
fractions. Instead of exosomes, we therefore used the more general
terms EVETRE or EVUR for both “exosome-like” fractions in this study.

Key events during the development of arteriosclerosis are the
osteochondrogenic transdifferentiation and the entailed calcifi-
cation of VSMC. Amongst others, these processes involve VSMC
apoptosis, vesicle release and a shift in the balance of inhibitors and
promoters.2’8'9

The transdifferentiated osteochondrogenic VSMC phenotype is
characterized by enhanced expression of specific transdifferentia-
tion markers and inhibition of smooth muscle cell lineage markers.
Indeed, EVYR accelerated and increased CM-induced gene expres-
sions of osterix, osteocalcin and runx2, typical markers for an osteo-
genic transdifferentiation of VSMC?%3C and further decreased the
gene expression of SM22a, a marker of the differentiated contrac-
tile VSMC phenotype‘29 In addition, VSMC cultures displayed higher
degrees of calcifications and their supernatants contained elevated
levels of ALP, a marker for advanced osteogenic transdifferentiation
of VSMC.®! This clearly implicates that EVUR promotes the CM-

induced transdifferentiation/calcification of VSMC.
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Promoting and accelerating effects on VSMC calcification have also
been described earlier for other substances. TNF-a was shown to acti-
vate NF-kB in VSMC, thereby accelerating VSMC calcification induced
by elevated concentrations of phosphate.?? Also, an overexpression of
Prelamin A, the unprocessed form of the nuclear lamina protein lamin
A, promotes osteogenic differentiation of VSMC.3® In both mentioned
studies, a calcification medium with elevated phosphate concentra-
tions, like in our model, was used. Also, high-dose insulin was shown
to accelerate VSMC calcifications induced by ﬁ-glycerolphosphate.34
However, in this study the process of VSMC calcification takes longer
than in our calcification model so that the effects of insulin were first
evident after ~3 weeks.

First insights into underlying mechanisms of EVUR in VSMC were
obtained by Western blot experiments. Since the effects of EVYR on
transcription/osteogenic conversion of VSMC were restricted to the
presence of CM (elevated concentrations essentially of phosphate),
we investigated potential effects of EVYR on the protein expression
of the sodium-dependent phosphate co-transporter PiT-1. PiT-1 is a
predominant phosphate transporter in rats®® and has been shown to
be necessary for phosphate-induced activation of VSMC transdiffer-
entiation and calcification.?? Indeed, the supplementation of EVUR to
CM enhanced the protein expression of PiT-1 in VSMC after 2 and
predominantly after 5 days of treatment compared to CM treatment
alone. Consequent siRNA experiments revealed that a knock down
of PiT-1 effectively neutralized the pro-calcifying effects of EVYR.
This implicates PiT-1 as one target of EVYR in VSMC and therefore
as one mode of action of how EVR foster the calcification of VSMC.

PiT-1 seems also necessary for extracellular signal-regulated kinase
(ERK)1/2 phosphorylation in VSMC.%® This activation of ERK1/2%7:%8
and also of AKT®4 impact VSMC calcification, for example, via reg-
ulating the key osteogenic transcription factor runx2.4%42 Consistent
with these findings, we could show that EVYR stimulated the phos-
phorylation of ERK1/2 and predominantly of AKT in VSMC. Activating
effects on ERK1/2 by endothelial cell-derived exosomes has also been
described for cardiomyocytes.*® Another example for the extracellu-
lar vesicles-induced activation of AKT and ERK in VSMC is foam cell-
derived exosomes during the development of atherosclerosis.**

A logical step was to apply respective inhibitors of relevant sig-
nalling pathways in VSMC calcification experiments to elucidate
their impact on the effects of EVUR. Indeed, previous studies showed
that the inhibition of AKT was effective to inhibit VSMC calcifica-
tion.®? In the present study, also the EVVR-induced calcification and
the aggravating effects on osteogenic transcription of VSMC were
neutralized by pharmacological inhibition of AKT. In conjunction
with the neutralizing effects by ERK inhibition in our experiments,
these data confirmed the activation of AKT and ERK as intracellular
targets for EVYR during VSMC calcification.

Hitherto, we looked at EVC™: and EVYR as ‘normal’ drugs.
However, EV also comprise a milieu-dependent loading, for ex-
ample, with calcification inhibitors and microRNAs (miR), thereby
functioning as carriers or communicators between cells and in that
way affecting cellular behaviour including calcification of VSMC.%®

Such a communication between EC and VSMC via EV has been

WILEY-L-2

described earlier. For instance, shear-stress-stimulated EC release
exosomes that could contain the specific miR-143/145, which post-
transcriptionally control the expressions of genes that regulate the
acquisition of a contractile VSMC phenotype.t®%¢

Aiming to obtain first insights into differences in the cargo load
between EVYR and EVCTRE we analysed the abundance of five pre-
selected miR which are all associated with CKD and cardiovascular
disease. Indeed, we found that levels of the above-mentioned miR-
143 and -145 were reduced in EVYR compared to EVC™R'. Decreased
levels of these miR have been found in CKD patients compared to
controls and were associated with an osteoblast-like VSMC pheno-
type and enhanced vascular calcification.*’

In contrast, levels of miR-126, -221 and -222 were enhanced in
EVUR. These miR are involved in the pathophysiology of EC*® and
impact the progression of cardiovascular disease. Of note, up-
regulation of miR-221/222 in glioma cells resulted in enhanced phos-
phorylation of AKT.%?

By applying specific miR inhibitors and miR mimics, we could

prove that differences in miR loading between EVVR and EVC™R! ¢

on-
tribute to the pro-calcifying effects of EVYR. Concomitant treatment
of EVUR with inhibitors of miR-221 and miR-222 effectively blocked
the aggravating effects of EVUR on CM-induced calcifications. A
similar result was obtained by concomitant application of mimics for
miR-143 and miR-145.

Thus, differences in the miR loading between EVYR and EVCTRE
contribute to the observed effects in VSMC and demand further
studies in the future. However, differences in miR loading cannot
explain the relatively fast effects (~15 min) of EVYR on the phosphor-
ylation of AKT in VSMC. There are different approaches to explain
this issue.>® For cancer cells, it is known that secreted EV can contain
PIK3CA, a PI3K catalytic subunit, thereby stimulating proliferation in
target cells.>! Further, EV from retinal pigment epithelial cells were
shown to contain active phosphorylated proteins that can mediate
PI3K/Akt signalling pathway.>? In addition, EV from gastric cancer
increase the phosphorylation of Akt in target cells which could be
inhibited by the PI3K/Akt inhibitor LY294002.5% Thus, EV could
mediate PI3K/Akt signalling through transfer of membrane binding
ligands and through activated phosphorylated proteins.>® This issue
also demands further research in subsequent studies.

The validity of our experimental approach is supported by a recent
study from Alique et al®* which demonstrated that IS-treated EC pro-
duce larger microvesicles with pro-calcifying effects on VSMC. In ad-

dition, Lin et al®®

demonstrated that also high glucose-stimulated EC
release exosomes with pro-calcifying effects on VSMC. To our knowl-
edge, we here for the first time demonstrate pro-calcifying effects
of uraemic toxin-induced smaller exosome-like EV from EC in VSMC.

First own ex vivo experiments complemented our in vitro data.
Plasma-derived EV from uraemic rats also augmented the CM-
induced transdifferentiation/calcification of VSMC in vitro. Further,
AKT inhibition neutralized the EVUR-mediated effects. These data
provide a further rationale to pursue the concept of EV'R as poten-
tial regulators of the complex pathophysiology of vascular calcifica-

tions in subsequent in vivo studies.
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In summary, our data suggest that during CKD, the uraemic milieu
in the serum favours the release of a pro-calcifying EV subtype. These
‘uraemic’ EV in turn can promote the phenotypic switch and the calci-

fication of VSMC. A schematic representation is shown in Figure Sé.

4.1 | Limitations of the study

We used an artificial model system to study effects of extracellular
vesicles on VSMC calcification. The complex uraemic milieu during
CKD was only very basically simulated by two uraemic toxins and
static conditions (no shear stress to EC). Despite several washing
steps of the EV fractions, we cannot exclude that they are ‘con-
taminated’ with certain cytokines or growth factors. Further, the
VSMC in our in vitro model might display a kind of half-activated/
transdifferentiated phenotype because of the 2D environment.’® In
addition, we here studied extracellular vesicles of human origin in
a rat cell culture model of vascular calcification. However, human
exosomes were also applied in rats in vivo earlier showing that an

interspecies-specific interaction occurs.””
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