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Abstract
Extracorporeal shockwave treatment was shown to improve orthopaedic diseases
and wound healing and to stimulate lymphangiogenesis in vivo. The aim of this
study was to investigate in vitro shockwave treatment (IVSWT) effects on lymphatic
endothelial cell (LEC) behavior and lymphangiogenesis. We analyzed migration,
proliferation, vascular tube forming capability and marker expression changes of
LECs after IVSWT compared with HUVECs. Finally, transcriptome- and miRNA
analyses were conducted to gain deeper insight into the IVSWT-induced molecular
mechanisms in LECs. The results indicate that IVSWT-mediated proliferation
changes of LECs are highly energy flux density-dependent and LEC 2D as well as
3D migration was enhanced through IVSWT. IVSWT suppressed HUVEC 3D
migration but enhanced vasculogenesis. Furthermore, we identified podoplaninhigh
and podoplaninlow cell subpopulations, whose ratios changed upon IVSWT
treatment. Transcriptome- and miRNA analyses on these populations showed
differences in genes specific for signaling and vascular tissue. Our findings help to
understand the cellular and molecular mechanisms underlying shockwave-induced
lymphangiogenesis in vivo.
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Introduction
Injuries and surgical interventions often lead to local tissue damage and therefore
a loss of sufficient nutrient supply and lymphedema in the wound. During the last
decade it became possible to partly replace damaged and necrotic tissue by in vitro
bio-engineered constructs. The need for prevascularization of these constructs
with blood and lymphatic vasculature became prominent since both vascular
systems are necessary to provide physiological tissue function and hemostasis in
the host [1–3]. In addition, an alternative therapeutic approach, extracorporeal
shockwave treatment (ESWT) was shown to be an effective therapy for a variety of
orthopaedic diseases [4–6] and to improve wound healing [7–10], as the lack of
nutrient supply and waste removal in injured tissues can be ameliorated by it.
The biological effects of shockwaves are mediated by a process called
mechanotransduction, which influences cell migration, adhesion, apoptosis and
viability [11]. It has been elucidated before that mechanotransduction applied by
ESWT improves wound healing by inducing angiogenesis via upregulation of
endothelial-specific genes and markers such as CD31 [12], vascular endothelial
growth factor (VEGF) and VEGF receptor 2 (VEGFR2) [8, 13, 14]. Furthermore,
secondary lymphedema in rats was significantly reduced by shockwave-mediated
lymphangiogenesis and upregulating VEGF-C, its receptor VEGFR3 and basic
fibroblast growth factor (bFGF) [14, 15]. Other recent studies revealed possible
mechanisms of shockwave-induced effects in vitro and in vivo. It is known that
endothelial cell activation via in vitro shockwave treatment (IVSWT) is caused by
toll-like receptor 3 (TLR-3) involvement [16]. Moreover, the investigation of
shockwave-promoted bone formation in vivo and proliferation studies with
different cell types showed that ESWT increases ERK and p38 activation, which is
dependent on adenosine triphosphate (ATP) release [17, 18]. Finally, recent
studies suggest a role for post-transcriptional regulation via microRNAs
(miRNAs) in mediating effects of mechanic endothelial cell stimulation [19].
Although several in vivo studies indicate angiogenic and lymphangiogenic
effects of ESWT, the in vitro effects on lymphatic endothelial cell (LEC) behaviour
regarding migration, proliferation, marker expression and vasculogenesis and the
underlying molecular mechanisms remain widely unclear. The aims of the present
study were to investigate ESWT effects on the biological properties of LECs and
the usability of ESWT in vascular regeneration purposes by conducting several
well-established proliferation, viability, migration and vasculogenesis assays.
Furthermore, changes of LEC marker expression during IVSWT were analyzed. In
addition, using transcriptome- and miRNA analyses we screened for mRNAmiRNA networks that might underlie the observed phenotypic changes. To
evaluate if shockwaves have different effects on lymphatic compared to blood
vascular endothelial cells in vitro, human umbilical vein endothelial cells
(HUVECs) were used for comparison.
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Materials and Methods
Cells
Cells were isolated from healthy donors with authorization of a local ethics
committee and informed consent by the donor. LECs were isolated from human
foreskins via podoplanin selection and immortalized by stable integration of
human telomerase as described elsewhere [20, 21]. For the present study, LECs
were used in passages 30 to 50. HUVECs were either purchased (C2519A, Lonza,
Basel, Switzerland) or isolated from fresh umbilical cords as described before [22].
In brief, freshly donated umbilical cords were stored in antibiotics-containing
phosphate buffer saline (PBS) at 4 ˚C for 3 days following 0.2% collagenase
treatment (540 U/ml) for 20 min at 37 ˚C and centrifugation in endothelial
growth medium (EGM-2, Lonza, Basel, Switzerland). Green fluorescent protein
(GFP) expressing HUVEC were purchased from Olaf pharmaceuticals (Cat. No.:
GFP, Worcester, USA). Adipose-derived stem cells (ASCs) were isolated from
liposuction material as described before [23]. MG63, an osteosarcoma cell line,
were purchased from ATCC (CRL-1427, Manassas, USA). LECs, HUVECs and
ASCs were maintained in EGM-2 with 5% fetal calf serum (FCS; GE Healthcare,
Chalfont St Giles, UK) on surfaces coated with 2 mg/ml bovine fibronectin
(Sigma-Aldrich, St. Louis, USA). ASCs were cultured on non-coated surfaces. The
MG63 cell line was cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich, St. Louis, USA) supplemented with 10% FCS.

Antibodies
All antibodies used were diluted according to the manufacturer’s datasheets.
Fluorescein isothiocyanate (FITC)-conjugated mouse anti-human CD31 (Cat.
No. 555445), FITC-conjugated mouse anti-human vascular endothelial cadherin
(VE-Cadherin) (Cat. No. 560411) and phycoerythrin (PE)-conjugated mouse
anti-human CD146 (Cat. No. 550315) antibodies were purchased from BD
Biosciences (Franklin Lakes, USA) and diluted in a 1:50 ratio. PE-conjugated
mouse anti-human VEGFR2 (Cat. No. 130-093-598) was purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany) and diluted 1:50. Polyclonal rabbit
antibodies against human podoplanin (Cat. No. 102-PA40S) and human
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) (Cat. No. 102PA50) (1:100 dilution), and monoclonal mouse anti-human VEGFR3 (Cat.
No. 101-M36) (1:50 dilution) were used from ReliaTech (Wolfenbüttel,
Germany). Several experiments were performed with a rabbit anti-human
podoplanin antibody kindly provided by Prof. Dontscho Kerjaschki (Medical
University of Vienna, Austria). Secondary Alexa Fluor 488-conjugated goat antirabbit (Cat. No. A-11034) and goat anti-mouse IgG antibodies (Cat. No. A11001)
were purchased from Life Technologies (Carlsbad, USA) and diluted 1:500.
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In vitro shockwave treatment
Shockwaves were applied with a defocused Dermagold 100 device and an OP155
applicator (MTS Medical, Konstanz, Germany). The cells were either stimulated
in T25 cell culture flasks, in 15 ml or in 50 ml tubes (Greiner, Kremsmünster,
Austria) in PBS with 10% EGM-2. Cells were submerged in a water bath and
stimulated with a frequency of 5 Hz, 200 pulses and energy flux densities ranging
from 0.03 to 0.19 mJ/mm2 at a constant pressure level of 1 bar as described
elsewhere [24].

Proliferation assay
Proliferation of LECs, HUVECs and MG63 was determined by manual counting.
The cells were stimulated in T25 cell culture flasks with 200 pulses, 5 Hz and
energy flux densities ranging from 0.03 to 0.19 mJ/mm2. After IVSWT, cells were
detached with trypsin/ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich,
St. Louis, USA) and seeded to fibronectin-coated 24 well plates (one well for each
day for counting was seeded). After 24, 48 and 72 h, cells were enzymatically
detached with trypsin/EDTA and counted.

2D migration - wound scratch assay
26 mm676 mm coverglasses (VWR International, Darmstadt, Germany) were
washed with 70% ethanol and UV irradiated for 30 min to ensure sterility of the
material. The coverglasses were put to petri dishes and coated fibronectin for
10 min. Fibronectin was aspirated and cells were seeded with a density of 46105
cells/ml to each coverglass for 2 hours at 37 ˚C. Afterwards, additional 8 ml EGM2 were added to each petri dish. The cells were incubated until the monolayer
became confluent. The medium was then aspirated and the monolayer was
scratched with a 1000 ml pipet tip (Greiner, Kremsmünster, Austria). The glasses
were applied to PBS filled 50 ml tubes directly after scratching and shockwave
treated with 0.07 mJ/mm2, 5 Hz and 200 pulses. Three images were taken right
after stimulation and after 6 h. The reduction of the cell-free area between 0 and
6 h was quantified with ImageJ (NIH, Maryland, USA).

3D migration – Cytodex bead assay in fibrin gels
Cells were seeded on Cytodex-3 microcarrier beads (GE Life Sciences, Chalfont St.
Giles, UK) by using approximately 400 cells per bead. The bead/cell suspension
was shaken gently every 20 min for 3 h at 37 ˚C to ensure homogenous coating of
beads. Confluent attachment of cells to beads was achieved by overnight
incubation at 37 ˚C. Fibrin clot components (Baxter, Vienna, Austria) were
prepared by warming fibrinogen to room temperature (RT) and diluting
thrombin to a concentration of 0.4 U/ml in CaCl2. 200 ml clots (2.5 mg/ml final
concentration, 0.2 U/ml thrombin) were seeded with 100 beads on 26 mm676
mm coverglasses. After polymerization, the glasses were stimulated in PBS-filled
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50 ml tubes with 0.07 mJ/mm2, 5 Hz and 200 pulses. The clots were cultured in
petri dishes (Greiner, Kremsmünster, Austria) for 5 days. For quantification of
migrated cells, the clots were transferred to round coverslips (15 mm diameter,
VWR International, Darmstadt, Germany), fixed with 4% paraformaldehyde
(PFA; Sigma-Aldrich, St. Louis, USA) overnight and stained with 1 mg/ml 4’,6diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, USA) in PBS/1% BSA
for 4 hours. Images were taken on a Leica DMI6000B epifluorescence microscope
(Leica, Solms, Germany). Quantification was done with ImageJ.

Adhesion assay
LECs and HUVECs were seeded to either non-coated or fibronectin-coated T25
flasks, Cytodex-1 (non-coated), fibronectin-coated Cytodex-1 or Cytodex-3
(collagen-coated) microcarrier beads (GE Life Sciences, Chalfont St Giles, GB) on
day 0. IVSWT was applied on day 1 in cell culture flasks or, in case of bead
stimulation, in 15 ml reaction tubes as described above. 24 h later, cells were
enzymatically detached with Accutase (Sigma-Aldrich, St.Louis, USA) from flasks
and beads for 7 min at 37 ˚C. The beads were removed from cells by pipetting the
cell/bead suspension through a 70 mm cell strainer (BD Falcon, Franklin Lakes,
USA). The cells were centrifuged at 1006g for 5 min, counted and reseeded to
non-coated 48-well plates for exact 25 min. The wells were washed twice with
PBS, fixed with 4% PFA for 15 min at 4 ˚C and nuclei were stained with 1 mg/ml
DAPI in PBS/1% BSA for 1 h at 4 ˚C. Images were taken on a Leica DMI6000B
epifluorescence microscope and the amount of attached cells was quantified with
ImageJ.

Permeability assay
Permeability changes of LEC and HUVEC monolayers after IVSWT were
quantified with a 24-well in vitro vascular permeability assay kit (ECM644,
Millipore, Darmstadt, Germany) according to the manufacturer’s protocol.
Briefly, 36105 cells were seeded to the provided membrane inserts and grown
until confluence. The inserts were then stimulated in PBS-filled 50 ml reaction
tubes (Greiner, Kremsmünster, Austria) with 0.07 mJ/mm2, 200 pulses and 5 Hz.
FITC-dextran solution was added for 30 min and the flow-through of dextran was
measured with a Glomax Multi + detection system (Promega, Madison, USA)
before, 0.5 h, 4 h, and 20 h after shockwave treatment.

Vascular network formation in fibrin gel co-cultures with ASC
Endothelial cell (EC)/ASC co-cultures in fibrin clots were performed as described
[25, 26]. Briefly, fibrin gel components (Baxter, Vienna, Austria) were prepared
and mixed to 200 ml clots (2.5 mg/ml final concentration, 0.2 U/ml thrombin)
together with cells (16105 EC and 16105 ASC per clot). The clots were prepared
on 26 mm676 mm coverglasses (VWR International, Darmstadt, Germany) and
incubated for 30 min at 37 ˚C. Polymerized fibrin constructs were incubated in
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EGM-2 and stimulated with 0.07 mJ/mm2, 5 Hz and 200 pulses right after
polymerization, 2 days and 5 days after preparation. The clots were fixed with 4%
PFA overnight on ice and stained with FITC-labelled anti-CD31 antibody (BD
Biosciences, Franklin Lakes, USA). Images were taken on a Leica DMI6000B
epifluorescence microscope. Tube formation was quantified with Adobe
Photoshop CS5 (Adobe Systems, San José, USA) and AngioSys software (TCS
Cellworks, London, UK) as described elsewhere [25].

Flow cytometry analyses
The cells were stimulated on fibronectin-coated T25 flasks. 24 h later, cells were
detached from flasks by medium aspiration, washing with PBS and addition of
1 ml prewarmed (37 ˚C) Accutase solution (Sigma-Aldrich, St. Louis, USA) for
7 min at 37 ˚C and cells were centrifuged at 1006g for 5 min. The supernatant
was aspirated and cells were resuspended in 16 PBS/1% BSA (Sigma-Aldrich,
St.Louis, USA). The cell suspensions were pipetted to polypropylene tubes (BD
Falcon, Franklin Lakes, USA) and incubated with antibodies for 30 min on ice.
Binding of antibodies against podoplanin, LYVE-1 and VEGFR3 was visualized
with an Alexa 488-labeled goat anti-rabbit secondary antibody. The cells were
washed twice with PBS and centrifugation steps at 1006g for 5 min. The
measurement was performed with a BD FACSCanto II device (BD Biosciences,
Franklin Lakes, USA) and data were analyzed using FlowJo software (Tree Star,
Ashland, USA).

Cell sorting and total RNA isolation
LECs were cultivated to a total number of around 76106 cells. The cells were
enzymatically detached, centrifuged at 1006g for 5 min and resuspended in cold
EGM-2 to a concentration of 106106 cells/700 ml. The mixed population was
sorted with a MoFlo Astrios cell sorter (BD, Franklin Lakes, USA) according to
the forward scatter (FSC) values. The cell suspensions were then centrifuged again
at 1006g for 5 min and the medium supernatant was removed. The cells were
resuspended in Trizol (Life Technologies, Carlsbad, USA) and chloroform (Carl
Roth, Karlsruhe, Germany) was added. The suspension was mixed gently, left
resting for 5 min at RT and afterwards centrifuged at 12,0006g for 15 min at 4 ˚C.
The RNA was precipitated by isopropanol for 10 min at RT. After centrifugation
at 12,0006g for 15 min at 4 ˚C, the RNA pellet was washed with 70% ethanol,
dried at RT and resuspended in sterile water. Total RNA quality was estimated
from 28S and 18S ribosomal RNA peaks on a Bioanalyzer 2100 instrument using
the RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA).

Transcriptome analysis
Consequently, isolated RNA from 3 technical replicates was used to produce
biotinylated cRNA using the GeneChip HT 3’ IVT Express Kit, then purified and
fragmented cRNA was hybridized to GeneChip Human Genome U133 Plus 2.0
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arrays (Affymetrix, SC, CA) following the manufacturer’s recommendations. The
Affymetrix GeneChip Fluidics Station 450 was used to wash and stain the arrays
with streptavidin-phycoerythrin according to the standard protocol for eukaryotic
targets (IHC kit, Affymetrix). Arrays were scanned with an Affymetrix GeneChip
Scanner 3000. The resulting.CEL files were analyzed with Carmaweb (https://
carmaweb.genome.tugraz.at/carma/). Briefly, the raw data files were normalized
using the RMA method (robust multi– array average). To screen for differentially
expressed genes, a moderated t-test (limma) was performed on the normalized
datasets, restricted to the 40% of the probesets with the biggest variance over all
samples. To exclude normalization specific artifacts, another normalization
method, MAS5, values scaled to 200, was applied to the .CEL files, and
differentially expressed genes were again determined by the moderated t-test
(limma) on the normalized datasets, restricted to the 40% of the probesets with
the biggest variance over all samples. Depending on these two normalization
methods, two datasets for the 100 best candidates (100 lowest p-values) were
generated, and further combined and analyzed in Microsoft Excel.Array data were
submitted to Gene Expression Omnibus (GEO) and are available under the
Accession Number GSE62510.

MicroRNA microarray hybridization
miRNA microarray experiments were run as described previously [27]. In brief,
epoxy-coated Nexterion glass slides were spotted using the miRBase version 16.0
locked nucleic acid (LNA) probe set consisting of 2,367 probes against human,
mouse and rat miRNAs in 8 replicates (Exiqon, Denmark). For hybridization
1000 ng total RNA extracts from two biological replicates of each sorted cell
population were used. End-labeling of miRNAs with Cy3 was performed using the
Exiqon Power Labeling Kit (Exiqon, Denmark) together with synthetic spike-in
controls according to the instructions of the manufacturer. Slides were hybridized
after an initial wash step with Cy3-labeled total RNA samples for 16 h at 56 ˚C in a
Tecan HS 400 hybridization station at high agitation speed (Tecan, Austria). After
hybridization, automated washing, and slide drying, arrays were immediately
scanned using the Roche Nimblegen MS200 scanner (Roche, Germany) at 10 mM
resolution, 100% laser-power and auto-gain settings.

MiRNA microarray data analysis
Feature extraction from high-resolution tiff-images was performed using GenePix
software (Molecular Devices, Sunnyvale, CA). Background correction and
between-array normalization were performed with LIMMA under R/
Bioconductor [28] using the minimum method and quantile normalization,
respectively. Log2-transformed fold changes of miRNAs in the podoplaninlow and
podoplaninhigh subpopulations were calculated using lmfit. Due to the exploratory
character of this study, fold changes were prioritized against p-values, and
therefore miRNAs were ranked according to log2 fold change between
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podoplaninhigh versus podoplaninlow subpopulations and the top50 candidates’
¡1.5 fold changes were considered as potentially differentially expressed.
Putative interactions between regulated miRNAs and mRNAs were investigated
using miRWalk [29]: the top up- and down-regulated genes were submitted for
target prediction considering 9 different algorithms (DIANAmT, miRanda,
miRDB, miRWalk, RNAHybrid, PICTAR5, PITA, RNA22, Targetscan). Only
miRNA,mRNA interactions predicted by $50% of algorithms were retained,
and evaluated for negatively correlating expression values (log2 fold change +/2
0.5) in the generated mRNA and miRNA datasets.

MiRNA qPCR analysis
In order to confirm microarray data, miRNA RT-qPCR analysis was performed. A
total of 10 ng RNA per sample was reverse transcribed using the Universal cDNA
synthesis II Kit in 10 ml reactions (Exiqon, Denmark). Subsequently, cDNA
samples were diluted 1:40 and for each reaction, 4 ml of diluted cDNA were mixed
with 1 ml of combined forward and reverse primer assays and 5 ml SYBR Green
Mastermix (Exiqon, Denmark). All qPCR reactions were performed after initial
denaturation at 95 ˚C (10 min) for 45 cycles in triplicates on a Light Cycler 480 II
using a two-step protocol with 60 ˚C elongation (60 s) and 95 ˚C denaturation
(10 s). For the analysis Cp values were calculated using the second derivative
maximum method and used for relative quantification using delta-delta-Ct
analysis. 5S rRNA and RNU6 were used as internal reference genes.

Statistics
Statistical differences were calculated using Student’s t test when comparing 2
groups. The comparison of 3 or more groups was assessed by 1-way ANOVA with
Tukey-Kramer post testing. All data sets are presented as mean +/2 standard
deviation unless otherwise noted. P values less than 0.05 were considered as
significant. All statistical analyses were performed with GraphPad Prism 4.0
software (GraphPad, San Diego, USA).

Results
IVSWT influences LEC migration, proliferation, adhesion and
permeability
Recent in vivo studies revealed ESWT-mediated upregulation of VEGF and its
receptor VEGFR2 [30, 31] as well as VEGF-C and VEGFR3 [14, 15]. To reproduce
these findings in vitro, LECs and HUVECs were stimulated with different energy
flux densities at constant pulse number and frequency to ascertain possible
energy-dependent proliferation changes. As it is shown in Fig. 1A, proliferation of
LECs was enhanced when cells were stimulated with 0.07 and 0.09 mJ/mm2. In
contrast, 0.03 and 0.19 mJ/mm2 suppressed proliferation compared to a nonstimulated control group. However, HUVEC proliferation was not altered by
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Fig. 1. LEC and HUVEC proliferation and migration changes upon IVSWT. (A) LEC proliferation was enhanced by stimulation with 0.07 and 0.09 mJ/
mm2, but decreased by 0.03 and 0.19 mJ/mm2. (B) HUVEC proliferation was unaffected by IVSWT. (C) The reduction of a scratched, cell-free area within a
time frame of 6 h was significantly enhanced by IVSWT in LECs. (D) No changes of migration upon IVSWT were observed in HUVECs. (E) IVSWT mediated
a significant migration of LECs away from Cytodex-3 microcarrier beads embedded in fibrin gels. (F) HUVEC 3D migration was reduced in a 3D migration
model. P-values: *** #0.01, ** #0.1, * #0.5.
doi:10.1371/journal.pone.0114806.g001

IVSWT using the same parameters used to determine LEC proliferation changes
(Fig. 1B). We further examined IVSWT effects on the non-endothelial cell line
MG63 and found no changes in proliferation after treatment (S1 Figure in S1
File). To measure the influence of shockwaves on cell migration artificially created
scratches in cell monolayers were stimulated with 0.07 mJ/mm2 since different
preliminary experiments identified this energy flux density level as the one
inducing the highest responses of LECs (data not shown). The change of
migration of LECs after 6 h in a 2D set-up was significantly higher with IVSWT
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compared to a non-stimulated control (Fig. 1C) whereas HUVEC migration
remained unchanged after stimulation (Fig. 1D). Moreover, LEC and HUVEC
migration responses to IVSWT were further determined by using a more
physiological 3D migration model. Fig. 1E demonstrates a significant increase of
LEC migration in a 3D setup upon IVSWT. HUVEC migration was significantly
decreased after treatment (Fig. 1F). LEC adhesion assays revealed a significant
reduction when cells were stimulated on Cytodex-1 microcarrier beads, however
no effects were observed when cells were stimulated on other extracellular
matrices (S2A Figure in S1 File). In addition, HUVEC adhesion did not change at
all (S2B Figure in S1 File). Moreover, the permeability of LEC monolayers was
higher 30 minutes after IVSWT compared to non-treated cells, but no differences
were observable after 20 hours (S2C Figure in S1 File).

IVSWT significantly enhances in vitro vasculogenesis
We have shown before that endothelial cells form vascular networks in fibrin gels
in the presence of ASCs after one week [25]. In the present study, this model was
used to determine the ability of IVSWT to induce vascular tube formation in vitro.
Various shockwave treatment setups were tested (S3A–S3C Figures in S1 File).
Finally, a three times treatment turned out to be necessary for visualizing the
influence of shockwaves. Fig. 2A illustrates the time schedule for shockwave
treatment of the gels. The gels were stimulated right after preparation, and on the
second and fifth day. Applying these parameters IVSWT enhanced HUVECmediated vasculogenesis in vitro (Fig. 2B). The total number of junctions, tubules
and the total tubule length were significantly higher in the stimulated group
compared to non-treated controls whereas the mean tubule length decreased
(Fig. 2C). In contrast, using LECs instead of HUVECs, we did not find significant
differences between shockwave-treated and control groups (Fig. 2B).

IVSWT induces an upregulation of podoplanin in LECs
To identify possible target molecules involved in IVSWT influences on LEC
behavior, flow cytometry analyses were performed. Lymphatic endothelial
markers VEGFR3 and LYVE-1 as well as pan-endothelial markers such as CD31,
VEGFR2 and CD144 showed no regulation upon IVSWT in LEC and HUVEC
(S4A,B Figure in S1 File). In contrast, the expression of podoplanin was
significantly increased after IVSWT in LECs (Fig. 3A). This effect was highly
energy flux density dependent (S4C Figure in S1 File). Whereas low (0.03 mJ/
mm2) and high (0.19 mJ/mm2) energy flux densities downregulated podoplanin
expression, increases were observed at average energy flux densities (0.07 and
0.09 mJ/mm2), the same energy flux densities that also increased proliferation.
Interestingly, we continuously identified two different subpopulations of LECs
differing in their forward scatter (FSC) values (Fig. 3B, left panel). By gating these
populations we found that the smaller cells expressed more podoplanin (mean
geometric mean 4.04) than the larger population (mean geometric mean 1.92,
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Fig. 2. IVSWT-mediated HUVEC vasculogenesis. (A) Overview of the treatment setup for stimulation of EC/ASC co-cultures in fibrin. (B) Fluorescent
images of non-treated versus treated LEC and HUVEC networks on day 7. (C) Quantifications of HUVEC networks. IVSWT increased the number of
junctions, tubules and the total tubule length. The mean tubule length was decreased. P-values: *** #0.01, ** #0.1, * #0.5.
doi:10.1371/journal.pone.0114806.g002

Fig. 3B, right panel). The populations are further termed podoplaninhigh and
podoplaninlow LECs throughout the manuscript. IVSWT mediated a significant
increase in the relative amount of podoplaninhigh LECs. The podoplaninlow LEC
population concomitantly decreased, albeit not to a significant extent (Fig. 3C).
However, IVSWT did not alter the podoplanin expressionin the respective
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Fig. 3. Flow cytometry analyses of IVSW-treated LECs. (A) Podoplanin expression on LECs was significantly enhanced by IVSWT. (B) LEC populations
differ in FSC values and podoplanin expression. (C) Shockwave stimulation mediates a morphology change of LECs by increasing the amount of
podoplaninhigh LECs. The amount of podoplaninlow LECs did not change significantly. (D)Neither the podoplanin expression on podoplaninhigh, nor the
expression on podoplaninlow LECs changed upon IVSWT. All analyses were performed with n515. P-values: *** #0.01, ** #0.1, * #0.5.
doi:10.1371/journal.pone.0114806.g003

populations (Fig. 3D). Thus, IVSWT did not upregulate podoplanin per se, but
mediated an increase in the podoplaninhigh LEC population.
In order to gain insight into differences in global gene expression we sorted the
podoplaninhigh and podoplaninlow populations by flow cytometry and performed
microarray analysis on total RNA isolated from these populations. The 100 most
differentially expressed transcripts of the two populations were selected using two
different normalization methods as detailed in materials and methods. When
screened for maximal differential gene expression in the podoplaninhigh and
podoplaninlow populations, the two normalization methods resulted in different
top candidate lists. Only 12 transcripts of the 100 transcripts per list were
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commonly found in both lists. Of the best 20 (lowest p-values) RMA-normalized
genes, only 5 (25%) were also found in the 100 most regulated mas5 normalized
genes, while only 1 (5%) gene of the best 20 mas5 normalized genes was found
amongst the 100 most regulated RMA normalized genes. These differences raised
concerns about selecting high numbers of false positive candidates by both
normalization methods. To rule out this potential high number of false positive
differentially regulated genes, the two lists with the 100 most differentially
regulated genes were combined, and an average of meanM (log2 transformed fold
difference) and the respective statistic analyses (raw p-values, Bonferroni adjusted
p-value (strong control of the family wise error rate), BH (Benjamini and
Hochberg – strong control of the false discovery rate) was calculated. To select the
most differentially regulated genes, the criteria for the means from both datasets
were a raw p-value of ,0.05, a BH value of ,0.5, and a Bonferri of ,1 and only
genes more than 2-fold regulated were selected (average meanM .1 AND ,21).
From the remaining 40 genes, 10 found to be inversely regulated when comparing
the different normalization methods were excluded as false positives, and
additionally 5 internal Affymetrix probe-sets were excluded from the final list. The
more-than-2-fold differentially regulated genes found in both top 100 lists are Ras
and EF-hand domain-containing protein (RASEF), Nuclear Enriched Abundant
Transcript 1 (NEAT1), radiation-sensitive mutant 21 (RAD21), glutathione
peroxidase 3 (GPX3), matrix Gla protein (MGP), flavin-containing monooxygenase 3 (FMO3), serine protease inhibitor E2 (SERPINE2) and AF194537.
The final list with 25 of the more than two-fold differentially regulated
transcripts (Fig. 4A) was sorted by mean fold expression and the log2 transformed
expression values from the mas5 normalized list were plotted as a heatmap using
GenesisWeb (https://carmaweb.genome.tugraz.at/genesis/). As normalization
method ‘‘Median Center Experiments’’ was applied (Fig. 4B).
Gene ontology (GO) analysis showed that mainly genes involved in cell
signaling and genes involved in functions of membrane or cytoplasmatic vesicles
are differently expressed (S5A Figure in S1 File). Furthermore, after extending the
GO analysis to tissue expression, 6 out of 7 annotated genes higher expressed in
the podoplaninhigh population are expressed in normal connective tissue, 5 in
normal vascular tissue such as von Willebrand factor (vWF), non-receptor
tyrosine kinase BMX, matrix Gla protein (MGP), SERPINE2 and aldehyde
dehydrogenase H1A1 (ALDH1A1). Genes higher in the podoplaninhigh population are expressed in bone marrow, in acute myelogenous leukemia and in stem
progenitor cells CD34+ and CD38+ (S5B Figure in S1 File).
Moreover, we also analyzed the miRNome from the podoplaninhigh and
podoplaninlow populations. Hybridization shows that after imposing a fold
change cut-off .1.5 fold, the majority (41 miRNAs) were upregulated in
podoplaninhigh LECs, compared to 9 down-regulated miRNAs (Fig. 5A). To test
the validity of these results, the expression of the top-regulated miRNAs (miR-16,
miR-17, miR-181d, miR-23b, miR-92a) as well as two other miRNAs (miR-29b,
miR-31) were confirmed by qPCR analysis, resulting in a significant correlation as
indicated by a pearson correlation coefficient of 0.86 (Fig. 5B).
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Fig. 4. Gene expression profile of sorted subpopulations. (A) Transcripts with more than two-fold stronger expression in one of the respective
populations (B) Heatmap visualization of 3 replicates showing log2-transformed gene expression of podoplanin high and podoplanin low LECs.
Affymetrix.CEL files were mas5 normalized. Log2-transformed expression values were normalized centred to the median of the 25 plotted transcripts.
doi:10.1371/journal.pone.0114806.g004
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Fig. 5. Regulation of miRNA transcription in sorted subpopulations. (A) Heatmap visualization of log2-transformed fold changes between
podoplaninhigh and podoplaninlow LECs. The top 50 regulated miRNAs according to log2-fold change were chosen for visualization. Average log2 fold
changes from n52 biological replicates per sample are shown. (B) Specific miRNAs were selected for confirmation of fold-changes by quantitative PCR
(indicated by boxes in the heatmap). Average log2-transformed fold changes between podoplaninhigh and podoplaninlow LECs derived from microarray and
RT-qPCR (reference gene 55S rRNA) are shown (n52 per sample) and linear correlation was estimated using Pearson correlation (PCC 50.8646).
doi:10.1371/journal.pone.0114806.g005

Interestingly, we found miR29-b differentially regulated. This miRNA has been
reported to regulate the expression of podoplanin by direct targeting the 39
untranslated region of the podoplanin transcript [32], which, however does not
differ between the two populations on the mRNA level.
A more thorough analysis of mRNA,microRNA correlation analysis showed
that 5 out of the top 8 transcripts, which were lower expressed in the
podoplaninhigh population, exhibited putative miRNA regulation networks (Table
S1 in File Supplementary Information). For example, BMX and vWF were found
to share regulation by the miR-15a/b-16 cluster, which was found to be
significantly up-regulated in podoplaninhigh LECs (S6 Figure in S1 File). Vice
versa, 6 out of 12 transcripts up-regulated in podoplaninhigh LECs were found to
harbour miRNA binding sites for down-regulated miRNAs (Table S2 in File
Supplementary Information). These data point towards epigenetic effects of
IVSWT on lymphatic endothelial cells.
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Discussion
Based on several published in vivo studies which indicate pro-(lymph)angiogenic
effects of ESWT, the present study was designed to employ established methods to
analyse shockwave-induced lymphangiogenesis in vitro. We show that shockwaves
alter the biological properties of LEC in terms of proliferation, migration,
morphology, marker profiles and gene expression.
Kubo et al. (2010) reported enhanced levels of VEGF-C and VEGFR3 in rat
tissues after ESWT, indicating a positive effect on LEC proliferation in vivo [15].
We confirmed these data in vitro by demonstrating an increase of LEC
proliferation after treatment with average energy flux densities 0.07 and 0.09 mJ/
mm2. However, the positive effects of IVSWT on proliferation were strongly
energy flux density dependent as low and high levels (0.03 and 0.19 mJ/mm2)
decreased the proliferation rate of LECs. Weihs et al. (2014) showed that varying
energy flux density levels result in different proliferation and signaling responses
[18]. Mittermayr et al. (2012) and Kuo et al. (2009) highlighted the importance of
parameter influences on the outcomes of ESWT studies [8, 33]. Different energy
flux densities, frequencies, pulse numbers, cell monolayer confluencies, and
distances to the shockwave transducer during stimulation were performed by
proliferation and flow cytometry experiments to identify the most effective
parameters for IVSWT of LECs. Optimal treatment parameters were elaborated
as: 5 cm distance to the transducer with 0.07 mJ/mm2, 5 Hz, and 200 pulses. It
has to be noted, however, that these parameters are specific for LECs, since
HUVECs responded differently, thus underlining the necessity of testing SW
parameters for every cell type before experimentation.
The differing response of LECs and HUVECs to distinct stimulation was
observed not only in proliferation assays, but also in 2D and 3D migration
experiments. Whereas LECs showed a significantly higher migration in wound
scratch assays, HUVEC migration was not altered by IVSWT. To determine the
migration responses after shockwave stimulation in a more physiological
environment, 3D migration assays were performed. Interestingly, LEC migration
away from confluently coated Cytodex-3 beads was enhanced after stimulation
whereas HUVEC migration was decreased. This converse effect may originate
from an enhancement of adhesion molecules present on HUVECs but not on
LECs. In addition, results from adhesion experiments demonstrate that LEC
reattachment ability is only significantly altered when cells were seeded to
Cytodex-1 beads. However, HUVEC reattachment remained stable after treatment
in all observed conditions indicating a strong influence of extracellular matrix on
adhesion during stimulation since beads were not embedded into fibrin gels for
the adhesion assays in contrast to the 3D migration experiments.
Several in vivo studies showed an IVSWT-mediated enhancement of
angiogenesis and lymphangiogenesis [12–15, 30, 31]. Therefore, we decided to
analyze vasculogenic effects in our previously developed co-culture model of ECs
with ASCs [25, 26]. It was published before that outgrowth endothelial cells
(OECs) form vascular networks in presence of ASCs in fibrin [25]. In contrast to
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blood vessel networks, lymphatic vasculature consists of blind-ended capillaries
[34]. In the current study, the formation of blind-ended LEC structures was also
observed. Moreover, mature, quantifiable HUVEC networks were visible after one
week in HUVEC/ASC co-cultures. First of all, different treatment time points and
quantities were tried to identify optimal stimulation. It was shown before by Davis
et al. (2009) that a single treatment with shockwaves has no adverse effect of burn
wound closure in mice and several treatments were necessary to suppress
proinflammatory immune response [35]. No effect was observed when co-cultures
were stimulated on the first day and quantified after one week, confirming the
results of Davis et al. (2009) by demonstrating that consecutive treatments are
necessary to observe effects in long-term experiments in vitro and in vivo. Cells
start to elongate on the second day after seeding and the maturation of the formed
networks takes place between day 5 and 7. The most effective treatment was
reached when the cells were stimulated on the first day, and on the crucial time
points day 2 and on day 5 after seeding. While the amount of junctions, tubules
and the total length of all tubules significantly increased via IVSWT, the mean
length decreased indicating that a much more interconnected network was present
in the stimulated group. Surprisingly, experiments with an EC:ASC ratio of 1:0.5
instead of 1:1 revealed a suppressing effect of IVSWT on network formation.
Furthermore, IVSWT showed no influence in fibrin clots with HUVEC monocultures. We speculate that this reduction of vasculogenic potential is connected
to the decreased 3D migration of HUVECs in fibrin gels. Presumably, the presence
of ASCs reverses the suppressive effect of IVSWT on HUVEC movement in the
clot.
We further evaluated endothelial surface marker expression upon shockwave
treatment. Although it was published before that HUVEC marker expression
changed via IVSWT [16], we could not confirm these data in our study. This may
be due to cell donor variability or shockwave device specialities. Our results
further demonstrated that podoplanin, a LEC-specific marker [36–38], was
significantly upregulated after IVSWT. Since two cell populations differing in size
and podoplanin expression became visible during the analyses, we investigated
these different sub-groups in more detail. Interestingly, IVSWT mediated a
morphology change which led to a visible shift from the podoplaninlow larger cells
to the podoplaninhigh smaller population. However, both populations had the
same induction of podoplanin after IVSWT, indicating that the total increase of
podoplanin is merely based on the population shift and increase in the amount of
podoplaninhigh cells. Further marker expression analyses revealed that other panendothelial and lymphatic specific markers on LECs are unaffected by IVSWT
indicating the IVSWT act on distinct cell functions and does not show an
universal increase of markers or cell functions in contrast to published data
[12, 13, 15, 16]. Moreover, the importance of choosing the optimal stimulation
parameters mentioned before was enforced by showing a strong energy flux
density dependence of podoplanin upregulation in LECs and cell type specificity
since HUVECs showed different responses than LECs.
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The IVSWT-promoted population shift of LECs revealed several differences in
the transcriptome. By comparing both subpopulations of LECs we found several
genes up- and downregulated. Interestingly, there was no difference in the
expression of podoplanin on the mRNA level, suggesting posttranscriptional or –
translational regulation by shockwaves. VWF expression differed comparing the
podoplaninhigh with the podoplaninlow populations. It has been shown before that
shear stress mediates an upregulation of vWF in late endothelial progenitor cells
(EPCs) [39] suggesting that IVSWT may have similar effects on LECs. This could
be explained by concomitant down-regulation of several miRNAs, which are
predicted to target vWF. Among these, the miR-15a/b-16 cluster is known to
negatively regulate cell proliferation and to play a role in lymphocytic leukemia
[40]. The downregulation of both, the endothelial non-receptor kinase BMX and
vWF in podoplaninhigh cells could be explained by the fact that an increased BMX
expression leads to an enhanced vascular response (vWF expression) in mice [41]
and both transcripts share the regulation via the miR-15a/b-16 cluster. We were
able to identify the expression of several other miRNAs regulating transcripts
which were found to be up- or downregulated in podoplaninhigh versus
podoplaninlow LECs indicating regulation on the posttranscriptional level of cells
treated with IVSWT. SERPINE2, shown to be upregulated in hemangioma derived
endothelial cells [42] and mediating lymph node metastasis in testicular cancer
[43], was downregulated in the podoplaninhigh population most likely by an
interaction with miR-513a-3p, miR-186 and miR-559. The enhanced 2D
migration of LECs after IVSWT could be explained by an upregulation of the 3phosphoinositide dependent protein kinase-1 (PDPK1) transcript by miR-874
and miR-330-3p, since it has been shown that PDPK1 promotes cell chemotaxis
[44]. CD47 was shown to be a downstream target for Ets-1, a transcription factor
expressed by endothelial cells during angiogenesis [45]. Since proliferation and
migration are prerequisites for angiogenesis as well as for lymphangiogenesis we
suggest that the enhancing effect of IVSWT on LEC proliferation and migration
could be at least partly mediated by an increased CD47 expression. Moreover,
enhanced RAD21 expression, regulated by miR-320b as is CD47, may contribute
to increased proliferation [46]. Direct comparisons of the two populations for
genes which might be involved in mechanosensing (e.g. the Duffy blood group
chemokine receptor DARC or transient receptor potential cation channels) or tip/
stalk-cell determination (genes of the notch- and delta-like families) did not reveal
more than 1.3 fold differences. Holfeld et al. (2014) showed that TLR-3 was
upregulated by IVSWT in HUVECs [16]. However, we could not confirm this
finding in LECs, again indicating a strong cell-type dependent influence of IVSWT
on the transcriptome. Interestingly, podoplaninhigh and podoplaninlow LECs have
been described in the skin in vivo [47]. These different cell types constitute
lymphatic capillaries (podoplaninhigh) and lymphatic precollector vessels
(podoplaninlow). According to the gene expression changes of LECs after IVSWT
shockwaves might lead to a conversion from LECs forming precollector vessels to
capillary-forming cells with higher lymphangiogenic potential, thus providing an
explanation for the reported in vivo effects of shockwaves on lymphatic
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vasculature. Taken together, our transcriptome and miRNome analyses reveal
differences in signalling and endothelial-specific genes involved in vascular tube
formation and remodelling. Since these biological processes are vital to wound
healing and tissue repair, shockwave-induced cellular events might help to explain
the beneficial effects of ESWT on injured tissues.
One limitation of this study is the use of immortalized LECs which are not
suitable for clinical use. However, we and others have shown that LECs
immortalized by human telomerase retain their biological properties as well as
endothelial marker expression [48–51], thus justifying their use for this study.
Extracorporeal shockwave therapy is an emerging treatment strategy for a
variety of disorders. The plethora of data pointing to improved angiogenesis and
lymphangiogenesis led us to investigate how shockwaves influence lymphatic
endothelial cells on a molecular level. We show data indicating that IVSWT does
change cell morphology which further leads to gene regulation and miRNA
expression changes. More studies aiming to elucidate molecular mechanisms of
signal transduction within these cell types will shed further light on the complex
processes induced by shockwaves.

Supporting Information
S1 File. Supplementary Information. S1 Figure, Influences of IVSWT on MG63
proliferation. Shockwave treatment with different energy flux densities had no
visible effects on MG63 proliferation. S2 Figure, IVSWT-induced changes of EC
adhesion and LEC permeability. (A) The ability of LECs to reattach to a
fibronectin-coated surface after shockwave treatment was significantly decreased
when cells were stimulated on Cytodex-1 microcarrier beads. (B) HUVEC
adhesion was not influenced by IVSWT. (C) Quantification of LEC monolayer
permeability demonstrates an increase in permeability right after treatment which
decays after 4 hours. P-values: *** #0.01, ** #0.1, * #0.5. S3 Figure, IVSWTmediated influences on in vitro vasculogenesis. (A) Stimulation of HUVEC/ASC
co-cultures on day 0 with following incubation for 7 days showed no visible
changes in the amount of junctions, tubules, total and mean length of the
developed networks. (B) Network stimulation on day 2 after seeding with fixation
on day 4 revealed no effect of IVSWT on vasculogenesis. (C) Choosing an EC:ASC
ratio of 1:0.5 instead of 1:1 revealed a converse effect to the 1:1 ratio results
(Shown in figure 2). The amount of junctions, tubules and the total length of
tubules decreased whereas the mean tubule length increased. Scale bar 5200 mm.
P-values: *** #0.01, ** #0.1, * #0.5. S4 Figure, Flow cytometry analyses of LEC
and HUVEC marker expression after IVSWT. (A) Cell surface expression of
CD31, VE-Cadherin, VEGFR2, VEGFR3 and LYVE-1 on LECs did not change
upon IVSWT whereas a significant upregulation of podoplanin was observed. (B)
The expression of CD31, VE-Cadherin, CD146, VEGFR2 and Tie-2 on HUVECs
did not change significantly after IVSWT. (C) The upregulation of podoplanin on
LECs is energy flux density dependent. 0.03 and 0.09 mJ/mm2 suppressed,
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whereas 0.07 and 0.09 mJ/mm2 increased podoplanin expression. P-values: ***
#0.01, ** #0.1, * #0.5. S5 Figure, Gene ontology (GO) Analysis of genes
differentially expressed in the sorted LEC subpopulations. (A) Functional
annotation cluster of all annotated genes that are higher expressed in
podoplaninhigh cells (A1), or higher expressed in podplaninlow cells (A2). (B)
Functional annotation chart, including tissue expression, of all annotated genes
that are higher expressed in podoplaninhigh cells (B1), or higher expressed in
podplaninlow LECs (B2). All analyses were performed using DAVID (Database for
Annotation, Visualization and Integrated Discovery) at http://david.abcc.ncifcrf.
gov/home.jsp. S6 Figure, Correlation analysis of putative mRNA, microRNA
networks in IVSWT treated LECs. (A) Network visualization of mRNA
transcripts down-regulated in podoplaninhigh LECs (yellow boxes) and targeting
microRNAs (blue boxes) with negatively correlating expression (i.e. up-regulated
in podoplaninhigh LECs). (B) Analogous network visualization for mRNA
transcripts up-regulated in podoplaninhigh LECs and targeting microRNAs with
negatively correlating expression. S1 Table, Predicted microRNA binding sites
and correlation analysis in down-regulated genes (Podoplaninhigh vs
Podoplaninlow). 5 genes showed predicted binding sites and correlation with
miRNAs. S2 Table, Predicted microRNA binding sites and correlation analysis
in up-regulated genes (Podoplaninhigh vs Podoplaninlow). 9 genes showed
predicted binding sites and correlation with miRNAs.
doi:10.1371/journal.pone.0114806.s001 (DOC)
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