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Aims Cardiac shockwave therapy (SWT) improves left ventricular (LV) function in patients with ischaemic cardiomyopathy.
Shockwave therapy activates Toll-like receptor 3 (TLR3), a receptor-inducing chromatin remodelling and nuclear repro-
gramming of cardiac cells. We hypothesized that mechanical activation of TLR3 facilitates reprogramming of fibroblasts to-
wards endothelial cells restoring myocardial perfusion and function.

Methods Human cardiac fibroblasts were treated by mechanical stimulation via SWT or TLR3 agonist Poly(l:C) in the presence of
and results endothelial induction medium. A lineage tracing experiment was performed in a transgenic mouse model of Fsp1-Cre/
LacZ mice after coronary occlusion. Left ventricular function and scarring were assessed. Single-cell sequencing including
RNA trajectory analysis was performed. Chromatin remodelling and epigenetic plasticity were evaluated via western
blot and Assay for Transposase-Accessible Chromatin sequencing. Mechanical stimulation of human fibroblasts with
SWT activated TLR3 signalling and enhanced the expression of endothelial genes in a TLR3-dependent fashion. The induced
endothelial cells (ECs) resembled genuine ECs in that they produced endothelial nitric oxide and formed tube-like structures
in Matrigel. In a lineage tracing experiment in Fsp1-Cre/LacZ mice, shockwave treatment increased LacZ/CD31-positive cells
(indicating transdifferentiation) after coronary occlusion. Furthermore, SWT reduced myocardial scar size and improved LV
function. Single-cell RNA-seq and RNA trajectory analyses revealed that SWT induced an endothelial fibroblast cluster and
mechanical stimulation induced significant changes in chromatin organization, with chromatin being more accessible after
both treatments in 1705 genomic regions.

Conclusion Shockwave therapy enhances DNA accessibility via TLR3 activation and facilitates the transdifferentiation of fibroblasts
towards endothelial cells in ischaemic myocardium.
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Structured Graphical Abstract

Key Question

Cardiac shockwave therapy improved LV function in a prospective randomized trial in
patients with ischemic cardiomyopathy undergoing coronary bypass surgery. We aimed to
elucidate the mechanism underlying the observed regenerative effect of cardiac SWT.
Key finding

SWT activates TLR3 signaling to increase DNA accessibility, facilitating
transdifferentiation of cardiac fibroblasts into functional endothelial cells. Therapeutic
transdifferentiation increases capillary density, decreased myocardial scarring and hence,
improves left ventricular function in ischemic hearts.
Take-home message

We provide evidence for induction of therapeutic transdifferentiation in ischemic
myocardium via shockwave therapy. This mechanism be responsible for the beneficial

effects of cardiac shockwave therapy observed in the recently published CAST-HF trial.
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Translational perspective

fibroblasts into endothelial cells.
Summary

into endothelial cells.

The recently published randomized prospective CAST-HF trial showed significant improvement of left ventricular function and exercise cap-
acity after cardiac shockwave therapy in patients with ischaemic cardiomyopathy undergoing coronary bypass surgery. In the current work, we
describe the underlying mechanism. Using lineage tracing experiments and transcriptional and epigenetic profiling, we provide evidence that
shockwave therapy activates Toll-like receptor 3 signalling to increase DNA accessibility, facilitating therapeutic transdifferentiation of cardiac

Shockwave therapy activates Toll-like receptor 3 signalling to increase DNA accessibility, facilitating transdifferentiation of cardiac fibroblasts

Introduction

In the recently published randomized-controlled clinical trial CAST-HF,
shockwave therapy (SWT) improved cardiac function, exercise cap-
acity, and quality of life in patients undergoing coronary artery bypass
grafting.1 We discovered that the mechanical impulse is translated
into a biological response via the release of angiogenic extracellular ve-
sicles.” Moreover, we could show that the specific activation of TLR3
upon SWT is stimulated by released endogenous RNA Notably,
TIr3™~ animals showed no angiogenic response to SWT.

Recently, we and others have considered therapeutic transdifferen-
tiation of fibroblasts to endothelial cells as a potential approach to res-
toration of perfusion to ischaemic tissues.”

This approach derives from the Nobel-prize winning concept that cell
fate can be altered by forced expression of lineage determination factors
via retroviral induction. Subsequently, other groups used a similar approach
to transdifferentiate somatic cells (e.g. fibroblasts) into somatic cells of a dif-
ferent lineage (e.g. endothelial cells) by forced expression of master regula-
tors of the preferred cell lineage> We have shown that the process of
nuclear reprogramming of a somatic cell to another cell fate requires inflam-
matory signalling. Reprogramming factors themselves are insufficient (as
cell-permeant peptides) for effective reprogramming in the absence of
the viral vector.® The retroviral vector activates pattern recognition recep-
tors (PRRs) such as Toll-like receptor 3 (TLR3). Activation of PRRs induces
inflammatory signalling, which causes global changes in the expression and
activity of epigenetic modifiers and their substrates, facilitating the modula-
tion of cell fate.” In line with that, we have found that somatic fibroblasts
can be transdifferentiated into endothelial cells just by activation of TLR3
and addition of external factors to the cell environment [e.g. endothelial
growth factors such as vascular endothelial growth factor (VEGF)].”

Accordingly, we hypothesized that SWT induces therapeutic trans-
differentiation of cardiac fibroblasts into endothelial cells via activation
of TLR3 within the ischaemic heart. The present study tests that hy-
pothesis and provides mechanistic evidence for therapeutic transdiffer-
entiation via SWT.

Methods

Cell culture and induced endothelial cell

generation

BJ human newborn foreskin fibroblasts (ATCC, Washington, DC, USA)
were cultured and maintained in DMEM with 10% FCS and 1% penicillin/
streptomycin/glutamine at 37°C and 5% CO,. Human umbilical vein endo-
thelial cells (HUVECs) were isolated from umbilical cords of patients under-
going caesarean sections after obtaining written informed consent. The
ethics committee of Innsbruck Medical University (No. UN4435) reviewed
and approved the study, which also complies to the Declaration of Helsinki.
Isolation of HUVECs was performed as described in detail previously.”
HUVECs were cultured and maintained in Endothelial Growth Medium 2
(EGM-2, Lonza, Basel, Switzerland) at 37°C and 5% CO,.

For generation of induced endothelial cells (iECs), BJ fibroblasts were seeded
in gelatin-coated flasks and cultured in endothelial induction medium containing
DMEM with 10% serum knockout replacement (SKR, Thermo Fisher, Waltham,
MA, USA), 20 ng/mL bone morphogenetic protein 4 (BMP4, PeproTech,
London, UK), 20 ng/mL basic fibroblast growth factor (bFGF, PeproTech,
London, UK), and 50 ng/mL VEGF (PeproTech, London, UK). Cells were trea-
ted every other day for 2 weeks with SWT as described previously.'® Upon last
treatment, cell culture media was exchanged to DMEM containing 10% SKR
with 20 ng/mL bFGF, 50 ng/mL VEGF, and 0.1 mM 8-bromoadenosine-3"5'-
cyclic monophosphate sodium salt (Sigma, St. Louis, MO, USA) until
fluorescence-activated cell sorting (FACS) analysis.

Polyinosinic:polycytidylic acid (Poly(l:C); InvivoGen, San Diego, CA, USA)
was used to stimulate TLR3 activation at a concentration of 30 ng/mL. This
concentration was chosen based on prior dose-ranging studies. For block-
ade of TLR3, a dsRNA/TLR3 complex inhibitor (R)-2-(3-chloro-
6-fluorobenzo[b]thiophene-2-carboxamido)-3-phenyl-propanoic acid was
used (Merck, Darmstadt, Germany) at a concentration of 10 pg/mL.’

For inhibition experiments, STAT3 inhibitor peptide (Sigma, St. Louis,
MO, USA), IL-6 inhibitor LMT28 (Sigma, St. Louis, MO, USA), and IKb ki-
nase inhibitor (ab145522, abcam, Cambridge, UK) were used.

Shockwave therapy

Shockwave therapy has been used for mechanical stimulation in a recent
clinical trial (CAST-HF trial, ClinicalTrials.gov, ID: NCT03859466). We
used a prototype of the NRG device with the CSP applicator (Heart
Regeneration Technologies GmbH, Innsbruck, Austria). For the in vivo appli-
cation, 300 impulses were delivered to the ischaemic area with an energy
flux density of 0.38 m)/mm? at a frequency of 5 Hz.

Fluorescence-activated cell sorting

Upon induction of endothelial transdifferentiation, cells were analysed and
purified with FACS. Cells were dissociated with recombinant trypsin
(TrypLE, Thermo Fisher, Waltham, MA, USA) and washed with 1%
Bovine serum albumin (BSA) in phosphate buffered saline (PBS). Cells
were afterwards incubated with a PE-conjugated CD31 antibody
(Miltenyi, Bergisch Gladbach, Germany) for 15 min. Gating strategy was
defined by positive control staining of HUVECs. Upon cell sorting, cells
were re-cultured in EGM-2 supplemented with 10 uM transforming growth
factor beta (TGF-B) receptor inhibitor SB431542 (Merck, Darmstadt,
Germany) to promote endothelial cell growth.”

Immunofluorescence staining

Cells were seeded on gelatin-coated coverslips and fixed with 100% metha-
nol. Upon blocking with 10% normal goat serum in PBS, cells were incu-
bated with anti-CD31 antibody (ab28364, Abcam, Cambridge, UK) for
1h at a dilution of 1:100. After careful washing with PBS, incubation in
the dark with secondary antibody (AlexaFluor568 goat-anti-rabbit) fol-
lowed. Counterstaining was done with DAPI and coverslips were mounted
on the slides.

Tube formation assay

A 96-well plate was coated with Matrigel (Corning, Corning, NY, USA), and
cells were seeded at a density of 10* cells/well. Cells were incubated with
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EGM-2 for 24 h and phase-contrast images were obtained. Automated
quantification of tube formation was assessed by using the angiogenesis ana-
lyser plugin software in NIH Image| as described before."’

Nitric oxide production

Nitric oxide (NO) production was assessed by using a NO detection kit
(R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s in-
structions. The total amount of NO in supernatant of cells was assessed
using the Griess reaction and quantified by colorimetric measurement using
a microplate reader.

Matrigel plug assay

The in vivo Matrigel angiogenesis assay was performed as described previ-
ously.” Briefly, Matrigel (Corning, Corning, NY, USA) was mixed with
5 x 10° cells to a total volume of 300 L and injected subcutaneously in im-
munodeficient NOD SCID gamma mice. Upon 5 days, blood perfusion was
measured with laser Doppler imaging. Plugs were harvested and fixed in 4%
formalin overnight prior to histological processing.

RNA extraction and Reverse transcription
polymerase chain reaction

Total RNA was extracted by using a Monarch Total RNA Miniprep Kit
(New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s
instructions. Integrity of RNA was assessed by using a NanoDrop™ 2000c
spectrophotometer, and reverse transcription polymerase chain reaction
(RT-PCR) was performed with ABI PRISM 7500 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA). Specific gene expres-
sion was expressed as 272" formula by normalizing to the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The following
primer sequences were used:

IL-6 5" AGCCACTCACCTCTTCAGAAC 3
5" AGTGCCTCTTTGCTGCTTTC 3’
5" ACACGGAAGTTCAAGTGTCC 3
5" AAGTTCCATCAAGGGAGCCTTC 3’
VEGF receptor 2 (VEGFR2) 5’ ACCTCACCTGTTTCCTGTATGG 3’
5" CGGCTCTTTCGCTTACTGTTC 3
Vascular endothelial cadherin (VE-Cadherin) 5" ACCAGAAGAAGC
CTCTGATTGG 3’
5" AGAACTGGCCCTTGTCACTG 3’
Histone deacetylase 1 (HDACT) 5" TATGGACAAGGCCACCCAA
TG 3

CD31

5" TATGGACAAGGCCACCCAATG 3’
GAPDH 5 GGTGGTCTCCTCTGACTTCAACA 3’
5" GTGGTCGTTGAGGGCAATG 3’

Western blot

Total nuclear and cytoplasmic protein from cell lysates were extracted by a
subcellular protein fractionation kit (Thermo Fisher, Waltham, MA, USA)
according to the manufacturer’s instructions. Protein was separated with
10% SDS—polyacrylamide gels and transferred to nitrocellulose mem-
branes. Upon blocking with 5% BSA in 0.1% Tween/TBS, membranes
were incubated with primary antibodies.

The following antibodies were used:

TLR3 Cell Signaling, #6961

TIR-domain-containing adapter-inducing interferon-f (TRIF)
Cell Signaling, #4596

TRAF6 Cell Signaling, #8028
IL-6-R Abcam, ab103798
B-Actin Sigma, Clone AC-15
pSTAT3 Cell Signaling, #9138
H3K4me3 Abcam, ab8580

PR-domain-containing transcriptional regulator 14 (PRDM14)
R&D systems, AF6175

TBP Cell Signaling, #8515

H3 Abcam, ab1791

After incubation with secondary antibody and chemiluminescence sub-
strate, western blots were visualized using a ChemiDoc Imaging System
(Bio-Rad, Hercules, MA, USA).

Toll-like receptor 3 reporter cell assay

A stable transfected human embryonic kidney reporter cell line (Human
TLR3 Stable Cell Line NBP2-26267, Novus Biologicals, Centennail, CO,
USA) was cultured on gelatin-coated wells in DMEM 4.5 g/L glucose
(Lonza, Basel, Switzerland) with 10% FCS and 1% penicillin/streptomycin/
glutamine. Shockwave therapy as well as Poly(I:C) administration was per-
formed as described above and cells were incubated for 24 h. Detection of
secreted embryonic alkaline phosphatase under the transcriptional control
of nuclear factor kappa B (NF-kB) was assessed by using a colorimetric al-
kaline phosphatase reporter assay kit (Novus Biologicals, Centennial, CO,
USA) according to the manufacturer’s protocol.

Single-nucleus RNA sequencing

Nucleus isolation and sequencing

Left ventricles were harvested from 12 male mice (12 weeks). Hearts were
rinsed with PBS and left ventricles were snap-frozen in liquid nitrogen.
Nuclei were isolated using the 10x chromium nucleus isolation kit (10x
Genomics, Pleasanton, USA) according to the manufacturer’s protocol. In
brief, tissue was homogenized using a pestle and lysis buffer. Nuclei were
isolated from the disrupted sample and separated from debris using the
provided spin columns. >80.000 DAPI-positive nuclei per sample were
sorted from the resulting suspension using FACSAria lll Cell Sorter (BD
Bioscience, Franklin Lakes, NJ, USA). The single-nucleus suspensions
were processed with the Chromium Instrument (10X Genomics) targeting
10 000 nuclei per sample and using Chromium Next GEM Single Cell 3’ Kit
v3.1 chemistry, following the manufacturer’s protocol (CG000204 Rev D,
10x Genomics). The 12 resulting libraries were multiplexed and sequenced
with an lllumina NovaSeq sequencer, employing one $4 lane to obtain a to-
tal of 2.3 B reads.

Pre-processing and filtering

Sequencing reads from the 12 samples were pre-processed and mapped to
the reference mouse genome GRCm39/mm39 using the nf-core/scrnaseq
pipeline version 2.1.0" with cellranger as the selected aligner.

The data set was then loaded into an AnnData container, and quality con-
trol steps and filtering were performed with scanpy v1.9.1"* in Python
v.3.10.8. We applied a basic filtering for nuclei expressing <200 genes
and for genes present in less than three nuclei.

Ambient RNA was removed separately for each sample with the scAR
implementation'® from scvi-tools.’® One sample (SWT14D) was excluded
after this step, since it contained mainly ambient RNA, as we have also seen
by visual inspection of the quality control plots in the previous step.

For doublet removal, we used the SOLO" implementation from scvi-
tools.'® As recommended by the authors, SOLO was initialized with a
pre-trained scvi-model. In total, 30 990 doublets were removed from the
remaining 11 samples. Final manual filtering of low-quality nuclei was applied
for nuclei, expressing a minimum of 500 genes and a maximum of 8200
genes and for nuclei containing a high mitochondrial content (>5% of total
unique molecular identifier (UMI)).

Clustering and cell type annotation
Uniform manifold approximation and projections embeddings and un-
supervised clustering with the Leiden algorithm were performed based
on a cell—cell neighbourhood graph derived from scVI latent space. The final
matrix was normalized and log-transformed using the scanpy.pp.normalize_
total() and sanpy.pp.log1p() functions.

Cell types were annotated according to known cell markers (see
Supplementary material online, Figure $2A) from literature'®2° and clusters
aggregated accordingly.

Subclustering and pseudotemporal ordering of fibroblasts
To evaluate the differences in fibroblasts specifically, the fibroblast cluster
was subsetted, and clusters were recalculated the same way as described
above. We found 10 different fibroblast clusters with a resolution of 0.5.
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For visualizing possible dynamics in the fibroblast clusters, we applied
pseudotemporal ordering of the nuclei.?" First, diffusion maps were calcu-
lated with the scanpy.tl.diffmap() function. Then, the root cell was defined as
the minimum of the diffusion component 3, and the pseudotimes were con-
structed with the scanpy.tl.dpt() function. Finally, partition-based graph ab-
straction (PAGA)*? was computed to estimate the connections between
the clusters. The PAGA graph was visualized with scanpy.pl.paga(), removing
low-connectivity edges (threshold: 0.1), and coloured according to the
computed dpt-pseudotime.

Analysis of Assay for Transposase-Accessible

Chromatin data

For data analysis of the Assay for Transposase-Accessible Chromatin se-
quencing (ATAC-seq), reads from paired-end sequencing were trimmed
for adapters and low-quality bases using Trimmomatic 0.38, aligned to
the human reference genome hg38 using bowtie2, and filtered using
samtools 1.9 (alignments that have a minimum mapping quality of 30
were aligned concordantly and used as primary alignments). Duplicates
were marked using Picard 2.18.26 and removed. Prior to peak calling,
reads mapping to mitochondria and unlocalized/unplaced contigs were re-
moved. MACS?2 2.1.2 was used for peak calling to identify open chromatin
regions. Called peaks in blacklisted regions (hg38) were filtered and over-
lapping peaks within each sample were merged. Following the csaw R
workflow,”? consensus peak regions were identified by union of significant
peaks in each sample using GenomicRanges R package. A sliding window
approach (windowCounts) with 300 bp width was used to count fragments
from the alignments (bam files) in these regions. Normalization factors
were calculated using trimmed mean of M-value on non-overlapping
(binned) 10000 bp windows. Differentially accessible regions between
the Poly(l:C) group vs. CTRL group and SWT group vs. CTRL group
were determined with the edgeR package, filtered for regions with low
average log normalized counts>0, and visualized as volcano plots.
ChiPseeker and TxDb.Hsapiens.UCSC.hg38.knownGene R packages were
used to find the nearest genes (transcription start site) and to annotate
gene/transcript regions. Heatmap of standardized normalized counts of
significantly differentially accessible regions (unadjusted P < 0.01 in both
comparisons) was visualized using Genesis 1.8.1. Over-represented
gene ontology terms were identified using DAVID. Coverage tracks
(igwig) for UCSC genome browser visualization were generated from
paired-end sequencing read alignment (bam files) using R packages
GenomicAlignments and rtracklayer. Merged peaks and differentially access-
ible regions were transformed from bed to bigbed format using UCSC
tools (bedToBigBed).

Animals and induction of myocardial infarction

Ethical permission (BMWFW-66.011/0020-WF/V/3b/2017) of animal ex-
periments was obtained and experiments were performed according to
the ‘Guide for the Care and Use of Laboratory Animals’ published by the
US National Institutes of Health.2* Experiments were performed in fibro-
blast specific-targeted mutant mice (FSP1cre; Stock No: 030644) crossed
with ROSA26-lacZ reporter mice (Stock No: 002073; both purchased by
Jackson Laboratory, Bar Harbor, ME, USA).

Myocardial infarction was performed by ligation of the left anterior des-
cending coronary artery (LAD) in 12- to 15-week-old FSP1cre:R26RlacZ
mice. Animals were anaesthetized via intraperitoneal injection of ketamine
hydrochloride (80 mg/kg body weight) and xylazine hydrochloride (5 mg/kg
body weight). After lateral thoracotomy, the LAD was ligated using 8-0
polypropylene sutures (Ethicon, Somerville, NJ, USA). All surgical proce-
dures were performed in a blinded fashion.

Upon layered wound closure, extracorporeal SWT was performed as
described previously.®

Echocardiography

To assess functional parameters of cardiac function, transthoracic echocar-
diography was performed as described previously.?® In brief, mice were sub-
jected to anaesthesia with isoflurane 1.5% (AbbVie, North Chicago, IL, USA)
and 98.5% O and placed on a warming pad at 37.5°C before and during the
procedure. Measurements were performed with the Vevo 1100 imaging sys-
tem and Visual Sonics Software Vevo Lab 1.7.1 (Visual Sonics, Toronto,

Canada) and a MS400 (18-38 MHz) transducer. Systolic function was as-
sessed in parasternal longitudinal axis in B-Mode, and ventricular wall dimen-
sions were assessed on papillary muscle level in M-Mode. All measurements
and analyses were performed in a blinded fashion.

Histopathological analysis

Twenty-eight days after myocardial infarction, mice were euthanized and
hearts were dissected. Hearts were fixed in 4% paraformaldehyde for
24 h and embedded in paraffin.

Sections were stained with Masson—Goldner trichrome stain as de-
scribed previously.” Quantification of fibrotic area was assessed by using
the NIH Image] software.

For immunofluorescence staining, sections underwent a heat-mediated
antigen retrieval in sodium-citrate buffer (10 mM sodium-citrate, 0.05%
Tween 20, pH 6.0). Upon washing with PBS and blocking, slides were incu-
bated with primary antibodies anti-CD31 (ab28364, Abcam, Cambridge,
UK) and anti-B-galactosidase (ab9361, Abcam, Cambridge, UK) overnight.
As secondary antibodies, AlexaFluor488 and AlexaFluor568 were used.
Counterstaining was performed with DAPI and sections were imaged
with a SP8 confocal microscope (Leica, Wetzlar, Germany). The infarct
border zone was analysed to assess therapy effects in the area with the
most pronounced cellular changes and highest potential for therapeutic
impact.

All measurements and analyses were performed in a blinded fashion.

Statistical analysis

Graphs are presented as scatter/dot plots and results are expressed as
mean + SEM. Statistical comparisons between two groups were performed
by Student’s t-test, multiple groups were analysed by one-way analysis of
variance (ANOVA) with Tukey post hoc analysis to determine statistical sig-
nificance. P-values of <0.05 were considered statistically significant, if not
stated otherwise.

Specific statistical data were analysed in figures:

Figure 1B: ordinary one-way ANOVA: F(2,15) =790.0; P < 0.0001; n = 6.

Figure 1D: two-tailed t-test: t = 3.842, df=10; P=0.0033; n = 6.

Figure 1F: ordinary one-way ANOVA: F(3,20) = 61.19; P < 0.0001; n = 6.

Figure 1G: ordinary one-way ANOVA: F(3, 18) = 9.531; P =0.0005;
n=>5-6.

Figure 1H: ordinary one-way ANOVA: F(3, 20) = 41.42; P < 0.0001; n=6.

Figure 2A: two-tailed t-test: t = 4.469, df = 10; P=0.0012; n = 6.

Figure 2B: two-tailed t-test: t = 6.610, df = 10; P < 0.0001; n = 6.

Figure 2E: two-tailed t-test: t =9.288, df =16; P <0.0001; n=9.

Figure 2F: two-tailed t-test: t =9.092, df = 16; P < 0.0001; n=9.

Figure 2G: two-tailed t-test: t =7.118, df = 10; P < 0.0001; n = 6.

Figure 2I: ordinary one-way ANOVA: F(2, 15) = 46.66; P < 0.0001; n = 6.

Figure 2L: ordinary one-way ANOVA: F(2, 14) =4.476; P=0.0314;
n=>5-6.

Figure 3C: two-tailed t-test: t =2.276, df=8; P=0.0524; n=5.

Figure 3E: two-tailed t-test: t =3.730, df =8; P=0.0058; n=5.

Figure 3F: two-tailed t-test: t =4.369, df =8; P=0.0024; n =5.

Figure 3G: two-tailed t-test: t =1.597, df=8; P=0.1490; n=5.

Figure 3I: two-tailed t-test: t = 5.271, df = 28; P < 0.0001; n = 4-6,
3hpf per n.

Results

Shockwave therapy induces
transdifferentiation via Toll-like receptor 3

We stained human cardiac fibroblasts for TLR3 and found abundant ex-
pression of the innate immune receptor (Figure 1A). Shockwave therapy
activated TLR3 signalling in reporter cells, with subsequent up-
regulation of the downstream adapter TRIF and transcription of IL-6
(Figure 1B-D). We next assessed whether TLR3 activation upon
SWT facilitates the conversion of fibroblasts to iECs in the presence
of a specific induction medium known to promote endothelial lineage
(i.e. DMEM with 10% SKR containing BMP4, VEGF, and FGF) as de-
scribed previously” (Figure 1E). Here, the rationale is that the SWT
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Figure 1 Shockwave therapy induces transdifferentiation via Toll-like receptor 3. (A) Expression of the innate immune receptor Toll-like receptor 3
on human cardiac fibroblasts. green = Toll-like receptor 3; blue = DAPI. Scale bar =20 pm. (B) Toll-like receptor 3 activation of Toll-like receptor 3
reporter cells upon shockwave therapy or Poly(l:C) treatment (30 ng/mL). Data are means + SEM. **P < 0.01. (C) The expression of the downstream
adapter TIR-domain-containing adapter-inducing interferon-p after shockwave therapy or Poly(l:C) treatment (30 ng/mL). (D) mRNA levels of
interleukin-6 after shockwave therapy or Poly(l:C) treatment (30 ng/mL). Data are means + SEM. *P < 0.01. (E) Human fibroblasts were treated
with shockwave therapy in the presence of endothelial induction medium containing bone morphogenetic protein 4, vascular endothelial growth factor,
and fibroblast growth factor and subjected to reverse transcription polymerase chain reaction (RT-PCR) or fluorescence-activated cell sorting.
(F) mRNA expression of CD31 after treatment with control medium, endothelial induction medium, shockwave therapy, or a specific dsRNA/
Toll-like receptor 3 inhibitor. Data are means + SEM. #*P < 0.01. (G) mRNA expression of VEGF receptor 2 after treatment with control medium,
endothelial induction medium, shockwave therapy, or a specific dsSRNA/Toll-like receptor 3 inhibitor. Data are means & SEM. *P < 0.05. (H) mRNA
expression of vascular endothelial cadherin after treatment with control medium, endothelial induction medium, shockwave therapy, or a specific
dsRNA/Toll-like receptor 3 inhibitor. Data are means + SEM. #*¥P < 0.01. (I) Fluorescence-activated cell sorting for CD31 after treatment with shock-
wave therapy or a combined treatment with a specific dSsSRNA/Toll-like receptor 3 inhibitor and shockwave therapy. Statistical comparisons between
multiple groups: one-way analysis of variance with Tukey post hoc analysis. ALP, alkaline phosphatase; BMP4, bone morphogenetic protein 4; CTRL,
control; EIM, endothelial induction medium; FACS, fluorescence-activated cell sorting; FGF, fibroblast growth factor; GAPDH, glyceraldehyde 3-phos-
phate dehydrogenase; IL-6, interleukin-6; SWT, shockwave therapy; TLR3, Toll-like receptor 3; TLR3inh, TLR3 inhibitor; TRIF, TIR-domain-containing
adapter-inducing interferon-f; VE-cadherin, vascular endothelial cadherin; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2.

activates inflammatory signalling to increase DNA accessibility, whereas
the induction medium comprises endothelial growth factors that pro-
vide transcriptional direction. Indeed, the combination of SWT and in-
duction medium triggered the expression of endothelial genes in

fibroblasts including CD31, VEGFR?2, and vascular endothelial cadherin
(VE-cadherin) to a markedly higher extent than treatment with induc-
tion medium alone (Figure 1F=H). In this context, the addition of a spe-
cific dsRNA/TLR3 complex inhibitor abolished the induction of
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endothelial gene expression after SWT (Figure 1F-H). To purify the
iECs, cells underwent FACS for CD31.

Combined treatment with SWT and induction medium induced
CD31 expression in 1.6% of the treated cells, whereas only 0.6%
were positive after treatment with induction medium alone. Again, pre-
treatment with a TLR3 inhibitor abolished SW effects (Figure 11). The
effect of SWT to enhance transdifferentiation is quantitatively similar
to that induced by TLR3 agonists.®

Altogether, our results indicate that SWT promotes the transdifferen-
tiation of fibroblasts to endothelial cells in a TLR3-dependent fashion.

Induced endothelial cells are functional

in vitro and in vivo

Sorted iECs continued to express endothelial genes including CD31
and VEGFR?2 in culture (Figure 2A and B). Similarly, iECs were positive
for CD31 by immunohistochemistry (Figure 2C). The iECs were able
to form tube-like structures on Matrigel (Figure 2D—F) and capable of
producing NO (Figure 2G), functions that are characteristic of endothe-
lial cells and not shared by fibroblasts.

In a next series of experiments, we assessed SWT-induced ECs for
their capability to form vessels in vivo. For this purpose, cardiac fibroblasts
were transdifferentiated to iECs as described above and sorted there-
after for CD31. Induced endothelial cells were suspended in Matrigel
and injected subcutaneously into SCID mice. Untreated HUVECs and fi-
broblasts were used as positive and negative controls, respectively
(Figure 2H). Induced endothelial cell-containing plugs manifested in-
creased perfusion compared with fibroblast-containing plugs measured
via laser Doppler perfusion imaging 5 days after injection (Figure 2I).
Histological analysis revealed the presence of CD31-positive cells in
iECs containing plugs with markedly higher numbers of newly formed
vessels compared with control groups (Figure 2J)-L). Hence, iECs gener-
ated functioning vessels in vivo.

Shockwave therapy promotes
transdifferentiation in ischaemic
myocardium and improves cardiac
function

To test whether we could induce transdifferentiation of cardiac fibroblasts
to endothelial cells in the ischaemic myocardium, we created a transgenic
mouse model of Fsp1-Cre/LacZ mice for lineage tracing (Figure 3A). The
left anterior descending coronary artery (LAD) was ligated to induce myo-
cardial infarction of the anterior wall and treated with SWT thereafter.
Left ventricular fibrosis was assessed via Masson trichrome staining, and
cardiac function was analysed via transthoracic echocardiography 4

Figure 2 (Continued)

weeks after treatment. Indeed, in comparison with untreated controls,
SWT reduced the size of fibrotic scar tissue in the LAD occlusion model
(Figure 3B and C). Moreover, echocardiography revealed that SWT im-
proved left ventricular ejection fraction and cardiac output and de-
creased cardiac dilatation (Figure 3D-G) 4 weeks after the
experimental myocardial infarction. Induced endothelial cells were iden-
tified as cells double positive for LacZ and CD31. Treatment resulted in
increased numbers of LacZ/CD31-positive cells in the myocardium indi-
cating induction of transdifferentiation via SWT in vivo (Figure 3H and ).

Shockwave therapy induces
endothelial-like fibroblast cluster

Next, we performed single-nuclei RNA analysis to further characterize
SW effects on the transdifferentiation of fibroblasts in vivo. Mice under-
went SWT or sham treatment after LAD ligation, and cardiac nuclei
were isolated 24 h and 14 days after treatment. Cell type annotation re-
vealed clustering of the cells as expected (Figure 4A; Supplementary
material online, Figure STA). Of interest, pathway analyses of differential
expressed genes 14 days after SWT revealed endothelial up-regulation
of extracellular vesicle biogenesis (see Supplementary material online,
Figure S2A) and activation of TLR, interleukin, and innate immune path-
ways in fibroblasts (see Supplementary material online, Figure S2B).
Compared with controls, SW-treated fibroblasts exhibit up-regulation
of angiogenic pathways and TLR signalling, while down-regulating pro-
fibrotic pathways such as TGF-B signalling and collagen biosynthesis
(see Supplementary material online, Figure S3A-D). Subclustering of the
fibroblast population revealed 10 fibroblast clusters (Figure 4B).
Intriguingly, Cluster 8 exhibited endothelial cell marker expression includ-
ing Cdh5, Wwf, and Pecam1 (Figure 4C). There was no difference in cell frac-
tions between control and treatment animals; however, we found
increased numbers of the fibroblast Subcluster 8 after SWT (Figure 4D;
Supplementary material online, Figure S3A). Gene ontology analysis re-
vealed time-dependent changes in this fibroblast cluster post-therapy,
with up-regulation of proliferation and endothelial-specific pathways
and down-regulation of differentiation and pro-mesenchymal pathways,
supporting SWT-induced fibroblast-to-endothelial transdifferentiation in
vivo (Figure 4E). Trajectory analysis revealed the dynamics of cell fate tran-
sitions in the fibroblast clusters and a fibroblast origin of the identified
Subcluster 8 (Figure 4E; Supplementary material online, Figure S3B and C).

Shockwave therapy enhances epigenetic
plasticity

Epigenetic plasticity is crucial for transdifferentiation and requires inflam-
matory signalling within the reprogramming cell.” Shockwave therapy and

endothelial cells or fibroblasts after fluorescence-activated cell sorting. red = CD31; blue = DAPI. Scale bar =20 pm. (D) Tube formation assay with
induced endothelial cells or fibroblasts after fluorescence-activated cell sorting. Scale bar = 50 pm. (E) Number of nodes per high power field analysed
in a tube formation assay in induced endothelial cells or fibroblasts. Data are means + SEM. ****P < 0.0001. (F) Number of junctions per high power
field analysed in a tube formation assay in induced endothelial cells or fibroblasts. Data are means + SEM. ****P < 0.0001. (G) Nitric oxide concentra-
tion produced by induced endothelial cells or fibroblasts. Data are means + SEM. ****P < 0.0001. (H) Induced endothelial cells, fibroblasts or human
umbilical vein endothelial cells were suspended in Matrigel and injected subcutaneously into NSG mice. Blood perfusion of the plug was measured via
laser Doppler perfusion imaging (left image). The right image shows the injection sides of the plugs. (/) Blood perfusion of the subcutaneously injected
Matrigel plugs containing fibroblasts, induced endothelial cells, or human umbilical vein endothelial cells. Data are means + SEM. *¥¥*P < 0.0001.
(/) Immunofluorescence staining of an induced endothelial cell containing Matrigel plug for CD31. red = CD31; blue = DAPI. Scale bar =50 ym.
(K) Hematoxylin and eosin staining (H.E.) sections of explanted Matrigel plugs containing fibroblasts, induced endothelial cells, or human umbilical
vein endothelial cells analysed for vessels (arrowheads). scale bar = 30 pm. (L) Number of vessels per high power field in HE stained sections containing
fibroblasts, induced endothelial cells, or human umbilical vein endothelial cells. Data are means + SEM. *P < 0.05. Statistical comparisons between two
groups: Student’s t-test, multiple groups: one-way analysis of variance with Tukey post hoc analysis. HPF, high power field; HUVEC, human umbilical vein
endothelial cell; iEC, induced endothelial cell; NO, nitric oxide; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2.
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Figure 3 Shockwave therapy induces transdifferentiation in ischaemic myocardium and improves cardiac function. (A) To test whether we could induce
transdifferentiation of cardiac fibroblasts within a myocardial scar towards endothelial cells, we created a transgenic mouse model of Fsp1-Cre/LacZ mice and
performed a lineage tracing experiment after ligation of the left anterior descending and shockwave therapy. (B) Left ventricular fibrosis assessed via Masson
trichrome staining after left anterior descending ligation with (shockwave therapy) or without shockwave therapy (control). Scale bar=1 mm.
(C) Quantification of left ventricular fibrosis after left anterior descending ligation with (shockwave therapy) or without shockwave therapy (control).
Data are means & SEM. *P < 0.05. (D) M-mode images after left anterior descending ligation with (shockwave therapy) or without shockwave therapy (con-
trol). (E) Left ventricular ejection fraction after left anterior descending ligation with (shockwave therapy) or without shockwave therapy (control) (%). Data
are means + SEM. #¥P < 0.01. (F) Left ventricular end-diastolic diameter after left anterior descending ligation with (shockwave therapy) or without shock-
wave therapy (control) (mm). Data are means + SEM. ¥*P < 0.01 (G) Cardiac output after left anterior descending ligation with (shockwave therapy) or
without shockwave therapy (control) (mL/min). Data are means + SEM. (H) Immunofluorescence staining of Fsp1-Cre/LacZ mice after left anterior des-
cending ligation with (shockwave therapy) or without shockwave therapy (control). red = CD31; green = LacZ. blue = DAPI. (I) Number of LacZ/
CD31-positive cells after left anterior descending ligation with (shockwave therapy) or without shockwave therapy (control). Data are means + SEM.
FHxKP < 0.0001. Statistical comparisons between two groups: Student’s t-test, multiple groups: one-way analysis of variance with Tukey post hoc analysis.
CTRL, control; HPF, high power field; LV, left ventricular; LVEDD, left ventricular end-diastolic diameter; SWT, shockwave therapy.
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Figure 4 Shockwave-treated hearts show larger endothelial-like fibroblast subcluster after myocardial infarction. (A) Uniform manifold approxima-
tion and projection plot showing all sequenced nuclei from all samples from different time points (control Day 1, control Day 14, shockwave (SWT)
therapy Day 1, and shockwave therapy Day 14). (B) Uniform manifold approximation and projection plot showing fibroblast subclustering, revealing 10
fibroblast subclusters (Leiden clustering, resolution 0.5). (C) Gene expression of endothelial and fibroblast marker genes in the different fibroblast clus-
ters shown in B. (D) Bar plots showing the relative fibroblast cell fraction of fibroblast Subcluster 8 at different time points. (E) Gene ontology analysis of
differential expressed genes in fibroblast Cluster 8 at 14 days after shockwave therapy vs. control. (F) Partition-based graph abstraction showing cluster
dynamics among fibroblast subclusters. Edges represent cluster connectivities; threshold: 0.1). CTRL, control; SWT, shockwave therapy; TLR, Toll-like
receptor; UMAP, uniform manifold approximation and projection; VEGF, vascular endothelial growth factor.

TLR3 activation via Poly(I:C) decreased the transcription of the histone
modification enzyme histone deacetylase 1 (HDAC1) (see
Supplementary material online, Figure S5A). Moreover, SWT induced up-
regulation of PR-domain-containing transcriptional regulator 14
(PRDM14), a key regulator in epigenetic reprogramming via a
TLR3-IL-6-STAT3 axis resulting in increased levels of global trimethylation

of H3K4me3 (see Supplementary material online, Figures S5B—D and S6A—
0).28% This specific histone modification facilitates active gene transcrip-
tion displaying a crucial step in cellular reprogramming.30 Specific
inhibition of this pathway abolished the expression of PRDM14 upon
SWT (see Supplementary material online, Figures S5E and SéB).
However, to analyse whether SWT indeed enhances chromatin
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Figure 5 Shockwave therapy induces epigenetic reprogramming. (A) Volcano plot displaying open chromatin loci as determined by Assay for
Transposase-Accessible Chromatin sequencing. Shockwave therapy and Polyl:C induced up-regulation of chromatin accessibility. Average signal is dis-
played as log2 fold change (non-adjusted P < 0.05). (B) Gene ontology analysis of differentially accessible genomic regions upon treatment (P < 0.05).
(C) Shockwave therapy and Polyl:C induced chromatin opening in the same manner. Statistically strong regulated genes are visualized as heatmap, re-
vealing more accessible genes responsible for epigenetic regulation and angiogenesis (P < 0.01). CTRL, control; SWT, shockwave therapy.

accessibility, we performed global epigenetic profiling of open chromatin
via an Assay for Transposase-Accessible Chromatin coupled to high-
throughput sequencing (ATAC-Seq) as described previously.® For this
purpose, we treated human cardiac fibroblasts with SWT or Poly(l:C),
respectively. Shockwave therapy and Poly(l:C) induced significant
changes in chromatin organization, with chromatin being more accessible
after both treatments. Notably, both treatments showed effects in the
same direction on the chromatin landscape and led exclusively to
more accessible gene loci in 1705 genomic regions (Figure 5A). Gene
ontology revealed genomic regions with enhanced accessibility respon-
sible for transcription factor complexing, developmental processes, and
angiogenesis (Figure 5B; Supplementary material online, Figure S7). We
further analysed genomicloci with epigenetic changes of even stronger

statistical significance (P < 0.01), which revealed genes involved in epigen-
etic and transcriptional regulation (Figure 5C). These data indicate that
SWT and activation of TLR3 increase DNA accessibility. VWe compared
the genetic landscape with published ATAC data sets and observed no
significant group differences (see Supplementary material online,
Figure S8). However, this may be attributed to the timing of the analysis,
conducted 24 h post-therapy.

Discussion

The salient finding in this study is that mechanical stimulation by SWT
facilitates transdifferentiation of cardiac fibroblasts to endothelial cells.


http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeaf011#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeaf011#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeaf011#supplementary-data

12

M. Graber et al.

By activating the TLR3 pathway, SWT increases DNA accessibility in
cultured fibroblasts, which facilitates their transdifferentiation to iECs un-
der the influence of endothelial growth factors in the medium. These
iECs manifested fidelity to an endothelial lineage as shown by immunohis-
tochemical and functional assays in vitro and in vivo. Notably, in a murine
model of myocardial ischaemia, SWT increases capillary density, reduces
scar area in the myocardium, and improves ventricular function.

Accumulating data indicates that changes in cell fate require two ele-
ments: (i) transcriptional direction, typically provided by transcriptional
factors regulating cell lineage, and (ii) DNA accessibility. The most com-
mon approach to experimentally altering cell fate is to expose the cells
to viral vectors encoding lineage determination factors for the desired
cell type. We have shown that viral vectors induce DNA accessibility by
activating inflammatory signalling. For example, the Yamanaka approach
to generating induced pluripotent stem cells employed a retroviral
vector encoding Oct4, Sox2, KLF4, and cMyc (OSKM). We discovered
that the Yamanaka factors alone were insufficient for nuclear repro-
gramming, as cell-permeant peptides of OSKM did not induce pluripo-
tency effectively. However, when an irrelevant retroviral vector was
added to the cell permeant factors, appropriate activation of pluripo-
tency genes was observed.® Genetic or pharmacological suppression
of TLR3 or RIG1 signalling (which are activated by the viral vector) ab-
rogated nuclear reprogramming to pluripotency.‘("31 Thus, inflamma-
tory signalling (such as that induced by a viral vector) causes global
changes in the expression and activity of epigenetic modifiers to in-
crease DNA accessibility, in a process we term ‘transflammation’.*

During transflammation, members of the histone acetyltransferase
family are up-regulated, whereas members of the histone deacetylase
family are down-regulated.® This change in the balance of epigenetic
modifiers promotes histone acetylation, which favours an open chro-
matin state. Furthermore, inducible NO synthesis is up-regulated by in-
flammatory signalling, translocates to the nucleus, and S-nitrosylates the
polycomb repressive complex 1, as well as the NURD complex, remov-
ing their suppressive influence on the chromatin.***? Finally, inflamma-
tory signalling causes a glycolytic shift with mitochondrial export of
citrate to the nucleus, providing the substrate for histone acetylation.34
These same inflammatory signalling processes are also required for
transdifferentiation of a somatic cell into another lineage.

We showed previously that SWT activates TLR3 via the release of
extracellular RNA—possibly packaged in extracellular vesicles>—and in-
duces angiogenesis and vasculogenesis in ischaemic limbs and hearts.* Of
note, cardiac SWT has already been translated into a clinical setting. The
CAST-HF trial (Safety and Efficacy of direct Cardiac Shockwave Therapy
in patients with ischaemic cardiomyopathy undergoing coronary artery by-
pass grafting, ClinicalTrials.gov identifier: NCT03859466, cast-trial.com) isa
randomized controlled, single-blind monocentric study." Patients with re-
duced left ventricular ejection fraction (<40%) undergoing coronary artery
bypass graft (CABG) surgery were randomized in a 1:1 ratio to receive car-
diac SWT (intervention group) or sham treatment (control group). The
CAST HF trial showed a significant improvement in left ventricular function,
exercise capacity, and quality of life in treated patients.

Our current work shows a molecular mechanism underlying the
beneficial effects of SWT. Shockwaves induced TLR3-dependent trans-
differentiation of fibroblasts into iECs. The iECs manifested character-
istic features of authentic endothelial cells, including the ability to
generate NO and to form tube-like structures. In the in vivo Matrigel
plug assay, inclusion of iECs resulted in greater vascular density within
the plug and improved perfusion (in comparison with inclusion of fibro-
blasts). Whether the identified vessels within the plug were formed by
the iECs themselves or due to paracrine effects of the injected iECs re-
mains to be elucidated in future experiments. The extent to which the
iECs resemble native endothelial cells at the transcriptional level re-
mains unclear. However, we conducted an extensive characterization
of the iECs, incorporating analyses of gene expression, protein expres-
sion, and functional properties. These assessments unequivocally

demonstrated the angiogenic potential and functional equivalence of
iECs to conventional endothelial cells. Based on our data, iECs are
best characterized as endothelial-like cells. However, the distinction
from true endothelial cells is likely of limited relevance given their de-
monstrated functional properties.

To confirm that SWT induces transdifferentiation in vivo, we performed
a lineage tracing experiment. For this purpose, we used a LAD ligation
model in transgenic Fsp1-Cre/LacZ mice. The ideal marker for cardiac fi-
broblasts remains controversial.>>3¢ Nevertheless, we performed a lin-
eage tracing experiment using Fsp1-Cre/LacZ mice.>”*® In this model,
we found higher numbers of iECs after SWT of the ischaemic myocar-
dium. These findings were associated with a decreased area of myocardial
fibrosis and improved left ventricular function. Hence, we could show for
the first time the induction of cellular reprogramming in vivo with a thera-
peutic method already in clinical use. While in vitro transdifferentiation is
facilitated by growth factors supplied by the induction medium, transcrip-
tional direction in vivo is provided by the pro-angiogenic microenviron-
ment, driven by hypoxia, infllmmation, and the release of growth
factors and cytokines from ischaemic tissue.>* Shockwave therapy further
contributes by releasing growth factors stored in the extracellular matrix
and promoting the release of angiogenic extracellular vesicles, with endo-
thelial cells likely being the primary contributors, although the precise cel-
lular source remains uncertain®>*® However, the higher in vivo
transdifferentiation (~4% vs. 1% in vitro) reflects the supportive micro-
environment, suggesting SW-induced transdifferentiation complements
VEGF-driven angiogenesis. While a reduction in pro-fibrotic pathways
was observed, no antiproliferative effects were detected in fibroblasts.
Shockwave therapy predominantly reduces infarct size and fibrosis by en-
hancing capillary density and oxygenation in the border zone, improving
perfusion and myocardial salvage. Still, an additional analysis using an alter-
native lineage tracing model may be necessary to further validate the ef-
fectiveness of in vivo transdifferentiation.

The mouse model used has some limitations because it mainly repre-
sents chronic ischaemic heart disease. In the CAST-HF trial, SWT was
given after CABG, once blood flow to the heart was restored, which
may have boosted its effects. While patients have conditions like ath-
erosclerosis and microvascular dysfunction that are not present in
mice, the chronic ischaemia model after LAD ligation is still a valuable
model to investigate angiogenesis in ischaemic myocardium.

Upon TLR3 activation, NF-kB-dependent transcription of IL-6 med-
iates the inflammatory cascade resulting in cellular reprogramming.5##2
We observed that SWT induces histone modifications associated with
open chromatin. The ATAC-seq studies revealed enhanced chromatin
accessibility upon TLR3 activation by SWT. Hence, SWT induces chro-
matin remodelling and, thus, promotes cellular plasticity.

Altogether, we provide evidence for the induction of transdifferentia-
tion in ischaemic myocardium via SWT. Shockwave therapy could become
a feasible technology to promote therapeutic transdifferentiation provid-
inga novel approach to address the global burden of ischaemic heart failure.
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