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BACKGROUND: Spinal cord ischemia (SCI) remains a devastating complication after aortic dissection or repair. A primary hy-
poxic damage is followed by a secondary damage resulting in further cellular loss via apoptosis. Affected patients have a poor
prognosis and limited therapeutic options. Shock wave therapy (SWT) improves functional outcome, neuronal degeneration
and survival in murine spinal cord injury. In this first-in-human study we treated 5 patients with spinal cord ischemia with SWT
aiming to prove safety and feasibility.

METHODS AND RESULTS: Human neurons were subjected to ischemic injury with subsequent SWT. Reactive oxygen species and
cellular apoptosis were quantified using flow cytometry. Signaling of the antioxidative transcription factor NRF2 (nuclear factor
erythroid 2-related factor 2) and immune receptor Toll-like receptor 3 (TLR3) were analyzed. To assess whether SWT act via a
conserved mechanism, transgenic tir3~- zebrafish created via CRISPR/Cas9 were subjected to spinal cord injury. To translate
our findings into a clinical setting, 5 patients with SCI underwent SWT. Baseline analysis and follow-up (6 months) included
assessment of American Spinal Cord Injury Association (ASIA) impairment scale, evaluation of Spinal Cord Independence
Measure score and World Health Organization Quality of Life questionnaire. SWT reduced the number of reactive oxygen spe-
cies positive cells and apoptosis upon ischemia via induction of the antioxidative factor nuclear factor erythroid 2-related factor
2. Inhibition or deletion of tIr3 impaired axonal growth after spinal cord lesion in zebrafish, whereas t/r3 stimulation enhanced
spinal regeneration. In a first-in-human study, we treated 5 patients with SCI using SWT (mean age, 65.3years). Four patients
presented with acute aortic dissection (80%), 2 of them exhibited preoperative neurological symptoms (40%). Impairment
was ASIA A'in 1 patient (20%), ASIA B in 3 patients (60%), and ASIA D in 1 patient (20%) at baseline. At follow-up, 2 patients
were graded as ASIA A (40%) and 3 patients as ASIA B (60%). Spinal cord independence measure score showed significant
improvement. Examination of World Health Organization Quality of Life questionnaires revealed increased scores at follow-up.

CONCLUSIONS: SWT reduces oxidative damage upon SCI via immune receptor TLR3. The first-in-human application proved
safety and feasibility in patients with SCI. SWT could therefore become a powerful regenerative treatment option for this dev-
astating injury.
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CLINICAL PERSPECTIVE
What Is New?

The mechanical stimulus of shock wave therapy
is neuroprotective after ischemic injury of the
spinal cord.

e |tis at least partly mediated via mitigation of oxi-
dative damage via the crucial transcription fac-
tor nuclear factor erythroid 2-related factor 2 and
depends on innate immune receptor Toll-like re-
ceptor 3.

e A first-in-human application showed safety and
feasibility of shock wave therapy in patients with
spinal cord ischemia.

What Are the Clinical Implications?

e This new treatment option might constitute a
potent novel therapeutic approach to alleviate
oxidative damage; reduce secondary neuronal
damage; and thus, preserve spinal cord tis-
sue and function in patients with spinal cord
ischemia.

Nonstandard Abbreviations and Acronyms

ASIA American Spinal Cord Injury
Association

IRI ischemia reperfusion injury

NRF2 nuclear factor erythroid 2-related factor
2

SCI spinal cord ischemia

SCIM Spinal Cord Independence Measure

SWT shock wave therapy

TLR3 Toll-like receptor 3

WHOQOL World Health Organization Quality of
Life

aortic disease in the United States.' Dilatation of

the aorta with subsequent thinning of the aortic
wall due to genetic predisposition and/or predisposing
risk factors including hypertension or smoking can re-
sult in aortic dissection or rupture.? Currently, surgical
replacement of the dilated aorta or endovascular repair
is performed to avoid dissection or rupture. Paraplegia
attributable to spinal cord ischemia (SCI) remains a dev-
astating complication after spinal malperfusion because
of dissection, surgery, or intervention without any ef-
fective treatment option.2 Spinal blood supply is mainly
provided by (1) the anterior spinal artery and a pair of
posterior spinal arteries all of which are arising from the

Approximately 50000 patients per year die from
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vertebral artery, and (2) paired intercostal and lumbar
segmental arteries originating from the aorta itself, and
(3) paraspinal collateral network. Depending on the type
and location of the aneurysm or dissection, SCI was re-
ported in 15% of Type I, 31% of Type II, 7% of Type I,
and 4% of Type IV aneurysms according to the Crawford
classification in early reports.* Over the last decades,
improved surgical techniques and implication of preop-
erative preventive strategies to reduce the occurrence of
SCI and to improve results have been established.® Left
heart bypass with moderate or deep hypothermiais pre-
ferred over circulatory arrest, and reimplantation of seg-
mental arteries (with special regard to the Adamkiewicz
artery) is performed.®” However, the success of re-
implantation of segmental arteries is not well proven.
Near-infrared spectroscopy is used to detect potential
ischemia at early stage.®® Cerebrospinal fluid drainage
to prevent spinal compartment syndrome upon ischemia
has proven useful.'’® Moreover, the concept of ischemic
preconditioning of the spinal cord via minimally inva-
sive artery embolization has shown promising results."
Altogether, the implication of all the described periopera-
tive efforts has markedly decreased the incidence of SCI
to 3.3% for Type |, 6.3% for Type II, 2.6% for Type Ill and
1.4% for Type IV aneurysms.'?

The complexity of aortic repair, existence of acute
aortic dissection, and the degree of urgency represent
independent risk factors for the occurrence of SCI."2
In the largest available case series of 116 patients with
SCl, the outcome of affected patients was still devas-
tating: 23% of the patients had died after 3years and
42% required a wheelchair. Neurological impairment at
nadir was the most significant predictor for prognosis.'®

Malperfusion of the spinal cord attributable to sud-
den disruption of blood supply during dissection, sur-
gery or intervention results in necrotic and apoptotic
cell death of neurons and glial cells. Release of cyto-
plasmic content further initiates inflammatory response
and the release of proinflammatory cytokines.' Thus,
adjacent resident astrocytes and pericytes are acti-
vated further promoting infiltration of immune cells and
fibroblasts resulting in glial scar formation at the site
of damage.'*'® This secondary damage caused by the
excitotoxic effects of inflammatory mediators results in
further cellular loss via apoptosis hours to days after
the primary ischemic event being responsible for the
occurrence of ‘delayed-paraplegia’’' Mitigation of
apoptosis and thus, secondary spinal cord damage
results in decreased lesion size and improved neuronal
outcome in animal models preventing from the onset of
delayed-paraplegia.'®

Numerous strategies to regenerate spinal cord
tissue have been investigated extensively including
stem cell treatment,”” enhancing myelination, limit-
ing secondary damage, functional reorganization of
spinal circuits,”® inhibition of growth inhibitors (eg,
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neurite outgrowth inhibition protein'® or chondritin
sulfate proteoglycans?®?), influencing astrocytic scar?!
and delivery of axonal growth factors.?? Despite en-
couraging first results, none of the methods is yet
available in routine clinical application. Thus, there is
an urgent clinical need to alleviate the burden of SCI
for affected patients to improve symptoms, quality of
life, and outcomes.

Similar to neurons, cardiomyocytes are postmitotic
cells with very limited regenerative capacity. Our group
showed the efficacy of shock wave therapy (SWT) for
the regeneration of ischemic myocardium via induction
of angiogenesis?® and inhibition of apoptosis via acti-
vation of mitogen-activated p42/44 extracellular-signal
regulated kinase (ERK)1/2 and Akt/protein kinase B.?
Treatment reduced dysfunctional scar tissue and even
improved cardiac function via activation of innate im-
mune receptor Toll-like receptor 3 (TLR3).2>6 A pilot
trial extending the indication of SWT proved efficacy in
a murine model of SCI, improving functional outcome,
neuronal degeneration and even survival.?” Following
up on this study, we found striking effects of SWT on
spinal cord regeneration even in traumatic spinal cord
injury in a mouse model.’®

In this project, we aimed to translate our promising
preclinical results to achieve a clinical perspective to
patients suffering from SCI. In this first-in-human study
we treated 5 patients suffering from SCI because of
aortic dissection or surgery with SWT aiming to reduce
secondary spinal damage upon ischemia and prove
safety and feasibility of the new treatment option.

METHODS

Data Availability

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Cell Culture and Experimental Protocols

SH-SY5Y cells (ATCC) were cultivated and main-
tained in DMEM (ThermoFisher, Waltham, MA) with
4.5g/L glucose with 10% FCS (Sigma-Aldrich, St.
Louis, MO) and 1% penicillin/streptomycin solution
(Sigma-Aldrich, St Louis, MO). SWT was performed in
a specifically designed water bath as described previ-
ously.?® For inhibition of TLR3, a commercially available
TLR3/dsRNA complex inhibitor (Merck, Darmstadt,
Germany) was used at a concentration of 10ug/mL.
Activation of TLR3 was induced using TLR3 agonist
Polyinosinic:polycytidylic acid (Poly(l:C); Invivogen, San
Diego, CA) at a concentration of 10ug/mL. Oxygen/
glucose deprivation was performed as described pre-
viously.?® Briefly, SH-SY5Y cells were pretreated with
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either Poly(l:C) or SWT. Subsequently, media was ex-
changed to glucose-free DMEM, preconditioned in an-
oxia to minimize dissolved oxygen levels. Cells were
further placed in an anaerobic chamber to produce
oxygen deprivation. Upon 4hours, media were again
exchanged towards standard cell culture medium and
cells were maintained under normoxic conditions for
24 hours.

RNA Extraction and RT-PCR

Total RNA was extracted by using a Monarch Total
RNA Miniprep Kit (New England Biolabs, Ipswich,
MA) according to manufacturer’s instructions. Integrity
of RNA was assessed by using a NanoDrop 2000c
spectrophotometer and RT-PCR was performed with
ABI PRISM 7500 Sequence Detection System (Applied
Biosystems, Foster City, CA). Specific gene expres-
sion was expressed as 2-2°T formula by normalizing
to the housekeeping gene GAPDH. Following primer
sequences were used:

NRF2 fwd 5-TCCACAGCTCATCATGATGGAC
rev 5-TACTCTTTCCGTCGCTGACTG

HO-1 fwd 5-TTTCAGAAGGGCCAGGTGAC
rev 5-TTGTTGCGCTCAATCTCCTC

Western Blot

Total protein from celllysates were extracted by a subcel-
lular protein fractionation kit (ThermoFisher, Waltham,
MA) according to manufacturer’s instructions. Protein
was separated with 10% SDS-polyacrylamide gels and
transferred to nitrocellulose membranes. Upon block-
ing with 5% BSA in 0.1% Tween/TBS, membranes
were incubated with primary antibodies.
Following antibodies were used:

NRF2 Cell Signaling, Danvers, MA; #12721
3-actin Sigma-Aldrich, St. Louis, MO;
Clone:AC-15

Immunofluorescence Staining

Cells were fixed in ice-cold 100% methanol for 5min-
utes and washed with PBS. Cells were further blocked
with 10% goat serum in PBS for 30minutes and
then incubated with anti-NRF2 (nuclear factor eryth-
roid 2-related factor 2) antibody (Abcam, Cambridge,
UK; ab31163) for 1 hour at a dilution of 1:100 in 2%
BSA/PBS. Upon careful washing with PBS, cells
were incubated in the dark with secondary antibody
(AlexaFluor488, MolecularProbes, Eugene, OR) for 30
minutes. Counterstaining was performed with DAPI
and cells were imaged with a LSM980 confocal micro-
scope (Zeiss, Jena, Germany).
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Annexin V/7-Aminoactinomycin D

To assess necrotic and apoptotic cell death upon
oxygen/glucose deprivation, we performed Annexin
V/ 7-aminoactinomycin D staining as described pre-
viously.3° Briefly, collected cells were washed with
Annexin V binding buffer and incubated with FITC-
conjugated Annexin V (MolecularProbes, Eugene, OR)
for 15minutes at a concentration of 2.5ug/mL. Upon
washing in Annexin V binding buffer, cells were incu-
bated with 7-aminoactinomycin D at a concentration
of 2ug/mL for another 15minutes. Analysis was per-
formed by flow cytometry with a FACSCalibur device
(BD biosciences, Franklin Lakes, NJ).

ROS Detection

To assess oxidative stress, reactive oxygen species
(ROS) were detected by 2,7’ —dichlorofluorescin diac-
etate (H2DCFDA, Abcam, Cambridge, UK). Collected
cells were incubated with H2DCFDA for 30 minutes
and immediately thereafter analyzed by flow cytometry.

Zebrafish Model

To generate a tr3~~ zebrafish line, synthetic guide
RNAs (sgRNA) were designed to target Exon 2 and
Exon 4 of tIr3, using the tool chopchop. Melanocyte
inducing transcription factor A wild-type embryos were
co-injected with the 2 sgRNAs (5ng/ul) and 40ng/uL
Cas9 mRNA. Adult GO-fish were in-crossed to iden-
tify carriers of the modification. tIr3*~ Fl1-fish were
in-crossed, to yield tIr3~'- F2-fish. Genotyping was per-
formed on polymerase chain reaction products span-
ning Exon 2 and Exon 4.
Following sgRNA and primers were used:

5-GCACTACAAATGCACGCAAG
5-CACACCAAACGTAGCCCTTT
5-TGGGTTTTCAGGTAATGTCGG
5-CACTGGATGTATCTCACACC
5-ACTTGTTGATGCCCATGCCC

Genotyping (forward)

Genotyping (reverse 1)

Genotyping (reverse 2)
sgRNA (exon 2)
sgRNA (exon 4)

For induction of spinal cord injury, 4-day old (4 dpf)
embryos of wild-type and in-crossed tIr3~"~ fish were
used. Therefore, a traumatic lesion was induced to the
spinal cord above the anal pore as described previ-
ously.’™ Embryos were left to regenerate in E3-medium
with respective additives (0.1% DMSO, 100ug/
mL Poly(l:C) or 5ug/mL TLR3 complex inhibitor) for
24 hours. To assess spinal cord regeneration, whole-
mount immunolabeling of embryos with acetylated
Tubulin (Sigma-Aldrich, St.Louis, MO) and glial fibrillary
acidic protein (ThermoFisher, Waltham, MA) at a con-
centration of 1:1000 was performed, and fish were im-
aged with confocal microscopy using a LSM 5 Exciter
microscope (Zeiss, Jena, Germany).
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Confocal Image Analyses

Analysis of fish spinal cord injuries was performed as
described previously."” Briefly, immunostaining was
imaged with a Zeiss LSM Exciter 5 using a 40x/0.80W
ACHROPLAN objective (Carl Zeiss, Oberkochen,
Germany). Lesion sites were documented as confocal
image stacks using standardized settings. To evaluate
neuronal volume, acetylated tubulin signals at the le-
sion site were quantified using the Imaged Plugin “color
pixel counter”. In a first step signal intensities were nor-
malized to motoaxon signals (spinal cord exit points)
to compensate for experiment to experiment varia-
tion. Next a 313x215px region of interest containing
the lesion site and spanning the entire spinal cord was
selected to determine number of voxels with signal in-
tensities above 8% of maximum intensity.

Statistical Analysis

All results are expressed as mean+SEM. Statistical
analysis was performed using GraphPad Prism 8
(GraphPad Software, La Jolla, CA, USA). Statistical
significance between multiple groups was calculated
using Kruskal-Wallis test or 1-way ANOVA. Statistical
comparisons between 2 groups were performed by
Student - or Mann-Whitney U test as appropriate.
P<0.05 was considered as statistically significant. Al
analyses were exploratory in nature.

Patient Treatment and Data

Off-label use of SWT in ischemic spinal cord injury was
approved by the institutional ethical board. Patients
were included upon the clinical diagnosis of spinal
cord ischemia confirmed via neurologic assessment
and spinal magnetic resonance imaging (MRI). Patients
were informed about the option of an off-label use of
SWT and informed consent was obtained. The clini-
cal application was approved by an institutional review
committee.

Baseline analysis before treatment included as-
sessment of the patient’s American Spinal Cord Injury
Association (ASIA) impairment scale (performed by a
neurologist), evaluation of Spinal Cord Independence
Measure (SCIM) score, and the World Health
Organization Quality of Life (WHOQOL) questionnaire.
Patients were treated thereafter with spinal SWT once
a week for 6 consecutive weeks. Therapy was applied
at the height of lesion including 5 cranial and 5 distal
segments. End point analysis was performed 6 months
after the first therapy including MRI scan, ASIA scale,
SCIM score, and WHOQOL questionnaire.

SWT was performed with a commercially avail-
able extracorporeal shock wave device (Flashwave,
Konstanz, Germany) once a week for 6weeks.
Treatments included each time 1000 impulses on both
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paravertebral sites, covering 5 segments above and
below the determined level of injury. Neurological level
of injury was assessed via MRI as well as by physical
examination by a neurologist according to the ASIA-
scoring system. Subjective percepts of the partici-
pants on their independence and quality of life were
assessed by obtaining the SCIM-Score as well as the
WHOQOL-questionnaire.

RESULTS

SWT Reduces Oxidative Damage and
Neuronal Apoptosis via NRF2

In a first series of experiments, we aimed to deter-
mine whether SWT protects from neuronal cell death
upon ischemia/reperfusion injury (IRI). ROS are generated
during IRl and are able to initiate apoptosis upon IRI.3" We
subjected a human neuroblastoma cell line (SH-SY5Y) to
ischemic injury and treated the cells with SWT. Treatment
reduced the number of ROS positive cells (oxygen/glu-
cose deprivation 2.308+0.93 versus SWT 1.681+0.5376;
P=0.0035; n=4) (Figure 1A) and resulted in a significant
reduction of apoptotic cells upon IRI (Control 2.274+2.498
versus oxygen/glucose deprivation 8.884+4.686 versus
SWT 5.022+3.026; P=0.0003; n=12-16) (Figure 1B). SWT
activates innate immune receptor TLR3,'%%° and TLR3 in-
duces the antioxidative transcription factor NRF2, protect-
ing against oxidative damage.®?3 Thus, we presumed that
a TLR3-dependent induction of NRF2 might be responsi-
ble for the neuroprotective effect upon IRI. Both the TLR3
agonist Poly(l:C) and SWT induced expression of NRF2
protein (Control 9.650+5.478 versus Poly(:C) 39.45+18.48
versus SWT 49.03+19.61 versus SWT + Inhibitor
17.94+6.821; F (3, 16)=8.364; P=0.0014; n=5) (Figure 1C
and 1D) and mRNA levels (Control 1+0.1385 versus
Poly(:C) 1.841+0.1973 versus SWT 1.671+0.7202 versus
SWT + Inhibitor 1.386+0.1312; F (3, 19)=5.208; P=0.0086;
n=5-6) (Figure 1E), whereas inhibition of TLR3 before
SWT abolished the upregulation of the transcription factor.
The cytoplasmatic transcription factor NRF2 translocates
into the nucleus inducing the oxidative stress mitigating
factor HO-1 (heme oxygenase-1).34 Again, SWT induced
HO-1 in a TLR3-dependent manner (Control 1+0.3180
versus Poly(l:C) 1.801+£0.1970 versus SWT 1.752+0.5315
versus SWT + Inhibitor 1.245+0.05788; F (3, 17)=6.784;
P=0.0033; n=4-6) (Figure 1F). Moreover, both TLR3 ag-
onists Poly(l:C) and SWT induced NRF2 upon IRl in vitro,
indicating its crucial role in the reduction of oxidative dam-
age upon SWT (Figure 1G).

Zebrafish Regenerate Spinal Cord Injury
via TLR3

Zebrafish show remarkable regenerative capaci-
ties of spinal cord injuries being able to induce axonal
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growth and full restoration of spinal function and are
therefore studied frequently to elucidate conserved
spinal regeneration mechanisms.'®3%3¢ To analyze
whether SWT operates via a conserved mechanism
of spinal regeneration, zebrafish were subjected
to spinal cord injury followed by treatment with a
TLR3 inhibitor or a TLR3 agonist. Stimulation of
TLRS3 resulted in improved spinal cord regeneration,
whereas treatment with a TLR3 inhibitor impaired
axonal growth (DMSO 54401+7879 (n=11) versus
Poly(l:.C) 58967+3494 (n=8) versus TLR3-inhibitor
472345760 (n=10); F (2, 26)=8.253; P=0.0017)
(Figure 2A). To further confirm these results, we cre-
ated transgenic tIr3 knockout fish using CRISPR/
Cas9 and repeated the experiment (Figure 2B). In
line with our previous results, tir3~~ fish showed
decreased neuron volume within the lesion com-
pared with wild-type fish (wild-type 49583+6512
(n=13) versus tIr3~~ 36829+7184 (n=20); P<0.0001)
(Figure 2C). These findings support the hypothesis
that TLR3-mediated spinal cord regeneration rep-
resents an evolutionary conserved mechanism.

First-in-Human Application: SWT in
Patients With SCI

To translate our previous findings into a clinical setting,
we obtained ethical approval from the institutional eth-
ics board and treated 5 patients suffering from spinal
cord ischemia after aortic surgery with SWT. Mean age
was 65.3years, and there were 4 male (80%) and 1
female patients (20%). All patients had a history of hy-
pertension, 3 patients had a history of smoking (60%),
and 3 patients were suffering from diabetes (60%). Two
patients had a diagnosed underlying aortic pathology
(40%). Four patients presented with acute aortic dis-
section (80%), 2 of them exhibited preoperative neu-
rological symptoms (40%). Mean cardiopulmonary
bypass time was 68.8 minutes (68.8+70.9), mean X-
clamp time was 146.8 minutes (146.8+91.2) with mean
brain perfusion of 19.4minutes (19.4+19.0) (Table 1).
The initial ischemic spinal cord lesion was at the level
of C8 (1 patient), T6 (1 patient), or T12 (3 patients)
(Figure 3A). Patients were included upon the clinical
diagnosis of spinal cord ischemia confirmed via neuro-
logical examination and spinal MRI. Baseline analysis
before treatment included assessment of the patient’s
ASIA impairment scale (performed by a neurologist),
evaluation of SCIM and the WHOQOL questionnaire.
Patients were treated thereafter with spinal SWT once
a week for 6 consecutive weeks (Figure 3B). Therapy
was applied at the height of lesion including 5 cranial
and 5 distal segments (Figure 3C). End point analysis
was performed 6 months after the first therapy includ-
ing MRI scan, ASIA scale, SCIM score, and WHOQOL
questionnaire.
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Figure 1. Shock wave therapy (SWT) reduces oxidative damage and neuronal apoptosis via NRF2.

A, SH-SY5Y cells underwent oxygen/glucose deprivation for 4hours. After 24 hours of reoxygenation, the amount of reactive
oxygen species was detected by H2DCFDA via FACS analysis. Shock wave—-treated cells showed reduced oxidative stress. Data
are means+SEM. #P<0.05. n=4. B, FACS analysis of Annexin V/PI staining to determine apoptotic and necrotic cell death upon
oxygen/glucose deprivation. Shock wave-treated cells showed greater survival in this setting. Data are means+SEM. *P<0.05;
****P<0.0001. n=16 (Control), n=15 (OGD), n=12 (OGD + SWT). C, Immunofluorescence staining revealed an increased number
of NRF2 positive SH-SY5Y cells after treatment with shock waves or Toll-like receptor 3 agonist Poly(l:C). Addition of a Toll-
like receptor 3 inhibitor abolished shock wave-mediated NRF2 expression. Scale bar: 100 um. Data are means+SEM. *P<0.05;
**P<0.01. n=5. D, Immunoblot analysis of NRF2 protein expression upon treatment with shock waves and Poly(l:C). Inhibition of
TLR3 prevented NRF2-expression upon SWT. E and F, Quantitative polymerase chain reaction analysis revealed increased gene
expression levels of NRF2 and its downstream target HO-1 (heme oxygenase-1) upon SWT and treatment with TLR3 agonist
Poly(l:C). Data are means+SEM. *P<0.05; **P<0.01. n=6. G, SH-SY5Y cells undergoing oxygen/glucose deprivation showed
increased protein expression of antioxidative NRF2 when pretreated with shock waves or Poly(l:C). Statistical comparison by
ranks: Kruskal-Wallis test (A). Statistical comparisons between multiple groups: 1-way ANOVA with Tukey post hoc analysis (B,
C, E, F). OGD indicates oxygen/glucose deprivation; and SWT, shock wave therapy.
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Figure 2. Zebrafish regenerate spinal cord injury via Toll-like receptor 3 (TLR3).

A, Zebrafish larvae (4dpf) underwent traumatic spinal cord injury. After 24 hours, regeneration of spinal cord was assessed via
immunofluorescence staining of acetylated Tubulin and glial fibrillary acidic protein. Inhibition of t/r3 prevents neuronal regeneration in
zebrafish upon spinal cord injury. Scale bar: 500 um (top); 50 um (bottom). Data are means+=SEM. *P<0.05; **P<0.01. n=11 (DMSO), n=8
(Poly(l:C)), n=10 (TLR3-Inhibitor). B, TLR3-deficient zebrafish were generated as illustrated using CRISPR/Cas9. C, Zebrafish lacking
t/r3 failed neuronal regeneration upon spinal cord injury. Data are means+SEM. ****P<0.0001 n=13 (wild-type), n=20(t/r3~-). Statistical
comparisons between multiple groups: 1-way ANOVA with Tukey post hoc analysis (A). Statistical comparisons between 2 groups:

Student t-test (B). acTUB, acetylated Tubulin; DMSO, dimethyl sulfoxide; GFAP, glial fibrillary acidic protein; TLR3, Toll-like receptor
3; and WT, wild-type.

SWT Is Safe and Feasible in Patients With D in 1 patient at baseline (20%) (Figure 4A). At fol-
SCI low-up, 2 patients were graded as ASIA A (40%) and

3 patients as ASIA C (60%) (Figure 4A). The neuro-
Severity of impairment was evaluated as ASIA A in 1 logical level of injury changed to level Th1 (1 patient),
patient (20%), ASIA B in 3 patients (60%), and ASIA  Thi11 (1 patient), Th12 (1 patient), and L1 (2 patients) at
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Table 1. Patient Characteristics

Parameter Value

Demographics

Mean (SD) age, y 63.3 (14.9)
Men, n (%) 4(80)

Previous aortic surgery, n (%) 2 (40)

Risk factors

Cerebrovascular family history, n (%)

Previous neurologic dysfunction, n (%)

Hypertension, n (%) (100)

Peripheral vascular disease, n (%)

Chronic heart disease, n (%)
Atrial fibrillation, n (%)

Hypercholesterolemia, n (%)

Smoking, n (%)
Diabetes, n (%)
COPD, n (%)

=
ke

=
k=)

Degenerative arotic pathology, n (%)

~
o

Connective tissue disease, n (%)

o|lo|= O O|lO|lO|O|U|O|O

Atherosclerosis, n (%)

Surgical characteristics
Urgent, n (%) 4 (80
Acute dissection, n (%) 4 (80
2 (40)
68.8 (70.9)
146.8 (91.2)
22.2 (21.7)
19.4 (19.0)

)
)

Peroperative neurolgical symptoms, n (%)

Mean (SD) cardiopulmonary bypass time, min

Mean (SD) crossclamp time, min

Mean (SD) deep hypothermic arrest, min

Mean (SD) brain perfusion, min

CSF drainage postoperatively, n (%) 0

COPD indicates chronic obstructive pulmonary disease; CSF, cerebro-
spinal fluid.

follow-up (Figure 4B). SCIM score showed significant
improvement in all aspects including self-care, respira-
tion, and sphincter management, mobility indoors and
outdoors, and mobility in room and toilet manifesting
in a higher total SCIM score (baseline 16.8+9.783 ver-
sus follow-up 45.2+12.74; P=0.0042; n=5) (Figure 4B
and C). Examination of the WHOQOL questionnaires
revealed increased scores in the environment (baseline
28.25+5.737 versus follow-up 30.40+4.827) and phys-
ical health at follow-up (baseline 15.25+1.893 versus
follow-up 20.60+6.148) (Figure 4D). No side effects of
the new treatment option have been observed.

DISCUSSION

Spinal cord blood supply is at risk in patients with aor-
tic dissection or in patients undergoing aortic repair.
Disruption of blood flow has devastating consequences
for affected patients with obscure prognosis.’® The
incidence of SCI after aortic surgery has decreased

J Am Heart Assoc. 2022;11:e026076. DOI: 10.1161/JAHA.122.026076
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over the last years, mainly because of improvement of
preoperative interventions designed to prevent spinal
cord damage.”” However, if SCI occurs postopera-
tively, therapeutic options to alleviate the burden of SCI
are still limited in spite of remarkable scientific efforts.®
During spinal cord ischemia, a primary hypoxic
damage with neuronal necrosis is followed by a sec-
ondary neuronal damage, caused by excitotoxic proin-
flammatory mediators released upon neuronal cell
loss.%” During this phase, reactive oxygen metabolites
are produced, causing apoptosis and further aggrava-
tion of the primary spinal cord damage.®® This second-
ary injury causes spreading of the lesion to uninjured
tissue further exacerbating functional impairment.3°
One strategy to improve outcome in SCI is to pre-
vent the secondary damage and thus, spare functional
spinal cord tissue from further injury.*® However, the
therapeutic window for this strategy is narrow, as sec-
ondary damage occurs within the first hours to days
after spinal cord ischemia.'” The postoperative diagno-
sis of SCl remains challenging, as some patients remain
intubated for a longer postoperative period because of
a complex postoperative course and thus, neurologi-
cal deficits sometimes only become apparent after the
therapeutic window has closed. Therefore, strategies
for the early diagnosis of spinal malperfusion like near-
infrared spectroscopy or serum levels of neuron spe-
cific enolase are crucial to further improve outcome of
patients with SCI.%4" In this study, patients were treated
as soon as SCl was confirmed. Earlier treatment (im-
mediately after the ischemic event) or maybe even pro-
phylactic treatment might even improve SWT effects.
In this study, we provide evidence for a neuropro-
tective effect of SWT from preclinical data and for the
first time translate this to a clinical safety and feasi-
bility examination. The mechanical stimulus of SWT
promotes angiogenesis in tissues containing postmi-
totic cell types including the heart and spinal cord.*
SWT enhances proliferation and angiogenesis via the
release of angiogenic factors including vascular en-
dothelial growth factor, fibroblast growth factor, and
placental growth factor and inhibits apoptosis via
phosphorylation of ERK and AKT.?* Moreover, specific
extracellular vesicles containing angiogenic cargo are
released upon the stimulus promoting tissue regener-
ation and functional improvement.?® These effects are
mainly mediated via the innate immune receptor TLR3
which is stimulated via extracellular RNA.?5 We show
in a recent article that wild-type animals with traumatic
spinal cord injury improved locomotor function upon
SWT, whereas TIr3~~ animals showed no improvement
upon therapy. Treatment caused reduction of scar size
and reduced numbers of degenerating neurons via
regulation of interleukin-6.'°
In this study, our purpose was to analyze potential ben-
eficial effects of SWT in ischemic spinal cord injury and to
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Figure 3. First-in-human application: shock wave therapy in patients with spinal cord ischemia.
A, Magnetic resonance imaging was used to confirm diagnosis of ischemic spinal cord injury. On the left,
sagittal T2-weighted turbo-spin echo sequences show a long-range cord hyperintensity involving the
midaspect of the thoracic cord reaching from thoracic vertebra 3 to the expanded conus medullaris. The
illustration shows the level of injury of each patient. Abnormal T2 hyperintense spots within the central
gray matter (“owl’s eye” pattern) are shown on the right side. n=5. B, The illustration shows the applied
study protocol. Upon consent of participation, neurological level of injury was assessed via magnetic
resonance imaging and physical examination by a neurologist using the Classification of the American
Spinal Cord Injury Association scale. Subjective condition of the patients was assessed via the Spinal
Cord Independence Measure and the World Health Organization Quality of Life questionnaire. Patients
were treated once a week for 6 weeks and end point analysis was done 6 months upon the last treatment.
C, Shock wave therapy included 5 segments above and below the defined level of injury. ASIA indicates
American Spinal Injury Association; MRI, magnetic resonance imaging; SCIM, Spinal Cord Independence
Measure; SWT, shock wave therapy; and WHOQOL, World Health Organization Quality of Life.

prove safety and feasibility of the clinical application. SWT
reduced the formation of ROS upon ischemia resulting
in decreased apoptosis via regulation of the antioxidative
transcription factor NRF2. Its TLR3-dependent upreg-
ulation induced transcription of HO-1 which mediates
protection of ischemic damage via oxidative cleavage of
heme groups.*® Oxidative stress represents a major hall-
mark in the pathophysiology of SCI; thus, its mitigation

J Am Heart Assoc. 2022;11:e026076. DOI: 10.1161/JAHA.122.026076

appears as an effective target to reduce secondary dam-
age and preserve spinal cord function.38

To substantiate the significance of the uncovered
mechanism, we created {(Ir3-deficient zebrafish via
CRISPR/Cas9. Fish were subjected to spinal cord injury
and axonal growth was assessed. Unlike mammals,
zebrafish are able to regenerate their spinal cords en-
tirely upon injury. In contrast to humans, zebrafish are
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Figure 4. Shock wave therapy is safe and feasible in patients with spinal cord ischemia.

A, Classification of neurological impairment according to the American Spinal Injury Association at baseline
and 6 months after therapy. B, Neurological levels of injury at baseline and 6 months after therapy. C, Radar
chart comparing baseline levels to follow-up levels in each category of the Spinal Cord Independence
Measure. D, Total scores of Spinal Cord Independence Measure at baseline and 6 months after therapy.
Data are means+SEM. **P<0.01. E, Radar chart showing the measurements of each category of the World
Health Organization Quality of Life questionnaire. F, Total scores of the World Health Organization Quality
of Life questionnaire at baseline and 6 months after therapy. Data are means+SEM. Statistical comparisons
between 2 groups: Student t-test (D). ASIA indicates American Spinal Injury Association; SCIM, Spinal Cord
Independence Measure; and WHOQOL, World Health Organization Quality of Life.

able to form bridges across injured spinal cord tissue In a previous study we found promising effects
via expression of connective tissue growth factor a.** of SWT in a murine model of spinal cord ischemia.
This results in complete restoration of morphology and Locomotor function was significantly preserved in
function making them an exciting organism to elucidate  treated animals and even resulted in improved sur-
conserved mechanisms of spinal cord regeneration. vival.?” These findings drove us to aspire rapid and
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efficient translation of our promising findings. To
prove efficacy of SWT on human spinal cord tissue,
we treated spinal slice cultures and found decreased
neuronal degeneration upon SWT."® To translate our
preclinical results even further, we treated in this first-
in-human study 5 patients with SCI attributable to aor-
tic dissection or surgery with SWT. SCI was diagnosed
by a neurologist, and we evaluated the extent of the
spinal cord injury via MRI and well-established func-
tional scores including ASIA scale and SCIM evalua-
tion. Neurologic scores were to some extent improved
6months after start of treatment.

Two studies have been published investigating long-
term outcome after spinal cord ischemia. Robertson et
al. have analyzed 115 patients with SCI with a mean
follow-up of 3years. They found that 23% of the pa-
tients had died at the last follow-up, 42% required a
wheelchair, and 54% catheterization.'® Older age, se-
verity of impairment at nadir and the presence of pe-
ripheral artery disease were independent risk factors
for mortality. Nedeltchev et al. followed up on 57 pa-
tients with spinal cord ischemia with a mean-follow-up
of 4.5years. While initially 30% of the patients showed
severe impairment (ASIA A and B), 28% moderate im-
pairment (ASIA C), and 42% mild impairment (ASIA D),
41% showed full walking ability, 30% could walk with
aids, 20% needed a wheelchair and 9 had died.*® In
the present cohort, there was no death in the follow-up
period. Initial impairment was severe in 80% (ASIA A
and B), and moderate in 20% (ASIA D). At follow-up, 2
patients were graded as ASIA A (40%) and 3 patients
as ASIA C (60%). It remains difficult to compare the
present patient cohort with the previously published
cohorts. The described studies were performed by
neurologists and included patients with neurological
etiology underlying spinal cord ischemia (eg, degener-
ative spine disease, cryptogenic, epidural anesthesia).
Our cohort included only patients with aortic pathol-
ogies. Initial impairment was markedly higher in our
group. Moreover, follow-up was limited to 6months in
the present study, whereas the described studies in-
cluded longer follow-ups.

SWT might also be a valuable tool to improve out-
comes in patients with traumatic spinal cord injuries.
SWT promotes spinal cord repair in a murine model
of spinal cord injury resulting in decreased lesion size
and improved motor function.”® The NEUROwave
(extracorporeal shock wave therapy [ESWT] in acute
traumatic complete [AIS A] and incomplete [AIS B-D]
cross-sectional lesions on motor and sensory func-
tion within six months after injury) trial is a prospective,
multicenter randomized controlled trial investigating
the effect of SWT on patients with acute traumatic
spinal cord injury.*® It is currently in its recruitment
phase and will validate a possible beneficial effect of
SWT in traumatic spinal cord injury. First experimental
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trials have applied SWT to the brain after infarction and
have reported a reduction of infarction volume with im-
provement of neurological function in rats.*’ First off-
label applications were even reported in patients with
Parkinson Disease.*® Future trials are needed to eluci-
date possible beneficial SWT effects on the brain.

Limitations

The findings of this study have to be handled with care,
as our study represents a very small series of a first-
in-human application proving safety and feasibility of a
novel therapeutic treatment modality rather than show-
ing efficacy. Patients with SCI represent a heterogene-
ous patient group, as the period of ischemia, the height
of the lesion, the extent of the lesion and the extent of
the repair differ markedly. In this first clinical application
patients were treated at relatively late time-points after
onset of their ischemic injury meaning that the early win-
dow of opportunity to prevent secondary apoptotic in-
jury had already been closed. The current clinical data
therefore stand for the feasibility of the new treatment
option and thereby raise the clear vision for further inves-
tigation in a prospective randomized-controlled setting.
Moreover, spinal cord injury in zebrafish was traumatic,
not ischemic.

Altogether, we provide evidence for neuroprotec-
tion upon ischemic injury after SWT, which is at least
partly mediated via mitigation of oxidative damage via
the crucial transcription factor NRF2 and depends on
innate immune receptor TLR3. Thereby, SWT stimulates
an evolutionary conserved mechanism of spinal cord
regeneration. In a first-in-human application we show
safety and feasibility of SWT. This new treatment option
might constitute a potent novel therapeutic approach
to alleviate oxidative damage, reduce secondary neu-
ronal damage and thus, preserve spinal cord tissue and
function.
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