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1 Introduction

Most parts from this thesis were published internationally (Sigle et al., Nat
Commun (2023)* and Sigle et al., Circ Res (2024)?).

Cardiac hypertrophy, characterized by an increase in heart size and mass, is a
complex pathological condition that leads to heart failure and cardiovascular
morbidity.2 Hypertrophy can be interpreted as a fundamental response of cardiac
cells to internal or external stress, such as hypertension, valvular heart disease,
cardiomyopathy, and myocardial infarction.* One of the key features of cardiac
hypertrophy is the so-called remodeling of the myocardium, which involves
alterations in the extracellular matrix (ECM) and cardiomyocyte structure.>®
These changes contribute to myocardial stiffening, impaired relaxation, and
contractile dysfunction, ultimately leading to a compromised cardiac function 1

known as heart failure.

In recent years, growing evidence has highlighted the critical role of extracellular
signaling molecules in the pathogenesis of cardiac hypertrophy, remodeling, and
heart failure. Among these molecules, cyclophilin A (CyPA), a highly conserved
immunophilin, has gained attention due to its contrary intracellular and
extracellular functions.” CyPA is a ubiquitous protein that is predominantly
located intracellularly, where it functions as a peptidyl-prolyl cis-trans isomerase,
facilitating protein folding and trafficking, as well as signaling and proliferation.®
However, recent studies have demonstrated that CyPA can also be secreted into
the extracellular milieu upon cell activation, hypoxia, or oxidative stress. Here, it
acts as a proinflammatory and profibrotic mediator via interaction with its receptor
EMMPRIN (extracellular matrix metalloproteinase inducer, CD147). Disrupting
intracellular activation of calcineurin and NFAT by administration of the CyPA-
binding drug cyclosporine A (CsA) has been extensively used in the past to block
cytokine gene transcription.%1° Although widely known for its immunosuppressive
potential the role of CsA is controversial. Side effects like increased susceptibility

to infections and cancer as well as enhanced cardiovascular risk diminish the



attractiveness of CsA as a viable drug for widespread clinical use. On the other
hand, targeting inflammation by antagonizing interleukin-1b or using colchizine
has been proposed to be a promising strategy to improve outcome in patients
with ischemic heart failure.'**> However, while interventional strategies and lipid-
lowering drugs have significantly reduced the burden of ischemic
cardiomyopathy, non-ischemic cardiomyopathy is still poorly understood in

comparison and treatment strategies correspondingly limited.

Remar kabl vy, recent studies have suggested
cardiovascular effects may be mainly attributable to extracellular rather than
intracellular CyPA.*3-15 While previous approaches have shown significant effects
on cardiac hypertrophy by global CyPA deficiency®, this project aimed to
specifically investigate the pathomechanistic aspects of secreted, extracellular
CyPA (eCyPA) and its contribution to myocardial stiffening and dysfunction in the
context of cardiac hypertrophy. We hypothesized that the secreted form of CyPA
could exert detrimental effects on cardiac function through its interactions with

the ECM and signaling pathways.

1.1 Clinical background 71 heart failure and current pharmacological

treatment strategies

Heart failure (HF) is the most common cardiovascular reason for hospital
admission in people older than 60 years of age.!” The disease describes a
progressive condition characterized by the heart's inability to pump blood
effectively, leading to a cascade of systemic effects that impair organ function
globally. The clinical syndrome is characterized by fatigue and dyspnea, induced
by ventricular dysfunction, often with signs of congestion'®, ultimately leading to

a reduced quality of life, high morbidity and mortality.

Depending on the left ventricular ejection fraction (EF), measured mainly by
echocardiography, heart failure is typically classified into heart failure with
preserved ejection fraction (HFpEF, EFC50%), heart failure with mildly reduced



ejection fraction (HFmrEF, EF 41-40%) and heart failure with reduced ejection
fraction (HFrEF, EFO40%).10

Heart failure can result from a wide range of etiologies. The most common cause
is coronary artery disease (CAD), resulting in impaired supply of the myocardium
with blood. Chronic hypertension is another major contributor, as it forces the
heart to chronically pump blood against elevated vascular resistance, leading to
left ventricular hypertrophy and subsequent heart failure. Valvular heart diseases,
such as aortic stenosis or mitral regurgitation, can also lead to heart failure by
disrupting normal blood flow through the heart, causing increased cardiac
workload and heart muscle dysfunction. In addition to structural heart conditions,
various cardiomyopathies, including dilated, hypertrophic, arrhythmogenic
cardiomyopathy can result in heart failure. Myocarditis and myocardial storage
diseases (e.g., cardiac amyloidosis) belong to the less frequent reasons of heart
failure.'” Moreover, non-cardiac conditions such as diabetes, obesity, and chronic
kidney disease significantly increase the risk of developing heart failure. These
comorbidities contribute to systemic inflammation, endothelial dysfunction, and

metabolic disturbances, all of which exacerbate the underlying cardiac pathology.

The pharmacological management of heart failure has evolved significantly over
the past few decades, with a focus on neurohormonal blockade as a cornerstone
of therapy.'®?° This approach is aimed at counteracting the maladaptive
neurohormonal activation that characterizes heart failure, particularly the renin-
angiotensin-aldosterone system (RAAS) and sympathetic nervous system. The
current standard of care for heart failure includes a combination of four key

pharmacological agents, often referred to as the "fantastic four" (Fig. 1)

1 Angiotensin-converting enzyme (ACE) inhibitors or Angiotensin Il receptor
blockers (ARBs) or Angiotensin receptor/neprilysin inhibitors (ARNI):
These medications reduce the production of angiotensin 1l (Ang 1), a
potent vasoconstrictor, and thereby lower blood pressure, reduce
afterload, and mitigate the progression of heart failure. Furthermore, these

drugs are assumed to reduce adverse cardiac remodeling.



1 Beta blockers: These drugs inhibit the sympathetic nervous system,
reducing heart rate and myocardial oxygen demand. They have been
shown to improve survival and reduce hospitalizations in HFrEF patients.

1 Mineralocorticoid receptor antagonists (MRAs): MRAs like spironolactone
and eplerenone block the effects of aldosterone, a hormone that
contributes to fluid retention and fibrosis in heart failure. These agents
provide additional survival benefits and reduce hospitalizations when
added to ACE inhibitors or ARBs and beta-blockers.

1 Sodium-dependent glucose transporter 2 (SGLT2) inhibitors: Originally
developed for the treatment of diabetes, SGLT2 inhibitors have shown
remarkable benefits in heart failure, including reductions in cardiovascular
death and hospitalizations. Notably, their efficacy appears consistent
regardless of the presence of type 2 diabetes (DAPA-HF, EMPEROR-
REDUCED, EMPEROR-PRESERVED, and DELIVER trial).?2-2°
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Fig. 1 | Treatment strategies in heart failure - the "fantastic four”

Drug, interventional, and device treatment for heart failure with reduced ejection fraction (HFrEF). ACE-I
T angiotensin-converting enzyme inhibitor; Afib i atrial fibrillation; ARB i angiotensin receptor blocker;
ARNI i angiotensin receptor/neprilysin inhibitor; CRT i cardiac resynchronization therapy; HTX i heart
transplantation; LBBB i left bundle branch block; LVAD i left ventricular assist device; MR i mitral
regurgitation; MRA 7 mineralocorticoid receptor antagonist; PVI i pulmonary vein isolation; SGLT2 i
sodiumi glucose co-transporter 2; SR i sinus rhythm; TSAT i transferrin saturation.

From Bauersachs, European Heart Journal (2021)2.
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The comprehensive use of these therapies, especially in combination, represents
a significant advancement in the treatment of heart failure, offering substantial

improvements in survival and quality of life for patients.?!

However, despite significant advancements in the management of heart failure,
there remains a notable lack of effective pharmacological targets and treatment
strategies, particularly for certain subtypes such as heart failure with HFpEF. This
gap is largely due to the complex and multifactorial nature of heart failure, which
involves a wide array of pathophysiological processes including neurohormonal
dysregulation, inflammatory responses, endothelial dysfunction, myocardial
fibrosis, and metabolic abnormalities. These processes often interact in ways that
are not fully understood, making it challenging to identify specific therapeutic
targets that can effectively address the underlying causes of heart failure across

its various forms.2!

1.2 Pathophysiological background

The pathophysiology of heart failure is a complex and multifactorial process that
involves various systems and mechanisms contributing to the heart's impairment
in contractility or increase in stiffness. The cornerstone of heart failure is the
interplay between neurohormonal activation, inflammation, structural remodeling
of the heart, and hemodynamic changes, all of which lead to progressive

deterioration of cardiac function.

1.2.1 The neurohormonal hypothesis T highlighting the role of
Angiotensin I

In the early 1990s, Milton Packer published an article that made him known as
the father of the neurohormonal hypothesis.?® While for many decades physicians
have viewed heart failure primarily as a hemodynamic disorder, he promoted the
hypothesis that heart failure progresses because endogenous neurohormonal

systems are activated by the initial injury to the heart, and exert a deleterious
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effect on the circulation.?® Among the key neurohormonal systems involved, the
renin-angiotensin-aldosterone system (RAAS) plays a crucial role in both the
development and progression of heart failure, with Angiotensin Il (Ang II) being a

central mediator in this process.'27.28

Angiotensin I, a potent vasoconstrictor produced through the activation of the
RAAS, exerts significant influence over cardiovascular physiology and
pathophysiology. In heart failure, the chronic activation of RAAS leads to

excessive production of Angiotensin Il, which initiates and perpetuates a series

of har mf ul effects on t he heart and vas

vasoconstrictive action increases systemic vascular resistance (afterload),
forcing the heart to mechanical distress, which exacerbates the already impaired
cardiac function. This increased workload on the heart contributes to further
myocardial stress and oxygen demand, accelerating the decline in cardiac

output.?8

In addition to its direct effects on vascular tone, Angiotensin Il also stimulates the
release of aldosterone, a hormone that promotes sodium and water retention.
This retention leads to increased blood volume and preload, which, while initially
compensator vy , eventually over whel ms t he
increased volume, resulting in symptoms such as pulmonary congestion and
peripheral edema. The combined effect of increased afterload and preload places

significant strain on the heart, contributing to the progression of heart failure.?”28

Moreover, Angiotensin Il is a key driver of pathological cardiac remodeling, a

characterized by hypertrophy of the heart muscle, fibrosis, and cardiomyocyte

death. These structur al changes degrade

properly, further impairing its function and leading to the vicious cycle of heart
failure progression. Fibrosis, in particular, is a hallmark of the remodeling
process, leading to increased myocardial stiffness and reduced compliance,

which are particularly detrimental for a contractile organ like the heart is.

Angiotensin Il also plays a role in promoting inflammation and oxidative stress
within the cardiovascular system.1’ It induces the production of pro-inflammatory

cytokines and reactive oxygen species, which contribute to endothelial

12
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dysfunction and further vascular and myocardial damage. This inflammatory
micro-milieu exacerbates the structural and functional deterioration of the heart,

making Angiotensin Il a critical target in the management of heart failure.

1.2.2 The cytokine hypothesis 1 connecting heart failure and inflammation

In 1990, the observation was made that patients with HFrEF have elevated
circulating levels of the pro-inflammatory cytokine tumor necrosis factor (TNF)
compared to healthy individuals.?® Since this discovery, a new research area has
emerged i driven by the new cytokine hypothesis®, as published in 1996.
Findings from subsequent experimental and preliminary clinical studies have
highlighted an important role for the activation of both the innate and adaptive
immune systems in acute and chronic heart failure, and the potential therapeutic

utility of targeting inflammatory processes in these conditions.3:32

According to this hypothesis, cytokines can be released by cardiomyocytes,
endothelial cells, and immune cells in response to various stressors, including
mechanical stretch, oxidative reactive species, neurohormonal activation or cell
death. Once released, these cytokines contribute to further myocardial injury and
dysfunction through several mechanisms. Firstly, cytokines induce adverse
cardiac remodeling, which includes hypertrophy, fibrosis, and apoptosis of
cardiomyocytes. Additionally, cytokines can diminish cardiac contractility directly
by altering calcium handling in cardiomyocytes and by increasing oxidative
stress3233, which further disrupts cellular function. Elevated levels of cytokines
also contribute to endothelial dysfunction, promoting vasoconstriction resulting in
increased vascular resistance and afterload®°. Thirdly, the chronic inflammatory
state associated with heart failure exacerbates the neurohormonal activation and
vice versa.’%3? This creates a vicious cycle where inflammation drives heart
failure progression, and worsening heart failure leads to more inflammation.
While inflammation is initially a protective response, prolonged inflammation can
become maladaptive, leading to further myocardial damage and worsening heart

failure.
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1.2.3 Cyclophilin A in health and disease

Cyclophilin A (CyPA) is a ubiquitously expressed intracellular protein that belongs
to the immunophilin family, which is known for its role as a peptidyl-prolyl cis-
trans isomerase (PPlase). This enzymatic activity catalyzes the interconversion
between the cis and trans isomers of proline residues in polypeptides, a critical

step in the maturation of many proteins.834

In healthy cells, CyPA plays essential roles in various physiological processes,
including protein trafficking, mitochondrial function, calcium homeostasis and
regulation of cell signaling pathways’. CyPA is also involved in modulating
immune responses, as it can interact with components of the immune system to

regulate inflammation and immune cell function.

However, CyPA's physiological role extends in conditions representing stress or
danger for the cell.3>3 |n response to cellular stress, ischemia or oxidative
damage, CyPA is secreted from cells into the extracellular space, here acting as
a potent pro-inflammatory mediator’ (Fig. 2). Once outside the cell, CyPA can
bind to its receptor, CD147, on the surface of various cell types, including
endothelial cells, smooth muscle cells, and immune cells. This interaction triggers
a cascade of signaling events that promote inflammation, leukocyte recruitment,
and extracellular matrix remodeling i all processes that are implicated in the
pathogenesis of cardiovascular diseases and heart failure, as previously
mentioned.>71337 In recent years, we have specifically identified that extracellular
CyPA contributes to adverse effects, while its intracellular function remains

physiological.1315.38

In the cardiovascular system, CyPA is particularly important in the context of
vascular inflammation and atherosclerosis’3° as well as myocardial inflammation.
It contributes to the development and progression of atherosclerotic plagues by
enhancing oxidative stress, promoting smooth muscle cell proliferation, and
increasing the expression of matrix metalloproteinases (MMPSs), which degrade
the extracellular matrix and destabilize plaques. Furthermore, elevated levels of
eCyPA have been associated with various cardiovascular pathologies, including

hypertension, coronary artery disease, and heart failure.?4%-4? |ts involvement in

14



these diseases makes CyPA a potential biomarker and therapeutic target for

conditions characterized by chronic inflammation and oxidative stress.

Soon after its discovery as critical regulator of inflammation, cyclosporine A (CsA)
was identified as potent immunosuppressive drug.® CsA binds to CyPA, forming
a complex that inhibits the PPlase activity of CyPA (Fig. 2). This inhibition
disrupts the normal function of CyPA in protein folding and immune regulation.
The CsA-CyPA complex also indirectly contributes to the suppression of T-cell
activation by inhibiting calcineurin, which prevents the dephosphorylation and
nuclear translocation of nuclear factor of activated T-cells (NFAT), a key
transcription factor required for the production of interleukin-2 (IL-2) and other
cytokines essential for T-cell proliferation.® However, despite its broad usage in
transplanted patients to dampens the I mmune systembs ab
response against the transplanted organ, CsA has never made it to
therapeutically address heart failure resulting from inflammation. Side effects like
increased susceptibility to infections and cancer as well as enhanced
cardiovascular risk diminish the attractiveness of CsA as a viable drug for

widespread clinical use.
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Fig. 2 | Role of intra - and extracellular Cyclophilin A
A Pharmacologically applied CsA passes the cell membrane and binds to intracellular CyPA. The
CyPAi CsA complex binds to calcineurin and inhibits calcineurin-induced NFAT activation in T-cells.
B Intra- and extracellular activities of CyPA. Extracellular CyPA induces inflammatory pathways by
interaction with the EMMPRIN(CD147) or via not yet identified unknown CyPA receptors.
From Seizer at al. (2014)".
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1.2.4 Cardiac remodeling , extracellular matrix and fibrosis

One major role of eCyPA is the promotion of extracellular matrix remodeling via
binding to its receptor CD147, also known as EMMPRIN (extracellular matrix
metalloproteinase inducer).38 This interaction is critical for the pathophysiology of
cardiac remodeling and fibrosis, processes that are central to the progression of
heart failure.*14344 The ECM is a complex network of proteins, including collagen,
elastin, and proteoglycans, that provides structural support to the heart and
maintains its shape and function. Under normal conditions, the ECM is
dynamically regulated to maintain tissue integrity and respond to physiological
demands. However, in the context of heart failure, this balance is disrupted,
leading to excessive ECM deposition and fibrosis, which contribute to the

pathological remodeling of the heart.

Cardiac remodeling refers to the structural and functional changes that occur in
the heart in response to chronic stress or injury, such as hypertension, myocardial
infarction, or volume overload. These changes include hypertrophy of
cardiomyocytes, alterations in the ECM, and the activation of fibroblasts, which
together lead to the thickening and stiffening of the heart muscle. While initially
compensatory, this remodeling process eventually becomes maladaptive,

resulting in impaired cardiac function and the progression of heart failure.

Fibrosis is a key feature of pathological cardiac remodeling and is characterized
by the excessive accumulation of ECM components, particularly collagen, within
the myocardial tissue. This fibrotic response is driven by various factors, including
mechanical stress, neurohormonal activation, and inflammation. CyPA, through
its interaction with CD147, plays a pivotal role in this process by upregulating the
expression and activity of matrix metalloproteinases (MMPs), enzymes that
degrade ECM proteins and facilitate the remodeling of the tissue.?’ Although
MMPs are essential for normal ECM turnover, their excessive activation leads to
ECM degradation, followed by aberrant repair processes that result in fibrosis

and stiffening of the ventricular walls.

The fibrotic remodeling of the ECM contributes to the increased stiffness and

reduced compliance of the heart, particularly in HFpEF, where diastolic
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dysfunction is a predominant feature.>* In this condition, the heart's ability to
relax and fill with blood during diastole is compromised, leading to elevated filling
pressures and symptoms such as pulmonary congestion and exercise
intolerance. Additionally, fibrosis disrupts the normal architecture of the
myocardium, leading to impaired electrical conduction and an increased risk of

arrhythmias, which further complicate the clinical course of heart failure.®

The role of inflammation in promoting ECM remodeling and fibrosis is well-
established, with pro-inflammatory cytokines such as TNF-U (Tumor Necrosis
Factor-U), IL-1 (Interleukin-1), and IL-6 (Interleukin-6) being key mediators. These
cytokines not only induce the activation of fibroblasts but also enhance the
secretion of MMPs and other enzymes involved in ECM turnover.*® As discussed
previously, eCyPA acts as a potent pro-inflammatory mediator, linking
inflammation to the processes of cardiac remodeling and fibrosis. The secretion
of CyPA in response to oxidative stress and other cellular insults exacerbates the
inflammatory milieu within the heart, further driving the fibrotic process.

1.3 Multidimensional tissue profiling techniques in heart failure

Advances in multidimensional tissue profiling techniques have revolutionized our
understanding of the complex landscape of heart failure. These technologies,
mainly transcriptomics, metabolomics, and proteomics, enable a comprehensive
analysis of the genetic, metabolic, and protein expression profiles within heart
tissue, providing insights into the underlying mechanisms of disease progression
and identifying potential therapeutic targets.*’ The integration of these techniques
into heart failure research has significantly enhanced our ability to decipher the
intricate networks of genes, metabolites, and proteins that drive pathological

changes in the failing heart.#849
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1.3.1 Transcriptomics , Metabolomics and Proteomics

Transcriptomics, the study of the complete set of RNA transcripts, has been
pivotal in identifying gene expression patterns associated with heart failure.
Through high-throughput RNA sequencing (RNA-seq) and microarray
technologies, researchers can map the transcriptional changes that occur in
cardiomyocytes and other cardiac cells during the progression of heart failure.*°
These techniques have revealed the upregulation and downregulation of key
genes involved in cardiac remodeling, inflammation, and metabolic dysfunction,
providing a clearer picture of the molecular alterations that accompany heart
failure. Additionally, single-cell RNA sequencing (scRNA-seq) has allowed for the
dissection of cell-type specific transcriptomic changes, offering insights into the

heterogeneity of cellular responses within the heart tissue.*’

Metabolomics describe the comprehensive study of metabolites within a
biological system. Metabolomic analyses mostly use techniques such as mass
spectrometry (MS) to identify shifts in energy metabolism, including alterations in
fatty acid oxidation, glucose metabolism, and amino acid metabolism. In the
heart, these metabolic changes are often reflective of the energy deficits and
oxidative stress that characterize heart failure. Metabolomics also provides
valuable information on the impact of heart failure on systemic metabolism,

revealing potential biomarkers for disease diagnosis and progression.>®

Proteomics, the large-scale study of proteins, is another critical dimension of
tissue profiling that has advanced our understanding of heart failure. Proteomic
techniques, such as MS-based proteomics, allow for the quantification and
characterization of thousands of proteins simultaneously, offering insights into the
protein networks that are dysregulated in heart failure. These studies have
highlighted the role of key structural proteins, signaling molecules, and enzymes
in the pathogenesis of heart failure, as well as identifying novel protein
biomarkers that could be targeted for therapeutic intervention. Advances in
proteomics, including the development of more sensitive and specific MS

technigues, have expanded the scope of protein analysis, enabling the detection
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of low-abundance proteins and post-translational modifications that may play

critical roles in disease progression.

Recent advances in these multidimensional profiling techniques have also
allowed for the spatial resolution of transcriptomic, metabolomic, and proteomic
data within the heart tissue.*®4° Spatial transcriptomics, for example, combines
RNA-seq with spatial imaging technologies to map gene expression patterns
across different regions of the heart, providing a detailed view of the spatial
heterogeneity in gene expression. Similarly, spatial metabolomics and
proteomics techniques have been developed to localize metabolic and protein
expression changes within specific cardiac compartments or cell types. These
spatially resolved techniques offer a new dimension of understanding, revealing
how molecular alterations are distributed within the heart and how they contribute
to localized dysfunction, such as regional fibrosis or localized inflammatory
responses. Notably, spatial profiling techniques can be combined into spatially

resolved multi-omics analyses.*%:5

The integration of transcriptomics, metabolomics, and proteomics with spatial
resolution techniques marks a significant leap forward in heart failure research. It
enables a more nuanced understanding of the disease, moving beyond bulk
tissue analyses to explore the molecular interactions within specific regions or
cell populations of the heart. This multidimensional and spatially resolved
approach can discover new therapeutic targets and biomarkers that offer the
potential for more personalized and effective treatment of heart failure.

1.3.1.1 Transcriptomics using NanoString nCounter® assay

For this study we used the NanoString nCounter® assay for analyzing
inflammation-related genes in endomyocardial biopsies from patients suffering
from heart failure. This assay is a highly sensitive and precise transcriptomic
analysis technique that enables the quantification of gene expression from very
small amounts of biological material (1 ng of RNA), such as from endomyocardial
biopsies. Unlike traditional methods such as quantitative PCR or RNA

sequencing, which require amplification of RNA, the nCounter® system directly
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measures RNA molecules without the need for reverse transcription or
amplification. This is achieved by using molecular barcodes that are specifically

designed to hybridize with target RNA transcripts.>?

Capture Probe Reporter Probe

Target RNA

\/\‘/|‘ e
v

/ @ / / Target-Probe Complex
L |

Fig. 3 | NanoString ® nCounter assay for transcriptomic profiling of endomyocardial biopsies
After hybridization of a reporter probe with target RNA, the fluorescent barcode of the reporter probe
can be detected, and the signal intensity be quantified. Adapted from BioXpedia®3.

The analytical process begins with the hybridization of target RNA molecules to
a pair of reporter and capture probes, each of which is specific to a particular
gene of interest (Fig. 3). The reporter probe carries a fluorescent barcode that is
unique to each target gene, while the capture probe allows the complex to be
immobilized on a solid surface. After hybridization, the sample is processed
through a series of washes to remove any unbound probes, ensuring that only
specific probe-target complexes remain. These complexes are then immobilized
onto a cartridge that is loaded into the nCounter® Digital Analyzer. The analyzer
images the barcodes using high-resolution optical scanning, and the fluorescent
signals are counted to quantify the number of RNA molecules present in the
sample. The result is a direct and digital readout of gene expression levels for
each target gene, which can be analyzed to assess the transcriptomic landscape

of the tissue.52:53
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1.3.2 Raman fiSpectromics 0

Raman spectroscopy is a powerful tool that has recently gained growing
attraction in the field of cardiovascular research for its ability to provide a non-
invasive and label-free molecular characterization of tissues at subcellular
resolution. Named after the physicist and Nobel prize laureate Sir C.V. Raman,
this technique leverages the eponymous Raman effect, which is based on the
inelastic scattering of photons: When monochromatic light from a laser interacts
with the molecules of a chemical sample, and the inelastically scattered photons
can be measured to have a different energy level to that of the incident photons.
This shift in energy (Raman shift) is indicative of discrete vibrational and rotational
modes of polarizable molecules, and thus a qualitative measurement of the
biochemical composition of the tissue can be obtained.1**%° Although Raman
spectroscopy has been traditionally used in the field of analytical chemistry, there
has been a notable rise in the use of this technique within biological studies,

particularly in the field of biomedicine.>>-58

Especially in the biomedical context, the spatial distribution of the biomolecular
architecture within tissues is crucial for understanding disease mechanisms and
progression. Spatially resolved Raman spectroscopy provides this level of detalil
by allowing for the precise mapping of molecular compositions across different

regions of a tissue sample.

The ter m # Sqeeotes theampplicationocof bioanalytical high-throughput
techniques within the context of Raman spectroscopy. The intention is to
emphasize that the entire dataset from Raman spectroscopic analysis is
consideredi n an fAunt ar,therdabgayoidingreamybiastirat might result
from selecting specific Raman peaks or forming relationships between individual
peaks. Furthermore, the term "Spectromics" also implies the potential for
integration with other "Omics" techniques, leading to "multi-Omics" approaches.
The method and the bioinformatic approach used in this project can be described

as "untargeted, spatially resolved Raman Spectromics".

Technically, the process of Raman spectroscopy begins by exciting the sample
with a laser. Inelastically scattered photons are then filtered and passed to a
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collimator to parallelize the backscatter. Next, the photons are dispersed on a
grating grid and a charge-coupled device (CCD) camera detects the signal

intensity of each scattered wavelength of the Raman spectrum (Fig. 4).

CCD detector
]

Stokes scatter \ \ratlng grid

Anti-Stokes scatter

/

4

AN | / collimator

filter

objective

i laser (532 nm)
sample

Fig. 4 | Technical setup for Raman spectroscopy

Laser light is directed to a sample on a scanning table. Backscatter is collected through a confocal
objective and filtered for Raman scattering (stokes and anti-stokes scatter). A collimator parallelizes the
scatter, which is then dispersed on a grating grid and detected on a charge-coupled-device (CCD)
camera.

Most of the light scatters elastically (Rayleigh scattering), maintaining the same
energy as the incident photons. However, a small fraction undergoes inelastic
scattering, known as Raman scattering, where the energy of the scattered
photons is either higher or lower than that of the incident photons, depending on
the (bio-)chemical properties of molecules in the sample. This results in a Raman
spectrum, which plots the intensity of scattered photons as a function of the
frequency shift. Each peak in the spectrum corresponds to a specific
vibrational/rotational mode of the molecules in the sample, thereby allowing the
identification and characterization of various biochemical components. By
consecutively scanning neighboring areas, a two-dimensional map can be

derived from a Raman scan, where each scanned pixel contains a separate
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Raman spectrum (Fig. 5). The assignment of peaks to molecular structures is
based on the known vibrational frequencies of different chemical bonds and
functional groups, which are typically cataloged in reference databases or
determined through computational modeling. By comparing the observed peaks
to these reference values, the molecular composition and structural features of

the sample can be deduced (Tab. 1).
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Fig. 5 | Technical workflow to acquire  Raman spect ra and their peak interpretation

A Histological sections on a glass slides are two-dimensionally scanned on a confocal Raman
microspectrospe. This results in a two-dimensional matrix, where each pixel contains a single Raman
spectrum. B Representative spectra for fibrosis (in red) and myocardium (in blue). As an example, collagen
from fibrotic tissue typically shows strong peak intensities at 858 and 940 cm-! wavenumber, attributed to
hydroxyproline residues and collagen skeletal modes. Graphic based and modified on Sigle (2024)!% and
Movasaghi et al.(2007)".
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Tab. 1 | Characteristic Raman peaks and their molecular assignment
Adapted from Sigle et al. (2023)*

Raman Shift [cm™] \ Molecular assignment \ Structure

560 | Si-O bending  Glass

722 | O-C-N bending  Proteins®®

757 \ Tryptophane or pyrrole ring breathing \ Proteins®®, hemoglobin®°

783-793 ' nucleic acids | DNASL62

827 | CHs stretch, tyrosine - Myosin®3

853 | C-C stretch - Myosin®?

858 \ C-0O vibrations, (Hydroxy-)Proline \ Proteins, collagen®*

889 | CH vibration  Paraffin®

940 ' skeletal vibration (C-C)  Proteins, collagen®*©®

1000 | | Phenylalanine, NADH®768

1005 ' ring breathing, Phenylalanine  Proteins®®

1034 | C-H in plane bending  Proteins®

1064 | skeletal vibration (C-C)  Paraffin®

1070 | C-C stretching ' Carbohydrates, glucose®®®’

1093-1096 ' Phosphodioxy- | DNA®L®2

1100 ' Si-O-Si stretching ' glass

1117 | C-O stretching ' Carbohydrates, glucose®®”

1123 ‘ C-O stretching ‘ Carbohydrates, glucose®¢7

1130 | C-C stretch ' Lipids, Paraffin®

1245-1252 - Amide Il  Proteins®, collagen®

1301 | CH. deformation  Paraffin®

1314-1319 ' Cytochrome ¢ ' Cytochrome c™

1339-1343 CH2/CHs bending, C-C stretching | Proteins®®, erythrocytes®®

tryptophane, pyrrole

1372-1376 ' guanine | DNA®L®2

1401 ' pyrrole  Erythrocytes®

1420 | CHs deformation  Paraffin®®

1444 | CH2/CHs deformation  Paraffin®®

1457-1461 | CH2/CHs deformation  Proteins®

1569 ' CN & NH stretching  Proteins®

1580-1581  Cytosine, guanine | DNASL62

1589 | C=C stretching, porphyrin | Erythrocytes®

1605 C=C stretching Phenylalanine®®,
erythrocytes®°

1618 | 3(C=C) | NADH®" 68

1637 | C-C asymmetric stretch  Erythrocytes®

1650-1680 | Amide |  Proteins®

1678 | | NADH?®7:68
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1.3.2.1 Raman spectroscopy in cardiovascular research

In cardiovascular research, Raman spectroscopy has shown considerable
potential for elucidating the molecular mechanisms underlying heart disease.’? It
has been used to identify specific molecular patterns associated with different
stages of myocardial infarction’?, assess myocardial viability in ischemic heart
disease models’®74, and detect myocardial fibrosis with high sensitivity.”

In a recent study, Tombolesi et al. investigated whether early biochemical
alterations during HFpEF progression in saltAnduced hypertensive rats were
detectable by Raman spectroscopy.’® In this study, Raman spectra indicated a
conformational change, or different degree of phosphorylation/methylation, in
tyrosineZich proteins of failing hearts.”® These findings underscore the ability of
Raman spectroscopy to detect subtle molecular changes at early stages of
disease, providing valuable insights into pathophysiological processes that

preceded overt clinical symptoms.

In another study, surface-enhanced Raman spectroscopy was used to detect
spectral features from patient blood serum samples with acute myocardial
infarction compared to healthy individuals.”” A regression model was even
capable of predicting the levels of cardiac troponin I. Yu et al. combined spectral
analysis from serum samples with medical histories to identify cardiovascular
disease subtypes.”® They trained a deep learning model to robustly identify

disease subtypes.

Besides cardiac tissue, Raman spectroscopy has also been applied in the study
of vascular diseases. Sugiyama et al. performed Raman imaging of human and
murine ascending thoracic aneurysms.®® They identified specific spectral
biomarkers for aneurysms in elastic and collagen fibers, that were significantly
increased in aneurysmatic lesions. Another study from You et al. used Raman
spectroscopy to investigate the interplay between atherosclerosis and medial
calcification in the human aorta.” In their research work, this group identified a
relationship between apatite, cholesterol, and triglyceride in atherosclerosis, with
the relative amount of all molecules concurrently increased in the atherosclerotic

plaque.
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From a more technical perspective, Raman spectroscopy has the potential to
integrate with other advanced imaging modalities and omics technologies to
provide a more comprehensive understanding of cardiovascular diseases. By
combining its high spatial resolution and molecular specificity with
transcriptomics, proteomics, and metabolomics, researchers can explore the
complex interplay between molecular signatures and functional changes in
cardiac tissue. This integration is particularly relevant in studying heterogeneous
conditions like heart failure, where localized changes in tissue composition play
a critical role in disease progression. An approach combining Raman
spectroscopy, Spatial Metabolomics and multiplexed immunofluorescence was

published by us during research for this thesis.!

In  conclusion, Raman spectroscopy holds considerable promise in
cardiovascular research by offering a detailed molecular perspective of cardiac

and vascular disease processes.
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1.4 Scientific aims

Heart failure remains a major public health challenge, characterized by high
morbidity and mortality rates. Despite significant advances in understanding the
disease, the underlying molecular mechanisms that drive its progression are not
fully elucidated, and current treatment strategies are often insufficient in halting
or reversing the course of the disease. CyPA, a multifaceted protein with roles in
inflammation, oxidative stress, and extracellular matrix remodeling, has emerged
as a potential key player in the pathogenesis of heart failure, especially in its
extracellular role. Understanding the specific contributions of eCyPA to heart
failure, as well as exploring potential therapeutic strategies to target this protein,

forms the basis of this research project.

The project aims to elucidate the role of eCyPA accumulation in the progression
of heart failure, focusing on its interactions with its receptor CD147/EMMPRIN,
and its impact on stiffness, inflammation, fibrosis, and overall cardiac remodeling.
As a therapeutic approach, this project seeks to evaluate the potential of

specifically inhibiting CyPA in the cardiac microenvironment.

Key research questions include:

)] What are the effects of eCyPA accumulation in patients with heart
failure?

1)) What is the specific role of eCyPA in the pathophysiology of heart
failure, particularly concerning inflammation and cardiac remodeling?

iii) How does eCyPA interact with its receptor EMMPRIN to influence
extracellular matrix remodeling and fibrosis in heart failure?

iv) Can the specific inhibition of eCyPA with an antibody effectively reduce
cardiac inflammation and fibrosis in heart failure?

V) How does CyPA influence the spatial distribution of fibrosis and
inflammation within the myocardium, and can these effects be
visualized using advanced techniques like spatially resolved Raman

spectroscopy?
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2 Materials and Methods

2.1 Materials

2.1.1 Experimental animals

Strain Background Strain Sex Vendor, Source
B6.129P2- Charles River
7BL Mal '
Apog™miune C57BL/6] ale Massachusetts, USA
+/+
B6N.129-Kentl C57BL/6N Male In house breeding
(wildtype littermates)
2.1.2 Celllines

Name species Vendor, Source

_ _ Merck, Darmstadt,
HL-1 cardiomyocytes Murine

Germany

2.1.3 Consumable materials

Description

Product

Vendor, Source

For histology

Microtome blades
Slides
Cover slips

Hydrophobic pen

Microtome blades S35

SuperFrostPlus

Menzel-Glaser 24 x 60
mm;

Super PAP Pen Liquid
Blocker

PFM medical AG, Nonnweiler,
Germany

R. Langenbrinck, Emmendingen,
Germany

Thermo Fisher Scientific,
Massachusetts, USA

Invitrogen AG, Carlsbad, California,
USA

For echocardiography

and operation

Depilatory cream

Swab

Cotton swab

Ultrasound gel

Veet for Men

Microsurgical dab
Ethikeil®

Bel premium

Sonogel® Vertriebs
GmbH, Bad Camberg,
Germany

28

Reckitt Benckiser, Slough, UK

Ethicon, Norderstedt/Glashlitte,
Germany

(CMC Consumer Medical Care
GmbH, Sontheim/Brenz, Germany)

Sonogel® Vertriebs GmbH, Bad
Camberg, Germany



30G 0,3 x 8 mm BD-
MicrofineE U-40,
BD MicrolanceE 3
Sterican 30G

Synringes and
needles of different
sizes

Becton Dickinson and Company,
Franklin Lakes, New Jersey, USA

Ethicon, Norderstedt/Glashditte,
Germany

Trimmer Clipper Model Wahl® Home Products, lllinois,
9966 USA

Nahtmaterial Prolene 4-0

Electric shaver

2.1.4 Reagents, solutions, chemicals, proteins

Reagent Company Order Number

Angiotensin Il Sigma Aldrich Co. St. Luis, Missouri, AQ525
USA

Cyclophilin A R&D Systems, Minnesota, USA 3589-CAB
Cayman Chemical, Ann Arbor,

Suc-AAPF-pNA Michigan, USA 14993

HL-1 FBS Sigma Aldrich Co. St. Luis, Missouri, TMS-016
USA

1% Sigma Aldrich Co. St. Luis, Missouri, P4333

Penicillin/Streptomycin USA

DMSO Applichem, Darmstadt, Germany A3672

Fibronectin Sigma Aldrich Co. St. Luis, Missouri, F1141
USA

Claycomb medium Slgrb\na Aldrich Co. St. Luis, Missouri, 51800C

. - eBioscience™, Invitrogen, Karlsbad, i )

anti-CD147 antibody RL73 California, USA 16-1471-82

Dubeccob6s phcSigmaAldrich Co. St. Luis, Missouri, D8537

buffered saline USA

Fentadon (Fentanyl) Dechra veterinary products, Aulendorf, )
Germany

Sedator (Medetomidin) Dechra veterinary products, Aulendorf,
Germany

. Hameln Pharmaceuticals GmbH,

Midazolam-hameln -
Hameln, Germany

Sodium Chloride (NacCl Fresenius Kabi Germany GmbH, Bad )

0.9%) Homburg, Germany

Formaldehyd solution 4%, Otto Fischar GmbH & Co KG, 27279

neutral buffered Saarbriicken, Germany

SAV Liquid Production GmbH,
Flintsbach, Germany

GibcoE , Thermo Fisher Scientific Inc.,

Waltham, Massachusetts, USA

Ethanol 99%, denatured ETO-10000-99-1

PBS tablets 18912014
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Citric Acid (ACS reagent,

Sigma Aldrich, Co., St. Louis, Missouri,

O 99,MB% 192,12 USA 251275
g/mol)
Tri-Natriumcitrate- .
Dihydrate (MW = 294,10  “PPliChem GmbH, Darmstadt, 141655
Germany
g/mol)
;(\;VZ(Z”GD 20 for synthesis, Merck, Darmstadt, Germany 8.22184
Acetic acid ¢VWRLife Science, Darmstadt, 36289 AP
ACS Germany
Roti®-Histol for histology ~ C1 ot GmbH & Co KG, Karlsruhe, 0/ 4
Germany
Roti®-Histokitt for Carl Roth GmbH & Co KG, Karlsruhe,
i 6638.2
histology Germany
Eosin G (C.I. 45380, Carl Roth GmbH & Co KG, Karlsruhe,
3139.1
powder) Germany
Maygrs Hamalaun solution Merck, Darmstadt, Germany 1.09249
for microscopy
Picro-Sirius Rot Merck, Darmstadt, Germany -
2.1.5 Antibodies
. I Order
Antigen Dilution Company number
Immunohistochemistry
anti-CD3 readv-to-use Thermo Fisher Scientific Inc., RM-9107-
y Waltham, Massachusetts, USA  R7
) ) BD Biosciences, Franklin Lakes,
anti-Mac3 1:50 New Jersey, USA 550292
anti-CyPA 1:50 R&D Systems, Minnesota, USA  af3589
anti-EMMPRIN 1:200 abcam, Cambridge, UK ab188190
anti-CD147 antibody eBioscience™, Invitrogen,
RL73 20 pg/mi Karlsbad, California, USA 16-1471-82
anti-1L-6 1:100 R&D Systems, Minnesota, USA  MAB406
anti-CXCL14 1:500 abcam, Cambridge, UK ab137541
anti-IL1-b 1:200 Novus Biologicals Littelton CO, NB600-633
USA
. - ] Novus Biologicals Littelton CO, NBP1-
anti-TNF-U 1:500 USA 19532
anti-SDF-1 1:200 abcam, Cambridge, UK ab25117
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Cell Signaling Technology,

anti-pSTAT1 1:400 Danvers. MA. USA 9167
. ] Cell Signaling Technology,
anti-pSTAT3 1:100 Danvers, MA, USA 9145
: ) Cell Signaling Technology,
anti-pSTATS5 1:200 Danvers, MA, USA 9359
: ) Cell Signaling Technology,
anti-pEKR1/2 1:400 Danvers. MA. USA 4370
.. ) Cell Signaling Technology,
anti-c-jun 1:200 Danvers, MA. USA 3270
] Cell Signaling Technology,
ph-p38 1:400 Danvers, MA, USA 4511
Novus Biologicals Littelton CO, NB100-
RelA 1:4
elA (p5) 00 USA 2176
] Santa Cruz Biotechnology,
RelB 1:400 Dallas, TX, USA Sc-226
o e 10 CHOnI TN gz
) Cell Signaling Technology,
c-Jun (60A8) 1:500 Danvers, MA. USA 9165S
ryrob@e 0 Comemaen 9167
] Cell Signaling Technology,
Statl (D1K9Y) 1:500 Danvers, MA, USA 14994
PhosphoPlus® NF-aB ] Cell Signaling Technology,
p65/RelA Duet 1:500 Danvers, MA, USA 8214
Immunofluorescence
Human Troponin T, 5, R&D Systems, Minnesota, USA  MAB1874
(Cardiac) Antibody ' y ' ’
Wheat Germ . I
Agglutinin (WGA) i 1:200 Iljél';rogen, Karlsbad, California, W11261
488
ZT;;;T:bISgrlggé L) 1-200 IS;irogen, Karlsbad, California, A22106
anti-rat 19G- Invitrogen, Karlsbad, California,
1:200 A21247
AlexaFluor 647 (H+L) USA
anti-goat 1gG- Invitrogen, Karlsbad, California,
1:200 A21432
AlexaFluor 555 (H+L) USA
anti-rat IgG- Invitrogen, Karlsbad, California,
1.2 A21434
AlexaFluor 555 (H+L) 00 USA 3
anti-chicken IgY- 1-200 Jackson ImmunoResearch 703-545-
AlexaFluor488 (H+L) ' Europe Ltd, London, UK 155
DAPI 1:1000 Invitrogen, Karlsbad, California, )

USA
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Immunoblot

anti-CyPA 1:1000 abcam, Cambridge, UK ab58114
anti-CyPA 1:1000 R&D Systems, Minnesota, USA  af3589

: ) Cell Signaling Technology,
anti-ERK1/2 1:500 Danvers, MA. USA 4695

. ] Cell Signaling Technology,
anti-pERK1/2 1:500 Danvers. MA, USA 4370

. ) Cell Signaling Technology,
anti p38 1:500 Danvers, MA, USA 9212

. ) Cell Signaling Technology,
anti p-p38 1:500 Danvers, MA, USA 9215

. . ] Cell Signaling Technology,
anti-Tubulin 1:10000 Danvers. MA. USA 3873S
IRDye 680RD Goat 1-15000 Li-Cor Biosciences GmbH, P/N 925-
anti-Rabbit 1IgG ' Nabraska, USA 68021
IRDye 800CW Goat 1-15000 Li-Cor Biosciences GmbH, P/N: 926-
anti-Rabbit 1gG ’ Nabraska, USA 32211
IRDye® 680RD Goat 1-15000 Li-Cor Biosciences GmbH, P/N: 926-
anti-Mouse IgG ) Nabraska, USA 68070
IRDye® 800CW Goat 1-15000 Li-Cor Biosciences GmbH, P/N 925-
anti-Mouse IgG ’ Nabraska, USA 32210
IRDye® 680RD 1-15000 Li-Cor Biosciences GmbH, P/N: 926-
Donkey anti-Goat I1gG ) Nabraska, USA 6807
IRDye® 800CW 1-15000 Li-Cor Biosciences GmbH, P/N: 926-
Donkey anti-Goat I1gG ' Nabraska, USA 32214
IRDye® 680RD Goat 1-15000 Li-Cor Biosciences GmbH, P/N: 926-
anti-Rat I1gG ’ Nabraska, USA 68076

2.1.6 Devices
Description Product Company
Echocardigraphy device Vevo 2100 FUJIFILM VisualSonics,
Toronto, Kanada
Respirator Physiosuite for Mice  Kent Scientific Corporation,
& Rats Torrington, USA

Histology

Paraffin embedding unit
Microtome

Heating Bath

Reichert-Jung 2045
Multicut

Paraffinstreckbad
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Medax Nagel, Kiel, Germany
Leica, Wetzlar, Germany

Medax Nagel, Kiel, Germany



pH Meter pH 90
Shaker KS 260 basic
Pressure Cooker Art. Nr. 99318

Cooking Plate KP

Cooking Plate 1092

Vortexer MS3 digital

Kern CM 150-IN

Wissenschaftlich-Technische
Werkstatten, Weilheim,
Germany

IKA®-Werke GmbH & Co. KG,
Staufen, Germany

Elo-Stahlwaren, Karl Griinewald
& Sohn GmbH & Co. KG,
Spabricken, Germany

Severin Elektrogerate GmbH,
Sundern, Germany

IKA®-Werke GmbH & Co. KG,
Staufen, Germany

KERN & Sohn GmbH, Balingen,

Scale Pocket Balance Germany
Eppendorf®

Table centrifuge Microcentrifuge GE:rpr)s;\:orf Germany, Hamburg,
5415C y

Microscopy

Stereo microscope Zeiss STEMI 2000-C Carl Zeiss AG, Oberkochen,

Microscope for histology Nikon Eclipse Ni-U

Microscope for

. Nikon Eclipse Ti2-A
immunofluorescence

Confocal Raman

. WITec alpha 300 R
microspectroscope

Germany

Nikon, Tokyo, Japan

Nikon, Tokyo, Japan

WITec GmbH, Ulm, Germany

2.1.7 Software

Product Company

NIS-Elements AR Nikon, Tokyo, Japan

ImageJ ImageJ, National Institutes of Health, USA

EndnoteX9 Clarivate Analytics, Boston, Massachusetts, USA
MATLAB R2020a MathWorks Inc., Natick, MA, USA
GraphPad Prism  GraphPad Software, La Jolla, California, USA

9.1.2

33



Excel Version
2203

VevolLab 5.5.0
RStudio 1.3.1093

Most relevant R
packages

Microsoft Corporation, Redmond,
Washington, USA

FUJIFILM VisualSonics, Toronto, Kanada
RStudio, Boston, Massachusetts, USA

Seurat (4.0.2), BayesSpace (1.6.0), Monocle2 (2.18.0),
Monocle3 (1.0.0), Rtsne (0.16), scater (1.19.9), pheatmap
(1.0.12), RColorBrewer (1.1-2), data.table (1.14.2),
factorMineR(2.5), factoextra(1.0.7), ggstats(0.9.4), cowplot
(1.1.1), abind (1.4-5), assertthat (0.2.1), beeswarm (0.4.0),
Cardinal (2.8.0), cellranger (1.1.0), cluster (2.1.2), clustree
(0.5.0), data.table(1.14.0), dbplyr(2.1.1), DDRTree(0.1.5),
densityCluster(0.3), dplyr(1.0.7), EBImage(4.32.0),
edgeR(3.32.1), fastICA (1.2-3), fastmap(1.1.0), flashClust(1.01-
2), forcats (0.5.1), ggaluvial (0.12.3), ggbeeswarm (0.6.0),
ggforce (0.3.3), ggplot2 (3.3.5), ggpmisc(0.4.5), ggpubr (0.4.0),
ggrepel (0.9.1), gridExtra (2.3), leiden(0.3.9), magrittr (2.0.1),
Matrix (1.3-4), matrixStats(0.60.0), mclust (5.4.7), RColorBrewer
(1.1-2), reshape?2 (1.4.4), reticulate (1.22), rstatix(0.7.0), Rtsne
(0.15), scater (1.18.6), scran (1.18.7), sctransform (0.3.3),
scuttle (1.0.4), SparesM (1.81), sparseMatrixStats(1.2.1),
sparsevd(0.2), spatstat.core (2.3-2), spatstat.data (2.1-2),
spatstat.geom (2.3-1), spatstat.sparse (2.1-0), spatstat.utils(2.3-
0),statmod(1.4.36), tibble(3.1.3.), tidygraph(1.2.0), tidyr(1.1.3),
tidyselect(1.1.1), tidyverse(1.3.1), venneuler (1.1-3), xtable(1.8-
4), XVector (0.30.0), zoo (1.8-9).
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2.2 Methods

2.2.1 Human studies and patient data

Between 2004 and 2011, a total of 187 patients underwent endomyocardial
biopsy at our department as part of an evaluation for congestive heart failure.
Indications for endomyocardial biopsy were based on the pat i £ mitial
individual clinical presentation and of individual decision of the respective treating
cardiologist according to current guidelines. All patients received medication
according to current European Society of Cardiology (ESC) and American
College of Cardiologists (ACC)/American Heart Association (AHA) guidelines
depending on their left ventricular function and heart failure symptoms. Significant
coronary artery disease (>50% diameter luminal stenosis of two or more
epicardial vessels or left main or proximal left anterior descending coronary artery
stenosis >50%) was ruled out by coronary angiography. After coronary
angiography, endomyocardial biopsies were extracted from the ventricular
septum and fixed in 4% buffered formaldehyde. Biopsies were evaluated for their
relative CyPA expressions by laboratory technicians blinded to patient data and
experimental conditions. The study was approved by the local ethics committee
(Project-N0.253/2009B0O2) and complies with the declaration of Helsiniki and the
good clinical practice guidelines.

2.2.2 In vivo method s

2.2.2.1 Animal model of cardiac hypertrophy and remodeling

8-12 weeks old male ApoE” mice (B6.129P2-Apoet™iUnc/J) were purchased at
the European branch of Charles River (Charles River, Massachusetts, USA) and
kept in the animal facilities of the University Hospital or Interfaculty Institute for
Biochemistry.

Prior to their implantation, osmotic mini-pumps (model 1004, Alzet, Durect
Corporation, Cupertino, CA, USA) were filled with Ang Il in a bodyweight-adapted
manner, to continuously deliver 1000 ng/min/kg body weight of Ang Il (Cat.
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A9525, Sigma-Aldrich, St. Louis, Missouri, USA) over 28 days at a flow rate of
0.11 pl per hour. For control mice, pumps were filled with NaCl 0,9% (B. Braun,
Melsungen, Germany) instead. Additionally, a body weight-adapted dose of the
eCyPA-mAD or its rat IgG control were filled to the pumps.

To implant the pumps, the ApoE” mice were first administered intraperitoneal
triple anesthesia under isoflurane anesthesia. After verification of sufficient
anesthesia depth by testing the interdigital reflex, the mice were placed on a
warming mat (Thermolux, Witte + Sutor GmbH) and the neck fur was depilated
with depilatory cream (Veet, Reckitt Beckiser) and an electric shaver (Wahl®
Home Products). The surgical area was then cleaned with disinfectant and iodine
antiseptic. Next, a paramedian incision of approximately 1.5 cm was made in the
neck area with scissors and a pouch of approximately 3.5 cm length was bluntly
prepared subcutaneously. In the next step, the osmotic pump was inserted into
this pouch and the incision was closed with three to four U-sutures using 4-0
Prolene (Ethicon). The wound was then disinfected again, and the triple
anaesthesia was antagonized by subcutaneous injection of atipamezole (2.5
mg/kg body weight) and flumazenil (0.5 mg/kg body weight). Analgesic treatment
was consequently carried out with carprofen (5 mg/kg body weight, diluted 1:50
with NaCl) every 12 hours for the next 24 hours.

Mice were sacrificed after 28 days and organs explanted immediately after
sacrifice. All animal procedures were performed according to the German animal
protection law and approved by the local authorities (Regierungspréasidium
Tubingen, TVA M04/19G and M02/20G).

2.2.2.2 Animal model of transverse aortic constriction

Another murine model of non-ischemic cardiomyopathy is the model of
transverse aortic constriction (TAC). For the TAC model, C57BL/6N mice were
operated applying standard protocols and as described in previous projects.*880
In brief, mice underwent anesthesia and analgesia. After intubation, the chest

was opened via the second intercostal space at the left upper sternal border
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through a small incision and aortic constriction was performed by tying a ligature
against a 27G needle. Control mice underwent a sham operation with a skin
incision, but no aortic constriction. Mice were sacrificed 5 weeks after the
operation. FFEP sections were consecutively created at 5 um and stained

immunohistochemically for CyPA.

We explored two animal cohorts, one at the age of 8 weeks (same age as for the
mice of the Ang Il/ApoE~- model) and another cohort operated at 17 weeks and

also sacrificed after 5 weeks.

Mice were operated at the Department of Internal Medicine | (Cardiology and
Pneumology) Aachen, under supervision of Prof. Nikolaus Marx. Histological

sections of mice were sent to us for further analysis.

2.2.2.3 Echocardiography and analysis

Transthoracic echocardiography was performed on day O immediately before
implantation of the osmotic pumps, and on days 7, 14, 21 and 28. All studies were
conducted on a Vevo2100 imaging station (FUJIFILM VisualSonics Inc., Toronto,
Ontario, Canada), coupled to a high frequency 30 MHz linear array transducer
(MS-400). During the whole procedure, mice were kept sedated by 1.5%
isoflurane inhalation with adapted flow rates to maintain a comparable heart rate
of approx. 550/min, as recorded by a four-limb lead electrocardiogram. Sedated
mice were placed on a preheated imaging platform (Vevo Imaging Station,
VisualSonics) adapted to the mouse body temperature via a rectal probe. After
the eyes were protected from drying out with Bepanthen ointment, the mouse
was turned onto its back and the examination area in the area of the left thoracic
wall was depilated using depilatory cream (Veet, Reckitt Beckiser) and preheated
ultrasound gel was applied to the depilated areas. Cine loops were then recorded
in B and M modes in parasternal long axis and short axis views. Once the
examination was complete, the animals were freed from the ultrasound gel and

returned to their home cage.
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Analysis of echocardiographic data was performed using VisualSonics VevolLab
3.0.5. Raw data from strain analysis measured by VevoStrain were exported from
VevoLab and imported into MATLAB (MathWorks Inc., Natick, MA, USA) to

generate stain overlay images using a custom in-house script.

2.2.2.4 Non-invasive blood pressure measurements

To measure the blood pressure in the course of the in vivo experiment, the non-
invasive CODA® tail cuff system (Kent Scientific, Torrington, CT, USA) was used.
This high-throughput system allowed for the measurement of up to four mice
simultaneously. It utilizes an occlusion cuff (O-cuff) and a volume pressure
recording cuff (VPR-c u f f ) , to measure the bl oo
First the holders were pre-warmed on the heating pad and then the animals were
restrained in them. The O-cuff was placed at the base of the tail and the VPR-
cuff was subsequently positioned adjacent to it. Animals were left for five minutes

on the heating pad to reach appropriate body temperature and habituation. Each

d

press

measurement sequence consisted of five Aiaccl i mati ono cycl es f

another 10-15 cycles. Each cycle consisted of inflating the O-cuff to 250 mmHg
and then deflating over 20 seconds. Before the experiment started, mice were

acclimatized and habituated to this process for three days.

2.2.3 Exvivo methods
2.2.3.1 Organ explantation, preparation of samples and histological section

After the ultrasound in the final day of the animal experiment, mice were sacrificed
using an overdose of isoflurane. After approval of death, hearts were rinsed with

PBS containing 20 U heparin (ratiopharm® Ulm, Germany).

For generation of FFPE tissue, organs were fixed in 4% formalin (Otto Fischar
GmbH & Co KG) for at least 24 h after explantation. Subsequently, hearts were
dehydrated in an ascending alcohol row with one-hour incubation 70%, 80%, 90%

and two changes of 100% ethanol, followed by two changes in Roti®-Histol (Carl
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Roth) and over-night incubation in fluid paraffin. The next day, hearts were placed
in embedding molds, covered with paraffin and cooled on a cooling plate. Using
a Reichert-Jung Multicut 2045 microtome (Leica), 5 um sections were created,
mounted on object slides (SuperFrostE Plus, R. Langenbrinck GmbH,

Emmendingen, Germany) and stretched in a stretching bath (Medax Nagel, Kiel).

For cryosections, hearts were placed in a cryomold filled with O.C.T. (Tissue-
Tek®, Sakura Finetek, Umkirch, Germany) immediately after explantation.
Subsequently, cryomolds were transferred into an aluminum pan filled with 2-
methyl butane (Sigma) and dipped into liquid nitrogen. After complete freezing,
hearts were stored at -80 °C until experiments. Sections were made on a Leica
3050 cryostat microtome (Leica) with a thickness of 10 pm for

immunofluorescence stainings or 30 um for stiffness measurements.

2.2.3.2 Standard histological stainings

FFPE section were deparaffinized in two changes of Roti®-Histol for 10 minute
each, followed by a descending alcohol row of two times 100%, and 90%, 80%,
70% ethanol and Aqua dest.

For hematoxylin and eosin stainings (H&E), deparaffinized and rehydrated
sections were stained in hematoxylin (Sigma-Aldrich) for 5 min, washed for 15
min under running tap water, and consequently stained in 1% eosin (Carl Roth)
for 3 min. Subsequently, the sections were briefly washed in distilled water,
dehydrated again via an ascending alcohol series, transferred to Roti®-Histol and
finally covered with Roti®-Histokitt (Carl Roth) and a cover slip (R. Langenbrinck).

Fibrosis staining was performed by Picro-Sirius Red staining, including incubation
of deparaffinized and rehydrated sections with 1.2% Picro-Sirius Red Solution
(Merck, Darmstadt, Germany) for 60 min and subsequent washing in 0.5% acetic

acid.
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2.2.3.3 Immunohistochemical staining

For immunohistochemical (IHC) stainings, deparaffinized and rehydrated FFPE
sections were subjected to peroxidase blockage using 0.1% sodium acid and
0.3% H20:2 diluted in distilled water. Heat antigen retrieval was perfomed by
boiling sections in citrate buffer (pH 6.0) for 20 min. After cooling down, serum,
avidin and biotin blockage was done

Cell&Tissue Staining Kits (R&D Systems, Minnesota, USA). Afterwards, primary
antibodies were incubated overnight at 4°C. The next day, sections were washed
three times in PBST (PBS + 0.05% Tween® 20, Merck). Biotinylated secondary
was incubated for 45 min at room temperature, DAB (Diaminobenzidine) was
subjected to section after signal amplification with HSS-HRP (High Sensitive

Streptavidine - Horseradish Peroxidase). Nuclei were counterstained with

Mayer 6s Hematoxylin Solution (Merck).

in Roti®-Histokitt (Carl Roth). For the human biopsies, CyPA deposition was
assessed based on a scoring system ranging from 1 (low) to 5 (high). Staining
intensities were visually assessed by laboratory technicians blinded to the type
of cardiomyopathy and any patient-related data. Subsequently, after grading of
CyPA, all biopsies with a grade of 4 and 5 were assigned to the CyPAN9" group,
while those of grade 1 or 2 were assigned to the CyPA""" group. For animal

studies, exact percentages of CyPA+ areas were calculated as described below.

Immunohistochemical staining and imaging of phospho-antibodies was
performed fully automatically using a Leica BOND-MAXE staining machine
(Leica Microsystems, Wetzlar, Germany) using the bond polymer refine detection
kit from Leica (# DS9800). Antigen retrieval was performed before by cooking for
20-60 minutes in citrate or EDTA buffer.

2.2.3.4 Immunofluorescence stainings of FFPE sections and cryosections

FFPE section were deparaffinized and rehydrated, cryosections were defrosted
at room temperature and fixated with 4 or 10% formalin. Heat antigen retrieval
was then performed by boiling sections in citrate buffer (pH 6.0) for 20 min.

40

accor di

Subs



Sections were blocked (Dako, Agilent, Santa Clara, USA) and permeabilized with
0,1% Triton™ X-100 (Sigma-Aldrich). Incubation with primary antibody was done
overnight at 4°C. The next day, sections were washed three times with PBST,
followed by incubation with secondary antibody diluted 1:200 at room
temperature for 1 hour. Consequently, sections were washed thrice and nuclei
staining was performed with DRAQ5™ (Thermo Fisher Scientific Inc.) or DAPI
(Invitrogen) at 1:1000 dilution for 10 minutes. Slides were mounted with
ProLong™ Gold Antifade Mountant (Invitrogen).

2.2.3.5 Tissue-based transcriptomic analysis using Nanostring® assay

Total RNA was extracted from FFPE sections using the RNeasy FFPE Kit
(Qui agen, Hilden, Germany) according
and purity were assessed using the NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Rockland, USA). mRNA expression was measured
with the NanoString nCounter Analysis System (NanoString Technologies,
Seattle, USA) with 100 ng of total RNA. A custom nCounter CodeSet and three
reference genes (GAPDH, HPRT1, RPL19) were hybridized to total RNA for 18
h at 65 °C and nCounter Prep Station loading as well as expression quantification
with the nCounter Digital Analyzer was performed as recommended by the
manufacturer. The expression data were analyzed utilizing the NanoString
nSolver Analysis Software v3.0. Quality control was carried out using the default
settings within the nSolver software and by analyzing the positive and negative
control, housekeeping and total (excluding controls) counts as well as the binding

densities in each sample.

All analyzed genes are listed in Tab. 2.
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Tab. 2 | Panel of 594 analyzed mRNA transcripts via NanoString® with name
and accession number in alphabetical order.

Gene n|{Gene n|Gene n[{Gene n{Gene n|Gene n|Gene n
ABCB1 BTLA CCL?2 CD244 cbh81 CR2 DEFB4
ABL1 Cl4d4orf cCCL20 Cbh247 CDh8 2 CRADD DPP4
ADA C1lQA CCL22 Cbh27 CDh83 CSF1 DUSP4
AHR Cl1QB CCL23 CD2714 cCD86 CSF1R EBI 3
Al CDA Cl1QBP CCL24 CD276 CD8A CSF2 EDNRB
Al RE ClR CCL26 CcCDh28 CDh8B CSF2RI EGR1
APP C1ls cCCcL3 CD34 CD9 CSF3R EGR?2
ARG1 Cc2 CCL4 CD36 CD96 CTL AT4M ENTPD
ARG2 C3 CCL5 CD3D CDh97 CTLA4 _ | EOMES
ARHGDI C4A/ B CCL7 CD3E CDh99 CTNNB] ETS1
ATG10 C4BPA cCLS8 CD3EAH CDHS5 CTSC FADD
AT G112 C5 CCND3 CD4 CDKN1A4 CTSG FAS
ATG16 | C6 CCR1 CDh40 CEACAM CTSS FCAR
AT G5 c7 CCR1O0 CD40L{ CEACANMN CuL?9 FCERL1
AT G7 C8A CCR2 CD44 CEACAM CX3CL| FCER1
ATM CcC88B CCRS5 CD45R CEBPB| CX3CR]FCGR1A
B2 M CcC8G CCR6®6 CD45R CFB CXCL1| FCGR2/
B3 GAT] Cc9 CCRY CD45R CFD CXCL1|{FCGR2A
BATF CAMP CCRS8 CD46 CFH CXCL1] FCGR2H§
BATF3 CARDO9 CCRL1 CD438 CFI CXCL1] FCGR3A
BAX CASP1 CCRL2 CD5 CFP CXCL1] FCGRT
BCAP3] CASP1| CD14 CD53 CHUK CXCL2 FKBPS5
BCL1O CASP2 CD160 CD55 CIlITA CXCLO9 FN1
BCL 2 CASP3 CD163 cCD58 Cl SH CXCR1 FOXP3
BCL2L] CASPS8 cCD164 CD59 CLEC4)] CXCR2 FYN
BCL 3 CCBP2 CD19 CD6 CLEC4] CXCR3 GATA3
BCL 6 CCL11 CD1A CD7 CLECS5)] CXCR4 GBP1
BI D CCL13 cCD1D CD70 CLEC6/] CXCRS6 GBP5
BLNK CCL15 CD2 CD74 CLECT | CYBB GFI 1
BST1 CCL16 CD209 CD79A CLU DEFB1 GNLY
BST2 CCL18 cCDh22 CD79B| CMKLR] DEFB1O GP1BB
BTK CCL19 CD24 cD8O0 CR1 DEFB1O GPI

GPR18
GZ MA
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Gene niGene n| Gene nj| Gene nam Gene nafnGene n
GZMB I FNAR I L1RAJ I RAK1 KI'R_I nhib LI TAF
GZ MK I FNAR I L1RL Il RAK?2 KI'T LTA

HAMP I FNB1 Il L1RL Il RAKS3 KLRAP1 LTB4R
HAVCR2 I FNG Il L1IRN | RAK4 KLRB1 LTB4R
HF E I FNGR I L2 | RF1 KLRC1 LTBR
HL M I GF2R I L20 | RF3 KLRC2 LTF

HL /A I KBKA I L21 | RF4 KLRC3 LY9 6
HL A | KBKB I L21R Il RF5 KLRC4 MA F

HL D MA | KBKE I L22 | RF7 KLRD1 MALT1
HLADMB | KBKG | L22RA | RF8 KLRF1 MAP 4 K]
HLADOB | KZF1 I L23A | RGM KLRF2 MAP 4 K1
HLMPAL | KZF2 I L23R | TGA2B KLRG1 MAP 4 K 4
HLADPB1 | KZF3 I L26 I TGAA4 KLRG2 MAPK1
HLAD QA1 I L1O I L27 I TGAS KLRK1 MAPK11
HLAQB1 I L10R I L28A I TGAG LAG3 MAPK 1 4
HLMDRA I L11R I L28 A} I TGAE LAI R1 MAPKAP
HLARB1 I L12A I L29 I TGAL LAMPS3 MARCO
HLMAMRB3 I L12EB I L2RA I TGAM LCK MASP1
HRAS I L12RI I L2RB I TGAX LCP2 MASP 2
| CAM1 I L13 I L2RG | TGB1 LEF1 MBL 2
I CAM2 I L13R/ I L3 I TGB2 LGALS3 MB P

| CAM3 I L15 I L32 I TLN1 LI F MCL 1
| CAM4 I L16 I L4 I TLN2 LI LRAL MI F

I CAMS5 I L17A I L4R JAK1 LI'LRAZ2 MME

I COS I L1788 I L5 JAK?2 LI LRAS MR 1

I COSL{( I L17H I L6 JAKS3 LI LRA4 MRC1
| DO1 I L18 I L6R KCNJ 2 LI LRAS MS4 A1l
I FI1 16 I L18R I L6ST KI R3DL1 LI LRAG MSR1
I FI1 35 | L18R}Y I L7 KI R3DL 2 LI LRB1 MUC1
I FI H1 I L19 I L7R KI R3DL 3 LI LRB2 MX 1

I FI T2 I L1A I L8 KI R_Activ. LI LRBS3 MY D8 8
I FI TM] I L1B I L9 KI Rctiv. S LI LRB4 NCAM1
| FNA1/ I L1R1 I LF3 |[KIR_I nhib. LI LRB5 NCF 4
I FNA2 I L1R2
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Gene ng Gene nal Gene nal Gene ng Gene na
NFATC2 PSMB7 SLC2A1 TLR3 TYK2
NFATCS3 PSMBS8 SMADS3 TLR4 UBE2L3
NFI L3 PSMB9 SMADS5 TLRS5 VCAM1
NFKB1 PSMC2 SOCS1 TLRY7 VTN
NFKB?2 PSMD7 SOCS3 TLRS XBP1
NFKBI A PTAFR SPP1 TLRY9 XCL1
NFKBI Z PTGERA4 SRC TMEM17 XCR1
NLRP3 PTGS2 STAT1 TNF ZAPT7O0
NOD1 PTK2 STAT?2 TNFAI P ZBTB16
NOD?2 PTPN2 STATS3 TNFAI P ZEB1
NOS2 PTPN22 STATA4 TNFRSF1 sCTLAA4
NOTCH1 PTPNG6 STAT5A| TNFRSF1 ABCF1
NOTCH2 PTPRC_ & STAT5B| TNFRSF 1 ALAS1
NTS5E PYCARD STAT®G6 TNFRSF1 EEF1G
PAXS5 RAF1 SYK TNFRSF G6 PD
PDCD1 RAG1 TAGAP TNFRSF GAPDH
PDCD1L RAG2 TAL1 TNFRSF] GUSB
PDCD2 RARRES?3 TAP1 TNFRSF HPRT1
PDGFB RELA TAP2 TNFRSF OAZ1
PDGFRB RELB TAPBP TNFRSF POLR1B
PECAM1 RORC TBK1 TNFSF1 POLR2A
Pl GR RUNX1 TBX21 TNFSF1 PPI A
PLA2G2 S100A8 TCF4 TNFSF1 RPL19
PLA2G2 S100A9 TCF7 TNFSF1 SDHA
PLAU S1PR1 TFRC TNFSF1 TBP
PLAUR SELE TGFB1 TNFSFA4 TUBB
P ML SELL TGFBI TNFSFS§

POU2F2 SELPLG TGFBR1 TOLLI H

PPARG SERPI NG TGFBR2 TP53

PPBP SH2D1A THY1 TRAF1

PRDM1 SI GI RR TI CAM1 TRAF2

PRF1 SKI TI GI'T TRAF3

PRKCD SLAMF1 TI RAP TRAFA4

PSMB1O0 SLAMFG®6 TLR1 TRAFS5

PSMB5 SLAMF7 TLR2 TRAFG6
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2.2.3.6 Cytokine profiling from mouse plasma and heart lysates

For measurement of cytokines from murine plasma and hearts on day 28 of the
animal experiments, blood was drawn retrobulbar and transferred to EDTA KE
tubes (Sarstedt AG & Co KG, Numbrecht, Germany) to generate plasma, or
hearts were cut into two halves and the apical part (including apex, septum and
the anterior, lateral and posterior wall) was shock-frozen in liquid nitrogen. Equal
volumes of plasma or equal amounts of protein from hearts were taken. Protein
concentration was measured by standard Bradford assay using a standard dye
reagent (Bio-Rad). 13 cytokines were measured using a LEGENDPlexE mouse
inflammation panel (BioLegend®, San Diego, CA, USA) by applying
manuf act ur e mprdtscols Tha mehsured cytokines included 1L-23, IL-
10, -od,FNUNF CCL 2-1),(ILM2pR0, IL-1 b ,-10] Il-6, IL-27, IL-17A, IFN-
b and GM-CSF.

2.2.3.7 Isolation of murine cardiomyocytes

Concomitant isolation of primary ventricular cardiomyocytes (CMs) and cardiac
fibroblasts (CFs) was performed according to a modified protocol of the Alliance
for Cellular Signaling (AfCS; procedure protocol PP00000125), as previously
described®’-84, Briefly, the hearts were retrogradely perfused with a liberase-
based digestion buffer via the aorta using a modified Langendorff apparatus. The
heart was then dissected into ~1 mm pieces, allowing the cells to detach from the
tissue by gentle homogenization using a 5 ml pipette before undigested tissue
fragments were separated from the cell suspension using a 100 um cell strainer.
Next, vital CMs were allowed to settle for 10 min in order to form a loose pellet
which separated them from the CFs remaining in the supernatant. After
centrifugation of the transferred supernatant at 220 g (1,400 rpm) for 7 min, the
obtained CF pellet was resuspended in culture medium (DMEM + GlutaMAX™
supplemented with 1% Penicillin Streptomycin solution (PenStrep), 10% Fetal
bovine serum (FBS) and 1% Insulin-Transferrin-Selen (ITS)), counted using a

Neubauer haemocytometer and plated at the required cell density. The CMs were
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treated with escalating calcium concentrations (12.5 uM, 62 uM, 112 uM,
212 pM, 500 uM and 1000 uM) and cell number was determined using a Fuchs-
Rosenthal counting chamber. CMs were cultured in myocyte culture medium
containing Minimum Essential Medium (MEM) supplemented with 1% PenStrep,
5% FBS, 1% L-glutamine, 500 uM 2,3-butanedione monoxime (BDM)). Both cell

types were maintained under standard conditions of 5% CO2 and 37°C.

2.2.3.8 Stiffness measurement of ex vivo heart tissue

For ex vivo stiffness measurements, 30 um cryosections from hearts of mice after
28 days of treatment were generated and mounted on Superfrost® Plus
microscope slides (R. Langenbrinck GmbH). Next, crosections were thawed and
measur ed i n PBS (Dul beccods P h eAddpch,at e Buf
Taufkirchen, Germany). Relevant regions as indicated by the H&E staining were
identified using phase contrast microscopy. Six regions at the interventricular

septum were scanned per section using atomic force microscopy.

2.2.4 Invitro methods

2.2.4.1 Cell culture of HL-1 cardiomyocytes

Murine HL-1 cardiomyocytes were cultured in Claycomb Medium (Sigma-Aldrich,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA), 1%
penicillin-streptomycin (100 U/mL; Gibco, USA), 1% L-glutamine (2 mM; Gibco,
USA), and 0.1 mM norepinephrine (Sigma-Aldrich, USA). Frozen HL-1 cells were
quickly thawed in a 37°C water bath, decontaminated with 70% ethanol, and
transferred to a 15 mL centrifuge tube containing 10 mL of pre-warmed complete
Claycomb Medium. The cells were centrifuged at 300 x g for 5 minutes at room
temperature, the supernatant was discarded, and the cell pellet was resuspended
in 10 mL of fresh complete medium. Cells were then counted using a
hemocytometer, and appropriate cell numbers were seeded into pre-coated

culture flasks.
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Culture flasks were pre-coated with 0.02% gelatin and 5 pg/mL fibronectin
(Sigma-Aldrich, USA) to enhance cell attachment. Cells were maintained in a
humidified incubator at 37°C and 5% COF Cells were passaged at 90%
confluency and seeded into new precoated flaks at a split ration of 1:4. For cell
detachment, medium was removed, cells were washed twice with PBS and then
incubated with 0.05% trypsin-EDTA solution (Gibco, USA) for 3-5 minutes at the
incubator. Trypsinization was neutralized with a double volume of complete
medium. The cell suspension was centrifuged at 300 x g for 5 minutes, the
supernatant was discarded, and the cell pellet was resuspended in fresh

complete medium.

For experiments, HL-1 cells were seeded onto pre-coated 6-well plates at a
density of 2 x 10° cells/cm? or into 96-well-plates at a density of 2 x 10* cells.

2.2.4.2 Western Blot analysis

For gquantitative analysis of protein expression levels, western blots were
performed. For this procedure, cells were lysed using a custom RIPA lysis buffer
containing 0.1% SDS supplemented with a protease and phosphatase inhibitor
cocktail (Sigma, Cell Signaling) for 1 hour at 4°C. Next, cell fragments were spun
down to generate a cell pellet with the membrane fraction. The supernatant was
carefully transferred to another reaction tube for protein quantification (Bradford
assay) and dilution of the sample with loading buffer (Roti-Load, Carl Roth).

Protein concentration was determined by Bradford assay. Aliquots of
supernatants were mixed with 4 x sample buffer (LI-COR, 928-40004) containing
10% beta-mercaptoethanol, boiled for 10 min, and resolved on SDSi PAGE
Trisglycine gels (Bio-Rad). Proteins were transferred to a membrane on Mini
TransBlot Cell (Bio-Rad) and blocked for 1 h in Roti Block (Carl Roth) or 5% BSA
dissolved in TTBS. Next, membranes were probed with the corresponding
primary antibodies overnight at 4°C. Membranes were then rinsed with TBS
containing 0.05% Tween (TBST) 20 4 x 5 min, and incubated with fluorescent-

labeled secondary antibodies (LI-COR) in TBS supplemented with 0.2% Tween
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20 for 1 h at room temperature. Membranes were rinsed again with TBST and
then imaged on an Odyssey® Imager (LI-COR Biosciences GmbH, Lincoln, NE,
USA).

Image analysis was performed using Image Studio Lite software (LI-COR) or
ImageJ. GAPDH was used as loading control. Fluorescent band intensity was
normalized to GAPDH.

2.2.4.3 Antibody generation and validation

For generation of antibody candidates targeting the EMMPRIN-binding site of
CyPA, rats were immunized with a peptide containing the lead sequence of
TAKTE which was identified as EMMPRIN binding site previously.'® In detail,
I mmuni zation was performed by a subcutaneol
ovalbumin-coupled lead sequence (OVA, Peps4LS, Heidelberg, Germany), 5
nmol /L CPG oligonucleotides (Tib Molbiol, B
pl incomplete Freund 6 s a dj u vyacantidatesAwere thénogenerated by
fusing spleen cells with immortal myeloma cells, in order to create monoclonal
hybridoma cell lines. Purified antibodies were then tested in vitro, and the most
promising candidate was submitted to further testing. For in silico modeling, we
generated a putative antibody-antigen complex model after sequencing of the
most promising antibody candidate. The antibody was modelled using the
Schrédinger Prime approach while the antigen was based on PDB-ID 7ABT. The

complex structure was created by Schrodinger Protein-Protein docking module.

Binding to CyPA was assessed using a custo
DuoSetE kit (R&D Systems, Minnesota, USA). Briefly, a microwell plate was
coated with 200 nM CyPA overnight. The next day, the supernatant was removed,
and wells were blocked with 1% BSA for one hour at room temperature. Next,
various manifold antibody concentrations were added to the wells and incubated
for three hours. After that, the supernatant was removed, wells were washed with
PBST thrice and then incubated with a biotinylated secondary antibody (donkey

anti-rat, abcam, Cambridge, UK) for one hour. Last, a streptavidin-HRP-complex
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and chromogen substrate were added to the wells, and optical density was

measured using a GloMax Plate Reader (Promega, Madison, USA) at 450 and

570 nm, according to the manufactureros

2.2.4.4 Hypertrophy assay on HL-1 cardiomyocytes

To quantify cellular hypertrophy upon stimulation, HL-1 cardiomyocytes were
stimulated for 48 hours under cell culture conditions in 12 well chambers (ibidi®,
ibidi GmbH, Gréfeling, Germany). Cells were seeded carefully to avoid
overlapping on wells previously coated with fibronectin/gelatin (5 pg/ml / 0.02%).
Stimulation was done in serum-free Claycomb medium (Sigma-Aldrich, Missouri,
USA) after preincubation of reagents for 20 min. Cells were treated with 400 nM
Angiotensin 1l (Ang Il, Sigma-Aldrich), 200 nM Cyclophilin A (CyPA, R&D
Systems), eCyPA-mAb (20 pg/ml) or rat IgG2a control (20 pg/ml). After
stimulation, medium was removed, cells were washed and fixed with 4%
formaldehyde (Otto Fischar GmbH & Ko KG, Saarbricken, Germany).
Consequently, cells were stained with Wheat Germ Agglutinin (WGA),
conjugated to Alexa Fluor™ 488 (Invitrogen, Carlsbad, USA) for 45 min in the
dark according to the manufacturer protocol. Nuclei were counterstained with
DAPI (Invitrogen) for 10 min. Afterwards, slides were mounted with ProLong™
Gold Antifade Mountant (Invitrogen). After drying of slides, they were analyzed
under a Nikon Eclipse Ti-2A microscope (40-60x objectives) and cell size was
measured from 40-50 cells per high-power field using NIS-Elements AR (Nikon).

2.2.4.5 Hypertrophy assay on isolated cardiomyocytes and assessment of
surface-bound CyPA

To determine the extent of CM hypertrophy development in response to distinct
stimuli, 20,000 CMs were seeded in laminin-coated (50 ng/ml) 12-well chamber
slides and allowed to adhere to the bottom of the slide for 1 h. The culture medium
was then replaced with FCS-free medium, and the cells were either left untreated
or stimulated with Ang Il (1 uM) and IgG (20 pg/ml), Ang Il and eCyPA-mAb (20
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pg/ml), CyPA (200 nM) and 1gG (20 pg/ml), CyPA and eCyPA-mADb (20 pug/ml) for
48 h. Thereafter, the medium was removed, and cells were fixed in 4% PFA for
10 minutes. Subsequent staining and analysis were performed as described for
HL-1 cardiomyocytes.

To assess surface-bound CyPA, 20,000 CMs were seeded onto laminin-coated
(50 ng/ml) 12-well chamber slides and allowed to adhere to the bottom of the
slide for 1 h before the culture medium was replaced with FCS-free medium and
the cells were cultured for a further 48 h using the experimental conditions
described before. Thereafter, the CMs were fixed for 10 min by replacing the
stimulation medium with 4% PFA. Next, CyPA staining was performed without
permeabilization of the cell membrane and with incubation of an anti-CyPA
antibody overnight at 4°C followed by 2 hours incubation at room temperature
with an Alexa FluorE 568-coupled secondary antibody. Images were taken on a

Nikon Eclipse Ti-2A microscope (40-60x objectives).

2.2.4.6 Conditioned medium assay of HL-1 cardiomyocytes

In order to investigate the influence of secreted effectors of cardiomyocyte
hypertrophy, we developed a conditioned medium assay. HL-1 cells were
cultured in 12 Well chambers (ibidi®) and Ang Il or PBS was administered to
serum free medium. After 24 hours, medium was collected, spinned down and
eCyPA-mAD or IgG control (20 ug/ml) as well as an EMMPRIN receptor blocking
antibody (RL73, Invitrogen eBioscience™) was incubated with the medium.
Consequently, conditioned medium was given on previously seeded HL-1 cells
which were cultured with standard medium. After 48 hours of stimulation, cells

were washed, fixed and stained for cell size calculation as described before.

2.2.4.7 Peptidyl-prolyl-cis/trans-Isomerase-(Ppiase)-Activity Assay

To measure Ppiase activity from Ang llI-stimulated HL-1 cardiomyocytes in the
supernatant, HL-1 were seeded into 96-well plates. Ang Il was added to the
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supernatant together with the compound Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide
(Suc-AAPF-pNA, Cayman Chemical, Ann Arbor, MI, USA). Suc-AAPF-pNA acts
as chromogenic substrate that can be cleaved by Cyclophilin A, resulting in a
release of p-nitroanilide, which can be monitored at 405-410 nm. Luminescence
was measured using a Tecan Spark multimode microplate reader (Tecan Trading

AG, Switzerland), measuring every 20 min over 12 hours.

2.2.4.8 Preparation of HL-1 cardiomyocyte samples for Western Blot analysis

Cardiomyocytes were lysed directly in their culture well by adding RIPA buffer
that was mixed with protease and protease/phosphatase inhibitor (Cell Signaling
Technology, Danvers, MA, USA). After spinning down cell membrane fragments,
samples were diluted with ROTI® Load (Carl Roth) and cooked for 10 min at
97°C. Samples were loaded onto the sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-Page) applying an equal amount of total protein onto each
lane, or from an equal number of cells. Electrop hor esi s was perfor med
at 80 V and about 1 h at 120 V. Subsequent
Blot set-up. The resulting PVDF membranes were incubated with primary and
secondary antibodies (see Supplementary Table S6). Equal loading of total
protein was veri fied by -tubwm ore &APDHs t ai ni n
immunostaining. Membranes were scanned and analyzed with the Licor Odyssey

Infrared Imaging System (LI-COR, Bad Homburg, Germany)

2.2.4.9 Preparation of samples on CyPA release and content from isolated
cardiomyocytes for Western Blot analysis

For the determination of the CyPA release of isolated, stimulated cardiomyocytes

by Western blot, 400,000 CMs were seeded in laminin-coated 24-well plates and

allowed to adhere to the bottom of the slides for 1 h. The culture medium was

then replaced with FCS-free medium, and the cells were either left untreated or

treated with Ang Il (1 pM) for the following 6 h. Concurrently, 400,000 CF were

seeded in 24-well plates and cultured in culture medium for a corresponding
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period of time. Next, the supernatant of both CMs and CFs was carefully removed
and separated from the respective cells by centrifugation at 450 g (2,000 rpm) for
5 min at 4°C. The supernatant was stored at -80°C until further processing. To
assess CyPA content in the respective cell types by Western blot, proteins were
extracted from adherent CMs and CFs by incubation in 200 ul RIPA-lysis buffer
for 15 min on ice. Cells were then scraped from the bottom of the plates,
incubated for a further 10 min on ice, homogenized by pipetting and centrifuged
at 450 g (2,000 rpm) for 5 min at 4°C. Supernatants were stored at -20°C until

further processing.

2.2.4.10 Preparation of HL-1 cardiomyocytes for stiffness measurements

For in vitro stiffness measurements of HL-1 cardiomyocytes, cells were seeded
in a fibronectin/gelatine coated culture dish (Falcon® PS, 50 x 9 mm, Corning
Inc.) for stimulation and AFM (atomic force microscopy) measurement. Prior to
measuring, cells were washed 3 times with PBS and prepared for measurement
with CO2 independent medium L-15 (GibcoE Leibovitz's L-15 Medium, Thermo
Fisher Scientific Inc.). Several cells (unstimulated: n=264, Ang Il + IgG: n=167,
Ang Il + eCyPA-mADb: n=216, CyPA + IgG: n=197, CyPA + eCyPA-mAb: n=196)
from 5 individual splits were then measured using a commercial atomic force

microscope (MFP3D-BIO Asylum Research, Santa Barbara, CA).

2.2.5 Instrumental a nalysis

2.2.5.1 Optical microscopy of histological stainings

Standard histological stainings were imaged using a Nikon Eclipse Ni-U
microscope (4-40x objectives). Images were then further analysis NIS-Elements
AR (Nikon).
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2.2.5.2 Raman spectroscopy

Deparaffinized FFPE sections were scanned at 1 um resolution on a Witec alpha
300R confocal Raman microscope (Witec GmbH, Ulm, Germany) coupled with a
green laser (532 nm) at 50 mW laser power, an integration time of 0.05 s/pixel
and at 63x magnification in an area of 250x250 um. Raw spectral data from
Raman scans were preprocessed using Project FIVE 5.2 (Witec, UIm, Germany)

using background removal, background subtraction und normalization.

2.2.5.3 Atomic force microscopy

For in vitro stiffness measurements of HL-1 cardiomyocytes, cells were analyzed
using a commercial atomic force microscope (AFM) (MFP3D-BIO Asylum
Research, Santa Barbara, CA). Force curve maps were recorded using a sphere
tip cantilever (BioSphere-2000 CONT, 4 um sphere tip, Nanotools GmbH) at each
cell 6s cent er , wandselectedlayphask eonteastimagmg The
spring constant of cantilevers was calibrated using the thermal noise method?® (k
= 0.25-0.30 N/m). Scan parameters were a trigger force of 1 nN, scan distance
of 2 um, scan rate of 2 Hz, and a scan size of 5x5 pum? resp. 6x6 pixels. In order
to obtain a high throughput, only the cell centers were measured and
subsequently analyzed using IGOR PRO 8 (WaveMetrics, Inc., Portland, USA).
To obtain the Young's modulus (YM) of the individual cells, the Hertz model was

fitted to each force curve.86

For ex vivo stiffness measurements, surface topography and stiffness were
recorded with a home-built AFM, using a sphere tip cantilever (biosphere B1000-
CONT, 2 um sphere tip, Nanotools GmbH). The spring constant of cantilevers
was calibrated using the thermal noise method® (k = 0.20-0.34 N/m). Scan
parameters were a trigger force of 16 nN, scan distance of 20 um, scan rate of 1
Hz, scan size of 50x50 um?2 and 10x10 pixels. Obtained data was analyzed using
| GOR PRO 9. The Youngbés modul us was

curves by fitting the Hertz model.¢
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2.2.6 Bioinformatic and s tatistical analysis

2.2.6.1 General statistical analysis

Statistical analysis was performed with RStudio running R 4.2.3., GraphPad
Prism 1.9.2 (GraphPad Software, La Jolla, California, USA), and IBM SPSS
Statistics software version 26 (SPSS Inc., Chicago, lllinois, USA). Basic charts
(bar plots, violin plots) were created with GraphPad, while more sophisticated
figures were made with R. Data are presented as mean + S.E.M, as indicated for
each figure. Data was tested for normal distribution by Shapiro-Wilk normality test
and in case of significant deviation from normality or small sample sizes (<10), a

non-parametric Mann Whitney or Kruskal-Wallis test was used. Else, significance

was calculated usingone-way ANOVA with Tukeybés posthoc

test, or -t asdndicatedis eath figure lege n d . Spear manos

correlations were calculated in a group-wise manner using the R package

Acorrploto.

Statistical significance level was defined at 0.05. Experimental animals were
randomly subjected to their experimental group. All experiments were performed
and analyzed in a blinded fashion. Representative images were carefully selected
based on consistent findings across multiple samples to ensure accuracy and
reliability. Images were specifically chosen to reflect typical results observed in
the majority of all experimental replicates, ensuring they are representative for
the overall trend.

2.2.6.2 Analysis of patient data

For patient data, non-normally distributed continuous data were represented as
median with interquartile range (IQR), and normally distributed continuous data
as mean with standard deviation (SD). Mann-Whitney U test was performed for
two-group-comparisons for non-normally distributed continuous variables, while
normally distributed continuous Vv atest.
Categorical variables were represented as total numbers, and comparison was

carried out using chi-squared test.
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2.2.6.3 Quantitative analysis of stainings

Cytokine deposition and fibrosis was quantified by positively stained area
percentage. The area was determined using a modified color deconvolution
plugin available open-source (https://github.com/landinig/1J-
Colour_Deconvolution2) for ImageJ (National Institutes of Health, USA) and
custom-made macros for automation. Briefly, colors for positively stained,
negatively stained and background were selected using a color picker. The RGB
values were then defined in the script and all images were batch-analyzed using
the same thresholds and color values. As an example, to quantify the fibrosis
area, the Picro-Sirius Red staining was segmented into its yellow (corresponding
to myocardium) and red (corresponding to fibrosis) parts. The fibrosis area
percentage was then calculated from the fraction of fibrosis area to the sum of
fibrosis and myocardial area. If areas were misidentified during the first run,

thresholds or color values were adapted and the script reapplied to all images.

2.2.6.4 NanoString® analysis

Transcriptomic analyses of NanoString® data were performed using RStudio
2023.03.1 Build 446 (Posit Software, PBS, Boston, MA, USA) running R 4.3.0.
After normalization of NanoString® data, results were Log2-transformed, and fold
changes of means were plotted in volcano plot displaying significant (p<0.05)
alterations. Multiple comparison correction was done using Benjamini-Hochberg

correction. Heat maps were generated

Functional gene enrichment analysis, including gene set enrichment (GSE) and
gene ontology (GO) analysis, was performed using the R package clusterProfiler
(4.6.2) and enrichplot (1.18.4) according to the vignette available online under
https://yulab-smu.top/biomedical-knowledge-mining-book/index.html.

Specifically, we first conducted a gene set enrichment analysis using the gseGO()
function from clusterProfiler with the parameters of minGSSize and maxGSSize
set to 100 and 800 respectively, a pvalueCutoff at 0.05 and Benjamini-Hochberg
as p-value adjustment method. Next, the dotplot and gseaplot2 were created
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using the dotplot() function from enrichplot package using the results from the
previous gseGO analysis. To further analyze the pathways within biological
process (BP), molecular function (MF) and cellular component (CC), the function
enrichGO() from clusterProfiler was applied using a pvalueCutoff at 0.01,
gvalueCutoff at 0.05 and Benjamini-Hochberg as p-value adjustment method.

The results were then plotted using the barplot() function and goplot() function.

2.2.6.5 Multiparametric analysis applying Raman ASpectromicsfi

Preprocessed data from Project FIVE (Witec) was integrated into the Seurat
workflow for unsupervised machine learning cluster analysis. Cluster analysis
helped separating the scan in various myocardial compartments based on similar
spectral signals. Fibrotic and myocardial spectral signatures were then compared

between Ang ll-infused mice treated with anti-eCyPA or IgG control.

Raw spectral data from Raman scans were preprocessed by cosmic ray removal,
background subtraction and baseline correction using Project FIVE 5.2 (Witec,
Ulm, Germany), as described previously®® and then integrated into the Seurat
workflow in R as published previously?. For cluster analysis, the number of
di mensions according to Seuratéos El bowPlIl ot
UMAP pl ots wer e ¢gen e rirafuneiohality.yFor Sofcano pldtsp s b ui | t
log2-transformed fold changes of means per group were plotted against log10-
transformed p-values. Peak interpretation was carried out based on literature,
ground truth stainings for fibrosis (Picro-Sirius Red staining) and experimental

experience.
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3 Results

3.1 CyPA accumulates in the extracellular space in patients with non -
inflammatory, non -ischemic cardiomyopathy and murine model s of

heart congestion

CyPA is an independent predictor of clinical outcome in patients with congestive
heart failure, as we have shown in a previous study.*® While CyPA is
predominantly secreted in inflammatory settings!4#l, we studied CyPA
expression in endomyocardial biopsies taken from patients (n=187) with non-
inflammatory, non-ischemic congestive heart failure (Fig. 6). Within this cohort,
we ranked CyPA expressions along an intensity score (Grade 1-5) to divide the
cohort into a CyPA°" (Grade 1+2) and CyPAM" (Grade 4+5) expression

subgroup.

Interestingly, enhanced myocardial expression of CyPA in the biopsies was found
not only intracellularly but also dominantly in the extracellular space of the
myocardium (Figure 6B, left). This pattern was confirmed by
immunofluorescence staining, where CyPA showed predominant expression at

the plasma membrane (Figure 6B, right).

Patients with high CyPA expression (CyPAMI") had a significantly lower event-
free survival in comparison to patients with low expression (CyPA®") over a
follow-up period of nearly 15 years (5195 days, P=0.043, LogRank = 4.089,
Figure 6C). The Kaplan-Meier curve for cumulative event-free survival
demonstrated that survival differences were more relevant several years after the

endomyocardial biopsy revealed enhanced CyPA expression.
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Fig. 6 | Accumulation of CyPA in the cardiac microenvironment is associated with poor prognosis

in patients with congestive heart failure.

A Flow chart for the clinical study. Endomyocardial biopsies (EMB) from 187 patients with non-
inflammatory, non-ischemic cardiomyopathy were histologically assessed by immunohistochemical
staining for CyPA. The cohort was then divided into a subgroup of patients with low and high expression
of CyPA. From 30 of these biopsies NanoString® mRNA profiling was performed. B Representative
biopsies from patients with low and high CyPA expression and graduation are shown. In CyPAhigh
biopsies, CyPA was observed to accumulate in the extracellular space (black arrows).
Immunofluorescence stainings confirm a predominantly membrane-associated localization of CyPA.
Scale bar 50 um for IHC, 10 um for IF. C Kaplan-Meier curves for cumulative event-free survival of patients
with CyPA'"*w vs, CyPAN9" biopsies show a clear decline in patients with a high CyPA expression pattern.
Modified from Sigle et al. (2024).2

3.1.1 Patient characteristics

Myocardial CyPA expression was substantially enhanced in 78% (n=145) of the

cohort (Tab. 3), as observed semi-quantitatively through immunohistochemistry

staining of EMBs. There was a significant difference in late gadolinium
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enhancement-positive left ventricles in patients with high CyPA expression
pattern (P=0.014), suggesting increased non-ischemic scarring and fibrosis in
those hearts. In contrast, biomarkers did not significantly differ among the study
cohort, nor in clinical characteristics or concomitant heart failure medication (Tab.
3).

Tab. 3 | Baseline characteristics of patient population

Outcome All Patients CyPA'ow CyPA N P-
(n=187) (n=42, 22.5%) (n=145, 77.5%) value
Clinical characteristics
Age (years) 62.6 62.8 62.5 0.959
Males 140 (74.9) 28 (66.7) 112 (77.2) 0.118
BMI (kg/m2) 25.4 (22.9-29.1) 25.3(23.8-28.1) 25.4(22.8-29.3) 0.309
NYHA class Ql 93 (49.7) 21 (50.0) 72 (49.7) 0.554
Hypertension 81 (43.3) 21 (50.0) 60 (41.4) 0.100

Concomitant cardiac medication at study entry

3-blockers 100 (53.5) 19 (45.2) 81 (55.9) 0.103
ACE-| 97 (51.9) 22 (52.4) 75 (51.7) 0.521
ARB 24 (12.8) 7 (16.7) 17 (11.7) 0.298
Diuretics 76 (40.6) 17 (40.5) 59 (40.7) 0.501
MRA 49 (26.2) 8 (19.0) 41 (28.3) 0.132

Parameters of the left ventricle

LVEF (%) 45 (34-60) 45 (35-60) 45 (34-60) 0.309
PapSys (mmHQ) 28 (21-40) 30 (24-43) 27 (20.39) 0.109
Positive LGE 65 (34.8) 9 (21.4) 56 (38.6) 0.014
Biomarkers

BNP (ng/l) 550.2 (1-4893) 722.4 (12-4893) 504.8 (1-3436)  0.853
Tnl (ng/ml) 0.9 (0.03-46.33) 0.4 (0.03-5.9) 1.1 (0.03-46.33) 0.534
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CK (U 146.6 (15-975) 124 (20-686) 153 (15-975) 0.555
Creatinine (mg/dl) 1.2 (0.5-12) 1.3 (0.5-12) 1.1 (0.5-6.8) 0.382
CRP (mg/dl) 1.7 (0.01-32.9) 2.3(0.01-32.9) 1.6(0.01-27.9) 0.134

Cholesterol (mg/dl) 186.1 (90-437) 192.4 (90-257) 184.2 (102-437) 0.169

Myocardial fibrosis

Mild 39 (20.9) 11 (26.2) 28 (19.3) 0.355
Moderate 86 (45.9) 22 (52.4) 64 (44.1) 0.377
Severe 51 (27.3) 7 (16.7) 44 (30.3) 0.069

Values are n (%) or are given as median and interquartile range (IQR). ACE-I i angiotensin converting
enzyme inhibitor, ARB T angiotensin receptor blocker, BMI i body mass index, BNP i b-type natriuretic
peptide, CK i creatine kinase, CRP i C-reactive protein, LGE i late gadolinium enhancement, LVEF - left
ventricular ejection fraction, MRA T mineralocorticoid receptor antagonist, NYHA i New York Heart
Association, Tnl 7 troponin I. Modified from Sigle et al. (2024).2

Further subclassification into the underlying cardiomyopathies (Tab. 4) revealed
that a significantly higher proportion of patients with enhanced CyPA expression
patterns suffered from dilated cardiomyopathy after suspected chronic
myocarditis without any inflammatory activity in the myocardial biopsy (P=0.011),
and from not further classified non-ischemic cardiomyopathy (P=0.010).

Tab. 4 | Classification of cardiomyopathies according to clinicopathological and
histopathological criteria

Primary All Patients CyPA'ow CyPA"igh

Cardiomyopathy (n=187) (n=42, 22.5%) (n=145, 77.5%) '~ value
iDCM 81 (43.3) 11 (26.2) 70 (48.3) 0.011
DCM 33 (17.6) 10 (23.8) 23 (15.9) 0.234
HNCM, HOCM 11 (5.9) 2 (4.8) 9(6.2) 0.726
Storage disease 11 (5.9) 1(2.4) 10 (6.9) 0.273
NICM 51 (27.3) 18 (42.9) 33 (22.8) 0.010

Values are n (%). CM i cardiomyopathy, DCM - idiopathic dilated cardiomyopathy, HNCM i hypertrophic
non-obstructive cardiomyopathy, HOCM 1 hypertrophic obstructive cardiomyopathy, iDCM - DCM after
suspected chronic myocarditis without any inflammatory activity in myocardial biopsy, NICM - non-ischemic,
non-inflammatory cardiomyopathy, not further classified. Modified from Sigle et al. (2024).2
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During follow-up, a critically enhanced proportion of patients with CyPAMgh
biopsies reached the combined endpoint (P=0.011), mostly due to death
(P=0.026) and heart failure-related rehospitalization (P=0.043) (Tab. 5). Further
aspects of the combined endpoint were survived sudden cardiac death (ICD

shock delivered for VF or VT) and heart transplantation.

Tab. 5 | Clinical outcome during follow  -up.

Clinical Outcome All Patients CyPA'ow CyPANigh P-
(n=187) (n=42, 22.5%) (n=145, 77.5%) value**
Combined endpoint* 89 (47.6) 14 (33.3) 65 (44.8) 0.011
All-cause death 40 (21.4) 7 (16.7) 33 (22.8) 0.026
VTIVF 29 (15.5) 4 (9.5) 25 (17.2) 0.992
HF- related rehospitalization 17 (9.0) 2 (4.8) 15 (10.3) 0.043
Heart transplantation 3(1.6) 1(2.4) 2(1.4) 0.403

Values are n (%). * Combination of the consecutively listed items, ICD i implantable cardioverter/defibrillator,
HF i heart failure, VT/VF i ventricular tachycardia, ventricular fibrillation, adequate ICD shock, **assessed
by Cox regression analysis. Modified from Sigle et al. (2024).2

3.1.2 Transcriptional characterization of human endomyocardial biopsies

To further characterize the underlying inflammatory pathways in these failing
human hearts, transcriptomic mRNA profiling from the endomyocardial biopsies
was performed using a custom panel of 594 inflammation-related genes (Tab. 2
in the Methods section). Volcano plot and heatmap analysis demonstrated a
significant overall upregulation of inflammatory mediators in CyPA"9" compared
to CyPA°" samples (Figure 7A), even though only patients with non-

inflammatory cardiomyopathy were enrolled.
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Gene Set Enrichment Analysis (GSEA) implied a strong upregulation of cytokine
production, cytokine activity, cytokine receptor binding and receptor-ligand

activity (Figure 7B, C).
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Fig. 7 | Transcriptomic analysis reveals upregulated sterile inflammation and inflammatory activity

at the external side of plasma membrane in CyPA " biopsies.

A Volcano plot from NanoString® analysis shows an upregulation of mRNA transcripts of inflammatory
regulators in non-inflammatory cardiomyopathy. P-values were adjusted for multiple testing using
Benjamini-Hochberg procedure. B, C Gene Set Enrichment Analysis (GSEA) demonstrates strongly
upregulated pathways of cytokine activity and signaling receptor activity. D Gene Ontology (GO) analysis
in the three distinct aspects of biological process, molecular function, and cellular component imply
increased biological processes at the external side of the plasma membrane, including enhanced cytokine
receptor binding and cytokine-mediated signaling pathways.

FC = fold change, pVal.adjust or p.adjust = adjusted p-value (Benjamini-Hochberg).

Modified from Sigle et al. (2024).2
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Modified from Sigle et al. (2024).2

Fittingly, Gene Ontology (GO) analysis of biological processes suggested strong
involvement of lymphocyte and leukocyte-mediated immunity as well as a
pronounced upregulation of cytokine-mediated signaling pathways, supporting
the influence of sterile myocardial inflammation even in primary non-
inflammatory, non-ischemic cardiomyopathy. Strikingly, the GO aspect of cellular
component and molecular function suggested upregulation of cytokine receptor
binding, and accordingly, the external side of plasma membrane and secretory
granule membranes were identified as location of these processes (Figure 7D).
These results are consistent with our histological finding of membrane

association and extracellular accumulation of CyPA.
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3.1.3 Reproduction of the extracellular accumulation pattern in mouse

models of heart congestion

The previous results showed how clinically relevant high extracellular CyPA
content is in terms of prognosis, and that the histological pattern is also reflected
in transcriptomic changes suggesting enhanced sterile inflammation. To replicate
the human findings in a murine model of non-inflammatory, non-ischemic
cardiomyopathy, we investigated two robust murine model of chronic heart
damage. By using mouse models, human pathologies cannot only be replicated
in another alive system, but also therapeutic approaches can be tested. As we
only included patients with non-ischemic and non-inflammatory cardiomyopathy,
various pathophysiological mouse models including myocardial infarction (LAD
ligature) or myocarditis (Troponin I- or coxsackie virus B3-induced) were
excluded, while the model of ApoE’/Ang Il and transverse aortic constriction
were further investigated.

3.1.3.1 Model of continuous infusion of Ang Il in ApoE~ mice

Previous work has demonstrated that continuous infusion of Ang Il into
atherosclerosis-prone apolipoprotein E (ApoE)-deficient mice over 28 days
causes chronic heart damage'®®” and promotes atherosclerosis.3¢88 In a pilot
study, we used this model to investigate myocardial cytokine levels (Figure 9A).
Accordingly, an osmotic mini-pump was subcutaneously implanted into ten
ApoE”- mice, of which five pumps were filled with either a body-weight adapted

quantity of Ang Il (see methods) or 0.9% sodium chloride as control.

Immunohistochemical analysis of different cytokines (TNF-U, -1IbL -6,
CXCL12/SDF-1 U, CXCL14 and CyPA) showed a
expression of CyPA in Ang ll-treated mice compared to control mice and also

compared to other cytokines (Figure 9B).
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Fig. 9 | The Ang Il / ApoE - model of non -ischemic, non -inflammatory heart failure.

A ApoE" mice were challenged with Ang Il or NaCl (saline) via osmotic mini-pumps over 28 days, to
mimic non-ischemic, non-inflammatory cardiomyopathy in vivo. B Cytokine profiling from
immunohistochemical stainings for CyPA, IL-1b, IL-6, SDF-1U, TNF-U and CXCL14. CyPA showed a
significantly enhanced expression, accompanied by a clear accumulation in the extracellular space
(black arrows). Mann-Whitney test, **p=0.0079 for CyPA and *p=0.0327 for SDF1-U. C Representative
immunohistochemical stainings for TNF-U, IL-1b, SDF-1Uand CyPA and the corresponding IgG controls.
Scale bar 10 pm.

Modified from Sigle et al. (2024).2

Most strikingly, CyPA was primarily found in the extracellular microenvironment,
replicating the previously described pattern found in human biopsies (Fig. 10A).
High-resolution confocal microscopy showed accumulation of CyPA-rich
microvesicles close to the plasma membrane, suggesting a pool ready to be

released to the extracellular space (Fig. 10B).
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Fig. 10| The Ang Il / ApoE “ model shows a comparable extracellular CyPA accumulation pattern

to the human pat hology

J Expression of CyPA was significantly enhanced in mice treated with Ang Il over 28 days compared
to placebo (NaCl)-treated mice. Scale bar. 200 um. K Representative murine immunofluorescence
stainings for CyPA, showing CyPA-rich microvesicles at the plasma membrane, presumably a pool
ready to be released to the extracellular matrix. Scale bar 10 pm.

Modified from Sigle et al. (2024).2

As a conclusion, the ApoE“/Ang Il mouse model could clearly replicate the CyPA
staining pattern found in human biopsies. Besides histology, this mouse model
reflects similar inflammatory patterns compared to human studies. Also,
hypertrophy was observed in parallel. We hypothesized that in this model Ang Il
critically stresses cardiomyocytes which in turn release CyPA. From a clinical
perspective enhanced RAAS-activation is also a key characteristic of many
patients with heart failure.8® Taken together, this model replicates
pathophysiological characteristics from humans very well.

3.1.3.2 Model of transverse aortic constriction

We also studied another model of non-ischemic cardiomyopathy, the model of
transverse aortic constriction (TAC). For the TAC model, C57BL/6N mice at the
were operated as described before*®8° and in the methods sections. Two mouse
cohorts were studies, one at the age of eight weeks (same age as for the mice of
the ApoE”-/Ang Il model) and another cohort with mice of 17 weeks of age. In
both cases, mice were sacrificed five weeks after induction of the pathology by

constriction of the ascending aorta (Fig. 11).
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Fig. 11 | The transverse aortic constriction (TAC) model of non -ischemic, non -inflammatory
heart failure.

Study workflow: Two mice cohorts were operated, a young cohort with mice around 8 weeks of age,
and an old cohort with mice being approximately 17 weeks old Mice from both cohorts then underwent
open-chest surgery or sham operation and were sacrificed 5 weeks after the procedure.

For the young cohort (eight weeks of age), we did not find a significant difference

in CyPA expression, while expression was enhanced in the old cohort (Fig. 12).
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Fig. 12 | Older mice undergoing transverse aortic constriction display enhanced CyPA

expression, but less extracellular accumulation.

A Representative IHC staining of CyPA and its IgG control (bottom row) of sham-operated mice in
comparison to the young cohort and old cohort. Scale bar 50 um B, C Quantification of CyPA-positively
stained areas. Mann-Whitney test.

Bar plots show mean + S.E.M.
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However, eCyPA accumulation was not as pronounced as in the ApoE’/Ang Il
model. Additionally, in contrast to the ApoE”/Ang Il model, whose
pathophysiological mechanisms can be clearly reproduced in vitro, the TAC
model lack adequate in vitro experiments explaining CyPA release and
accumulation in the extracellular space i both hallmarks of the pathology found
in human und murine specimens. Furthermore, the assessment of inflammation
in the context of an open-chest operation remains a critical aspect since the
operation itself could enhance systemic inflammation and influence or falsify the
cardiac response to the aortic constriction. We therefore decided to stick to the

ApoE”/Ang Il model for further experiments.

Thus, in both human and murine hearts, myocardial CyPA accumulation in the
extracellular microenvironment is associated with congestive heart failure and is
associated with an upregulation of cytokine-mediating pathways. We
hypothesized that CyPA is secreted into the extracellular space in response to
chronic heart damage and here critically interacts with its receptor to accomplish

a presumably pathophysiological remodeling.
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3.2 Neutralizing extracellular CyPA prevents Ang Il -induced

cardiomyocyte hypertrophy in vitro

To further study the mechanistic role of eCyPA during the process of a failing
heart, CyPA release and its functional implications was studied in vitro. We
postulated that CyPA is secreted into the pericellular space upon stimulation with
Ang Il, comparable to a danger-associated molecular pattern (DAMP).3% From its
extracellular location, CyPA may bind to the surface of adjacent cells or the same
cell, acting in a paracrine or autocrine manner. By disrupting CyPA from binding
back to its receptor using an antibody-based approach, we hypothesized to inhibit
pathophysiological remodeling and cardiomyocyte hypertrophy (Fig. 13). The
most prominent CyPA receptor is EMMPRIN, which promotes cell hypertrophy

via ERK1/2 signaling, as shown previously.*°
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Fig. 13 | Graphical hypothesis abstract of the pathomechanism of extracellular CyPA
accumulation .
Ang |l stresses cardiomyocytes to release CyPA, which then likely acts in autocrine and paracrine
fashion via its receptor EMMPRIN. Neutralizing secreted CyPA by an antibody is supposed to inhibit
pathophysiological remodeling of cardiomyocytes, including cellular hypertrophy.
Modified from Sigle et al. (2024).2

3.2.1 CyPAis release d from cardiomyocytes upon stimulation with Ang Il

and drives cardiomyocyte hypertrophy

Upon stimulation with Ang Il, CyPA is released from cultured cardiomyocytes in
a time dependent manner as measured by immunoblots. Interestingly, the

amount of intracellular CyPA remains almost the same (Fig. 14).
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Fig. 14 | CyPA is release from cardiomyocytes upon Ang Il stimulation in vitro

A CyPA is released from HL-1 cardiomyocytes in a time-dependent manner, as quantified by Western
Blot analysis from the medium of cells treated with Ang Il or PBS (unstimulated). Intracellular CyPA
levels remain unaffected. B CyPA band intensity was quantified as fold change from unstimulated cells
after 6 hours. n=4. Mann-Whitney test.

Dots display mean + S.E.M.

Modified from Sigle et al. (2024).2

To study chronic effects of cardiomyocyte stimulation, HL-1 cardiomyocytes were
cultured in the presence or absence of Ang Il (400 nM), CyPA (200 nM) or the
combination of both for 48 hours, and cellular hypertrophy was quantified by
staining the cell membrane and measuring the cell size (Fig. 15). When HL-1
cells were treated with Ang Il, cell size was significantly increased. Similar effects
on cell size were observed in the presence of eCyPA, indicating that both Ang |l
and CyPA induce hypertrophy of cardiomyocytes. No synergistic effect on cell

size was observed when both mediators were present (Fig. 15B).
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Fig. 15| Ang Il and CyPA promote cardiomyocyte hypertrophy in vitro

A Chronic challenge of HL-1 cardiomyocytes over 48 hours with Ang Il or CyPA promotes cellular
hypertrophy, as assessed by immunofluorescence staining of the cell membrane with fluorescently
labeled wheat germ agglutinin (WGA). Scale bar, 25 um. B Cardiomyocyte was significantly enhanced
after treatment with Ang Il or CyPA, but both together showed no synergistical effects. n=5. Kruskal-
Wallis test.

Bar plots show mean + S.E.M.

Modified from Sigle et al. (2024).2

3.2.2 A monoclonal antibody targeting extracellular CyPA diminishes
hypertrophic effects of Ang Il - induced extracellular CyPA
accumulation

To break down CyPA-mediated effects to its extracellular localization, we aimed
to neutralize secreted CyPA. However, most of the currently available CyPA
inhibitors, including CsA, block both the intra- and extracellular function of
CyPA.148891-% |n order to specifically address the role of eCyPA on myocardial
hypertrophy and heart failure, we developed a neutralizing CyPA monoclonal
antibody (mAb) directed against the active EMMPRIN receptor binding site of

CyPA, and therefore restricting effects to only the extracellular function.
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3.2.2.1 Antibody generation, testing and validation

The antibody was generated by using the lead peptide TAKTE as immunogen,
targeting the identified EMMPRIN epitope of cyclophilin A.*®> Various candidates
were screened in vitro for their capacity to inhibit cardiomyocyte hypertrophy upon
Ang Il stimulation and the most promising antibody was selected for further
testing (Fig. 16B). In silico modeling of the binding between the favored antibody
(further on called eCyPA-mAb, extracellular anti-CyPA antibody) demonstrated
strong interaction between the antibody (in green ribbons and brownish carbons)
and the antigen (in turquoise ribbons and white carbons) right at the EMMPRIN
binding site at the TAKTE sequence of CyPA (Fig. 16A).
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Fig. 16 | Generation and validation of an antibody = designed to neutralize extracellular CyPA.

A Antibodies were generated to specifically target the EMMPRIN binding site of CyPA. Protein
interaction modeling shows putative antibody-antigen complex model of the most effective antibody (in
green ribbons and brownish carbons) and the interaction with CyPA (in turquoise ribbons and white
carbons) using the Schrddinger Prime approach. B Several monoclonal antibody candidates were
generated and tested for their inhibitory effects on cardiomyocyte hypertrophy in vitro. The best
candidate (TU-mAb02) was selected for further experiments. n=4. Kruskal-Wallis test. C Binding
between eCyPA-mAb and immobilized CyPA was assessed by a custom CyPA binding ELISA. Binding
constant was measured at 3.30 pg/ml and EC50 at 3.27 pg/ml. n=4. D Detection of recombinant human
CyPA (rhCyPA) by immunoblotting. Blot was run under reduced conditions and 20 ug of rhCyPA.
Modified from Sigle et al. (2024).2
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3.2.2.2 eCyPA-mADb reduces cardiomyocyte hypertrophy in vitro

To validate the activity of the auspicious eCyPA-mADb, HL-1 cells were treated
with recombinant CyPA, and cells size was determined in the absence or
presence of the antibody. CyPA-dependent increase in HL-1 cell size was dose-
dependently attenuated in the presence of eCyPA-mAb compared to IgG control
(Fig. 17A). Comparison to a commercially available EMMPRIN-blocking antibody

showed analogous results (Figure 17B).
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Fig. 17 | eCyPA-mAD reduces cardiomyocyte hypertrophy in vitro
A In vitro testing of the most promising antibody shows a dose-depending effect on cardiomyocyte
hypertrophy. n=5. Kruskal-Wallis test. B Comparison of a commercially available, receptor-blocking
antibody against EMMPRIN demonstrated comparable results on inhibiting cardiomyocyte hypertrophy.
n=5. Kruskal-Wallis test. Bar plots show mean = S.E.M.
Modified from Sigle et al. (2024).2

In order to verify the paracrine and autocrine importance of CyPA in mediating
hypertrophic effects, a conditioned medium assay was performed. To this end,
HL-1 cardiomyocytes were cultured and treated with Ang Il or PBS for 24 hours.
Next, the conditioned medium of these cells was transferred to freshly cultured,
untreated cardiomyocytes after addition of eCyPA-mADb, a commercially available
EMMPRIN-blocking antibody or an IgG control (Fig. 18). As observed before,
eCyPA-mAD significantly prevented HL-1 cells from Ang lI-supernatant-induced
cell size enlargement compared to IgG control. Effects of the EMMPRIN-blocking
antibody were comparable, suggesting that hypertrophic effects are mediated by

this receptor.
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Fig. 18 | In vitro conditioned medium assay to investigate the role of secreted CyPA.

A Graphical abstract on experimental setup. HL-1 cardiomyocytes were incubated with Ang Il or PBS
control for 24 hours. After this time, the medium was carefully collected and inhibitors (eCyPA-mADb,
commercial anti-EMMPRIN receptor blocking antibody) or rat IgG controls were added to the medium.
The medium was then transferred to untreated cells, which were incubated for another 48 hours.
Subsequently, cell membranes were stained, and cell size was measured by immunofluorescence. B
Quantification of cardiomyocyte area from conditioned medium assay. n=4. Kruskal-Wallis test.

Bar plots show mean + S.E.M.

Modified from Sigle et al. (2024).2

3.2.3 Extracellular CyPA retains its peptidyl -prolyl -cis/trans -isomerase

activity

To assess extracellular, biochemical activity of secreted CyPA, we measured its
eponymous peptidyl-prolyl-cis/trans-isomerase (Ppiase, like the gene PPIA
encoding for CyPA) activity. To this end, the compound Succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide (Suc-AAPF-pNA) was used as a dye (Fig. 19A). Suc-AAPF-
pNA acts as chromogenic substrate that can be cleaved by Cyclophilin A,
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resulting in a release of p-nitroanilide3*% The | atterdés | uminesce.l

monitored at 405-410 nm wavelength.

We observed increased Ppiase activity in the medium of HL-1 cells stimulated
with Ang Il compared to stimulation with PBS. In presence of eCyPA-mADb, Ppiase
activity was reduced, suggesting an inhibitory function. Although the effect of
antibody treatment did not reach significance towards stimulation with Ang Il +

IgG control, the results showed a clear trend (Fig. 19B).
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Fig. 19 | Peptidyl -prolyl -cis/trans -isomerase activity in the supernatant of stimulated HL -1

cardiomyocytes .

A Chemical structure of Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Suc-AAPF-pNA), a compound that
was used as chromogenic substrate for Ppiase activity. B Line plot showing time-dependend increase
of Ppiase activity during 720 min of stimulation.

n=5, each measurement in triplicates. Kruskal Walis test. Ribbons represent 95% confidence intervals.
Modified from Sigle et al. (2024).2

3.2.4 eCyPA-mAb reduces cardiomyocyte hypertrophy and autocrine

rebinding in murine isolated cardiomyocytes

HL-1 cells are immortalized atrial cardiomyocytes. To verify our hypothesis on
postmitotic and ventricular cardiomyocytes, we applied the previous experimental

setup on isolated adult ventricular cardiomyocytes from wildtype mice.
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Accordingly, isolated cells were treated with Ang Il and CyPA in presence of
eCyPA-mAD or its IgG control (Fig. 20A, top row ). The effects on cardiomyocyte
hypertrophy, as measured by cell area and shape, were comparable to what we
observed in the immortalized cardiomyocyte cell line HL-1 (Fig. 20B, C).

Immunofluorescence stainings confirmed that eCyPA-mADb co-treatment inhibited
membrane-associated accumulation of CyPA (Fig. 20B, bottom row). The
stainings further support our hypothesis of the neutralizing function of eCyPA-
mADb, which inhibits binding of CyPA to its membrane-associated receptor
EMMPRIN by blocking the EMMPRIN-binding domain of extracellular CyPA.
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Fig. 20 | Post -mitotic, isolated cardiomyocytes show hypertrophic response to Ang Il and CyPA
stimulation.

A Representative images from isolated adult cardiomyocytes after 48 hours of treatment (as indicated).
Bottom row depicts immunofluorescence staining for surface-bound CyPA and DAPI for each treatment
condition. B, C Quantification of cellular hypertrophy by measuring cardiomyocyte size (B) and shape
(C). A larger shape factor results from thicker cells. n=5. Mann-Whitney test.

Bar plots show mean + S.E.M.

Modified from Sigle et al. (2024).2
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3.3 Targeting extracellular CyPA preserves myocardial function in Ang Il -

treated mice

Our in vitro testing of an antibody directed against eCyPA already showed
promising impact on cardiomyocyte hypertrophy. To gain insights into in vivo
effects, ApoE” mice were stressed by continuous administration of Ang Il and
treated with eCyPA-mADb over 28 days. Administration of the eCyPA-mAb was
controlled by application of IgG isotype controls throughout both experimental
conditions, while administration of Ang Il was controlled using 0.9% sodium
chloride solution (saline). Myocardial function was assessed longitudinally by
comprehensive echocardiography in one-week intervals, followed by extensive
analysis of cardiac tissue after harvesting of the ApoE” mice hearts after 28 days
(Fig. 21).
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Fig. 21 | Animal experimental setup

ApoE~- mice were continuously infused with Ang Il or NaCl (saline) over 28 days. Our developed anti-
eCyPA-antibody (eCyPA-mADb) or its IgG isotype control were administered for both groups respectively,
to control effects of systemic eCyPA inhibition. Cardiac function was examined by repeated
echocardiographic measurements every 7 days.

Modified from Sigle et al. (2024).2

3.3.1 Longitudinal echocardiographic assessment of cardiac function and
hypertrophy

We found that both the ejection fraction (EF) and fractional shortening (FS)
gradually decreased in Ang Il + IgG-treated mice. In Ang Il + eCyPA-mAb-treated

mice, however, myocardial dysfunction was significantly attenuated (Fig. 22A).
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Additionally, while therapeutic treatment resulted in stabilization of myocardial
function after 21 days, Ang Il + IgG-treated mice displayed a trend towards further
deterioration of heart function. After four weeks of chronic heart damage, the
decrease of both EF and FS was significantly more pronounced in 1gG control

mice compared to anti-CyPA treated mice (Fig. 22 B, C).
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Fig. 22 | Cardiac contractility is preserved by eCyPA  -mAb treatment.

A Echocardiographic analysis of the ejection fraction over a time course of 28 days by repeated
measurements. B, C After 28 days of treatment, a deterioration in heart function (EF = ejection fraction,
FS = fractional shortening) was significantly attenuated by anti-eCyPA treatment.

Plotted: mean = S.E.M (barplots) or mean and quartiles (dashed, violin plots). One-way ANOVA with
Tukeyds posthoc test. n=mAb/NaClHBG/AM Il faCyPAMAANG IH+ 106.
Modified from Sigle et al. (2024).2

Myocardial hypertrophy was evaluated macroscopically (Fig. 23A), by
echocardiographic assessment of the left ventricular (LV) mass (Fig. 23B), and
determination of LV mass to body weight (BW) ratios (Fig. 23C). All aspects
demonstrated a significant reduction in cardiac hypertrophy in mice under
treatment with eCyPA-mAb. Hypertrophy was also investigated on cellular level,
by quantification of the cardiomyocyte size (Fig. 23D). Here, we found similar
effects on cardiac hypertrophy as in our in vitro assays before: eCyPA-mAb

treatment significantly reduced cardiomyocyte hypertrophy in vivo.

79



A NacCl Ang Il 6
NaCl Ang I O+1gG @ +1gG —F=24110

[ecyPAmAB][ 196 |  [eCyrAmab |GG 1407  @+eCyPA-mAb O + eCyPA-mAb

w
O

©

P=0.0030 P=3.3*10"
1

100+

®
o
N

' '
I I
|
.:
1
h |
|
I
|
I
|
|
.
d
|
I
|
|
I
|
I
|
|
|
|
|
|
I
# |
|
' |
|
V Mass [mg]
i
N
o
1
el
11
I
<
S,
LV Mass/BW Ratio [mg/g]
S (2]

—
22}
=]

T
0 7 14 21 28

time [days]
D NaCl Ang Il E p=1.010"

P=1.2*10"

&~ 600 [

€ o

3 o]

ﬁ Tot

% 400

]

>

o

2. 200

£

2

°

@©

o

o

Fig. 23 | Myocardial hypertrophy is promoted by eCyPA in vivo.

A Representative ex vivo photographs of explanted hearts and H&E staining of hearts at the short axis
center. Scale bar, top 5 mm, bottom 3 mm. B Time course of left ventricular (LV) mass, measured every
7 days by echocardiography. n described in Methods. C Quantification of the ratio between LV mass
determined by echocardiography and body weight after 28 days of treatment. D Representative
immunofluorescence stainings of heart sections from the heart septum. Cardiomyocyte size was
assessed by staining of the cell membrane with fluorescently labeled wheat germ agglutinin (WGA,
green), Troponin T (cTnT, red), and nuclei (Drag5, blue). Scale bar, 20 pm. E Ex vivo quantification of
cardiac hypertrophy by cardiomyocyte sizes. BW i body weight. LV i left ventricular.

Plotted: mean + SE.M. One-way ANOVA wi t h Tukmr=§/018/130w NaCh+oeCyPA-
mAb/NaCl + IgG/Ang Il + eCyPA-mAb/Ang Il + 1gG. Modified from Sigle et al. (2024).2

Importantly, attenuated hypertrophy could not be explained by the effect of
systemic administration of eCyPA-mAb on blood pressure, as non-invasive
measurements showed no significant difference in systolic or diastolic blood
pressure between eCyPA-mAD or IgG control treatment groups (Fig. 24).
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Fig. 24 | Effects of eCyPA -mAb treatment on systemic blood pressure.
Blood pressure measurements over 28 days with prior training of mice. Displayed is the systolic (A)
and diastolic (B) blood pressure. Plotted: mean + S.E.M. Madified from Sigle et al. (2024).2
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3.4 Cardiac stiffening is promoted by extracellular CyPA accumulation

As our previous results showed, extracellular CyPA is most likely the driving force
for myocardial hypertrophy and deterioration of contractility. Among the multitude
of factors influencing cardiac performance, myocardial stiffness stands out as a
pivotal determinant considering its obvious impact on a contractile organ. In a
previous study, clinical data has demonstrated that enhanced left-ventricular
myocardial stiffness could represent an early transitional state from a healthy
heart to heart failure with preserved ejection fraction (HFpEF).®” Others found
that myocardial stiffness is associated with poorer event-free survival in patients
with hypertrophic cardiomyopathy.*® Deciphering the biomolecular basis of

cardiac stiffening could therefore identify a novel target for heart failure treatment.

3.4.1 Non-invasive measurement of cardiac stiffness by speckle -tracking

based strain analyses

To further characterize myocardial dysfunction in the Ang II/ApoE” model, we

performed speckle-tracking-based strain analyses on the hearts.

Segmental resolution of wall displacements during the contraction cycle showed
a rather apical focus of peak longitudinal strain decline (Fig. 25A). Analysis of
global strain parameters including global longitudinal (GLS) and global
circumferential strain (GCS) revealed better contractility in anti-eCyPA-treated
mice compared to the IgG control group (Fig. 25B-D), while peak radial strain

was not significantly altered (Fig. 25G).

Interestingly, temporal resolution of the cardiac contraction cycle showed a
delayed systolic peak contraction, together with an increased diastolic relaxation
velocity in the Ang Il + IgG group, which was almost normalized in mice receiving
anti-eCyPA treatment (Fig. 25E). Quantified by the time-to-peak (itp)
circumferential strain, this effect was statistically significant (Fig. 25F). Taken

together, the strain analyses revealed a decrease in stiffening of the myocardium
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in anti-eCyPA treated mice, resulting in better systolic contractility and diastolic

relaxation compared to IgG control.
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Fig. 25 | Myocardial stiffness in Ang Il -treated mice is preserved by targeting eCyPA.

A Representative echocardiographic images of the parasternal short axis in M-Mode, demonstrating a
clear decline in heart contractility of mice treated with Ang Il + IgG over 28 days (left). Exemplary strain
overlay images display a rather apical focus of peak longitudinal strain decline. B Cardiac contractility
was assessed by comprehensive speckle-tracking based strain analysis. GLS global longitudinal strain,
GCS global circumferential strain. C, D, G Quantification of GLS, GCS and peak radial strain. E Temporal
resolution of displacement of the cardiac wall during contraction of two cardiac cycles (averaged from
short axis view, one representative mouse per group). In mice treated with Ang Il + IgG, the peak
displacement (top) during systole is delayed, and the peak velocity of relaxation is enhanced vice versa.
F Quantification of the time-to-peak (TtP) for circumferential strain.

Plotted: mean and quartiles (dashed, violin plots). One-way ANOVA with Tuk

n=6/7/13/13 for NaCl + eCyPA-mAb/NaCl + IgG/Ang Il + eCyPA-mAb/Ang Il + 1gG.

PRS T Peak radial strain.

Modified from Sigle et al. (2024).2

3.4.2 Extracellular CyPA accumulation is strongly correlated with cardiac

stiffness

Since our findings suggest that Ang Il-induced myocardial stiffness can be
mitigated by inhibition of extracellular CyPA, we correlated echocardiographic
measurements  with cardiac CyPA  expression, quantified by
immunohistochemical staining of the hearts. We found that CyPA expression
critically correlated with global heart function and strain analyses, indicating a
strong association of CyPA expression and myocardial contractility and stiffness

(Fig. 26). Among the echocardiographic parameters, GCS correlated the best
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with CyPA accumulation, as calcul ated
GCS correlated very well w i -0.804 dndr-0.854, d
respectively).
Pearsonc¢ [l
CYPA correlation
CyPA (n = 25)
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PRS

Fig. 26 | Correlation of CyPA staining and function echocardiographic findings

Correlation plot for P e a r s pair-@ise linear correlation between CyPA expression measured by
immunohistochemical stainings and cardiac function measured by echocardiography. n=25.

Ttp Displ. T Time-to-peak displacement

Modified from Sigle et al. (2024).2

3.4.3 CyPA and Ang Il promote cardiomyocyte stiffening in vitro

When cardiomyocytes grow, the cell scaffold needs to adapt to the new
conditions. We hypothesized that cardiomyocytes develop increased stiffness
during this process. To investigate whether eCyPA has a direct impact on cellular
stiffness, we used atomic force microscopy (AFM) to measure cell stiffness in
vitro and ex vivo (Figure 27A, B). After 48 hours of treatment with Ang Il + 1gG,
HL-1 cardiomyocytes showed significantly increased stiffness compared to cells
under treatment with Ang Il + anti-CyPA. To break down stiffness effects on
extracellular CyPA, we also treated cells with CyPA + eCyPA-mADb or IgG control.
Strikingly, cells were even stiffer under specific CyPA treatment compared to Ang
Il treatment, and effects on stiffness were markedly mitigated under eCyPA-mAb

treatment.
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Fig. 27 | CyPA promotes cardiomyocyte stiffness in vitro.

A Schematic of atomic force microscopy (AFM) measurements for in vitro and ex vivo cell stiffness. The
force for indentation of the cell surface by a cantilever is measured and the Hertz model is then fitted to
the force curve t o ob¥YM, stffness)hBRepresentatydimages bodasingledHL-
1 cardiomyocyte: surface topography (top) and YM (bottom). Scale bar, 20 um. C Quantification of HL-1
YM after 48 hours of treatment with Ang Il or CyPA, each together with eCyPA-mADb or IgG control. Mixed-
effect analysis for repeated measures with Geisser-Greenhouse correction and Holm-Sidak multiple
comparisons test.

Plotted: mean + S.E.M. N=5, unstimulated: n=264, Ang Il + IgG: n=167, Ang Il + eCyPA-mAb: n=216,
CyPA +1gG: n=197, CyPA + eCyPA-mAb: n=196.

Modified from Sigle et al. (2024).2

3.4.4 eCyPA-mAb treatment reduces myocardial stiffness ex vivo

We next translated our approach to measure stiffness to myocardial tissue
derived from the Ang II/ApoE” mouse model. Ex vivo stiffness measurements
were performed by AFM on 30 pum thick cryosections mounted on glass slides.
For two-dimensional measurements, the transitional region from myocardium to

fibrosis at the interventricular septum was selected, identified by an adjacent
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fibrosis staining (Fig. 28A). The regions of interest were scanned with a size of
50 x 50 um. Notably, stiffness was significantly enhanced in Ang Il + IgG
challenged mice, compared to those treated with Ang Il + eCyPA-mADb (Fig. 28B).
Linear regression analysis between ex vivo stiffnress and in vivo
echocardiographic stiffness measurements (FS, GLS) revealed a strong
correlation and furthermore underpinned a marked effect on the global heart
function (Fig. 28C, D).
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Fig. 28 | eCyPA-mAD treatment reduces myocardial stiffness ex vivo

A Representative AFM topography (top) and YM (bottom) images of 30 um thick sections of Ang Il-
treated mice from the in vivo experiment. Scale bar, 10 um. B YM was measured at the interventricular
septum of each section and compared between eCyPA-mAb or IgG control treated mice. Unpaired
St ud e #iestdN=3. Ang Il + 1gG: n=1697, Ang Il + eCyPA-mAb: n=1687. C, D In vivo stiffness
measured by echocardiography (FS, C and GLS, D) shows strong linear correlation to ex vivo stiffness
assessed by AFM. Plotted: mean + S.E.M.

FS T Fractional Shortening, GLS i Global Longitudinal Strain.

Modified from Sigle et al. (2024).2

Thus, extracellular CyPA modulates hypertrophy and tissue stiffening in Ang Il-

induced heart failure.
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3.5 Inhibition of eCyPA attenuates Ang Il -induced myocardial fibrosis and

inflammation

Cardiac stiffening can arise not only from increased rigidity at the level of
individual cardiomyocytes, but also from changes in the extracellular
environment, particularly through the deposition of excessive extracellular matrix
(ECM) proteins, leading to fibrosis. Myocardial fibrosis is an additional key
contributor to the overall increase in myocardial stiffness, and it results from a
complex interplay of inflammatory processes that promote the activation of
fibroblasts and excessive ECM production. In this context, extracellular
Cyclophilin A (CyPA) has emerged as a critical mediator of inflammation and
fibrosis in the failing heart. Extracellular CyPA is an important chemoattractant
for immunocompetent cells. While inflammation is an essential part of the healing
process after injury, chronic inflammation can foster myocardial remodeling and
lead to the development of cardiac fibrosis, which can both impair heart

function.31.46

3.5.1 Interstitial and perivascular fibrosis is promoted by Ang Il -induced
extracellular CyPA accumulation

Myocardial fibrosis was studied by Picro-Sirius Red staining of mid-ventricular
heart sections among all experimental groups. We found that the relative fibrosis
area was substantially mitigated by treatment with eCyPA-mAb compared to IgG
control (Fig. 29A). Characteristically for this mode, fibrosis appeared mainly as
interstitial fibrosis between cardiomyocytes and perivascular around especially

arterial, but also venous vessels.

Most interestingly, myocardial scarring and hypertrophy were strongly associated
with areas where eCyPA expression was enhanced (Fig. 29B). Spatial
colocalization of extracellular CyPA accumulation with regions of adverse cardiac
remodeling provides further evidence for the pathomechanistic role of secreted

CyPA in the cardiac microenvironment.
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Fig. 29 | Inhibition of eCyPA attenuated Ang Il  -induced myocardial fibrosis

A Representative images of Picro-Sirius Red stainings, which were used to quantify fibrosis for the whole
section. Scale bar, 100 um. B CyPA expression was studied by immunohistochemistry and showed
accumulation predominately in areas previously identified as fibrotic or hypertrophied.

Plotted: Bar plots with mean + S EE.IM.One-way ANOVA with Tukeyds post

+ eCyPA-mAb/NaCl + IgG/Ang Il + eCyPA-mADb/Ang Il + IgG.

Modified from Sigle et al. (2024).2

3.5.2 eCyPA-mADb reduces systemic and local inflammation

Fibrosis is mainly the result of chronic inflammation, which serves as both a
trigger and driver for fibrosis. Inflammatory cells infiltrate the myocardium,
releasing pro-inflammatory cytokines and growth factors that activate cardiac
fibroblasts and promote the deposition of collagen and other matrix proteins,
thereby perpetuating the cycle of tissue stiffening. Targeting the pro-inflammatory

protein CyPA could therefore interrupt this cycle.

After 28 days of treatment, myocardium from Ang ll-treated mice displayed

enhanced infiltration of CD3* T cells and Mac-3* macrophages. The number of
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inflammatory cells was significantly reduced in anti-CyPA-treated mice compared
to IgG controls (Fig. 30A, B). However, overall inflammation was considerably
less pronounced compared to sections of acute myocardial infarction®® or
myocarditis4, just as intended when selecting the model of non-inflammatory,

non-ischemia cardiomyopathy.
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Fig. 30 | Systemic eCyPA neutralization reduces myocardial inflammation.

A, B Inflammation was investigated by immunohistochemical stainings of CD3-positive T cells (A) and
Mac-3-positive macrophages (B). The number of cells was counted for the whole section. Scale bar,
20 pm.

Bar plots: mean + SEE.M.One-way ANOVA with Tukeydés posthoc ¢t
mAb/NaCl + IgG/Ang Il + eCyPA-mAb/Ang Il + IgG.

Modified from Sigle et al. (2024).2

Myocardial and systemic inflammation was additionally assessed by measuring
cytokine levels from heart lysates and plasma obtained from mice after 28 days
of treatment. Although heart lysates showed a clear trend towards enhanced
inflammation in Ang Il + 1gG treated mice compared to those treated with Ang Il
+ eCyPA-mADb, the effect was not significant for the 13 cytokines studied (Fig.

31A). In contrast, systemic inflammation measured in the plasma was strongly
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reduced for 12 out of 13 cytokines, implicating a decisive impact of eCyPA-mab

on circulating cytokine levels (Fig. 31B).
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Fig. 31 | Comparative analysis of systemic and local inflammation levels upon systemic eCyPA -
inhibition.
A, B Heatmaps of log2 normalized concentrations for cytokines measured in heart lysates (A) and
plasma (B) of mice (n=5 for Ang Il + eCyPA-mAb and n=6 for Ang Il + IgG) after 28 days of treatment.
Significant regulations are marked with stars. *p<0.05, **p<0.01, ***p<0.001. Mann-Whitney test.
ILT interleukin; GM T granulocyte-macrophage colony-stimulating factor; IFN i interferon; TNF 1 tumor
necrosis factor; MCP i monocyte chemoattractant protein
Modified from Sigle et al. (2024).2

3.5.3 Systemic inhibition of eCyPA does not affect immunologically

sensitive organs

Soon after CsA was discovered as potent immunosuppressive drug by targeting
cyclophilin A, its broad systemic side effects became evident. One of the major
concerns associated with CsA long-term use is an increased risk of cancer®:19°,
particularly lymphomas and skin cancers, due to diminished immune surveillance
that allows for the unchecked proliferation of malignant cells. Additionally, CsA

has been linked to autoimmunity and immune hyperreactivity, where alterations

in the immune response can paradoxically | ead t o damage of

organs.1ot
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To study systemic effects of global neutralization of secreted, eCyPA,
immunologically sensitive organs were analyzed both macroscopically and
microscopically (Fig. 32). No relevant alterations in organ size or signs of auto-

inflammatory or immunosuppressive phenomena were found.
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Fig. 32 | Effects on systemic eCyPA -inhibition on immunologically sensitive organs.

H&E Stainings throughout all experimental groups for immunologically sensitive organs, including
spleen, liver, lung, skin and intestine. Scale bar for spleen, liver and lung is 20 um, for skin and
intestine is 40 um, respectively.

Modified from Sigle et al. (2024).2
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3.5.4 Pleiotropic effects of system ic eCyPA-mADb inhibition

To further study eventual effects of systemic administration on other organs
relevant for the cardiovascular system, we investigated how CyPA inhibition

affects fibrotic processes in the kidney and liver, as well as lung congestions.
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Fig. 33 | Fibrosis of the kidney and liver upon eCyPA  -inhibition.
A Kidney and (B) liver fibrosis was assessed by Picro-Sirius Red stainings. Scale bar kidney overview

1mm, detail 100 pm. Scale bar liver overview 200 pm, detail 50 pm. C, D Quantification of kidney (C)

and liver (D) fibrosis.
Bar plots: mean + S.E.M. Krukal-Wallis test. Modified from Sigle et al. (2024).2
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