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General introduction

The cardiac conduction system

Rhythmic beating of the heart is performed over 30 million times a year and over 2 billion
times throughout an average human life. To allow for coordinated contraction of the human
heart, providing blood and nutrients to the entire body, roughly 5 billion heart cells' must
work in synchrony. This precise orchestration of our everyday heartbeat is guided and driven
by a small subset of heart cells, altogether known as the cardiac conduction system (CCS). The
CCS consists of various unique components including the sinoatrial node (SAN), the
atrioventricular node (AVN), the bundle of His (HIS), left and right bundle branches (BB) as
well as the Purkinje fiber system (PF)? (Figure 1.1).

Figure 1.1: Schematic representation of cardiac conduction system components

Cardiac conduction system components are highlighted in purple, while additional structures of a schematic
heart are drawn colorless. AVN indicates atrioventricular node; His: bundle of His; LA: left atrium; LBB: left bundle
branch; LV: left ventricle; PF: Purkinje fibers; PMJ: Purkinje fiber-myocyte junction; RA: right atrium; RBB: right
bundle branch; RV: right ventricle; SAN: sinoatrial node; SVC: superior vena cava; VM: ventricular myocardium.

From3.

The SAN dictates the rhythm of the heart and is the natural pacemaker in healthy individuals®.
The core component of the SAN, also known as the compact SAN (cSAN), is comma-shaped
and harbors both a “head” as well as a “tail” subpopulation of cells®>>~”. The SAN head lies right
at the junction of the superior vena cava (SVC) and the right atrium (RA). Further, SAN head
cells are contiguous with the SAN tail, which is anatomically aligned along the terminal crest’.
A subset of pacemaker cells within the cSAN rhythmically depolarizes, on average about 60-
100 times per minute in a resting state in adults, initiating electrical impulses. Direct injury,
electrolyte disturbances, age-related fibrosis or even genetic alterations can cause SAN
dysfunction also known as “sick sinus syndrome”?,

Electrical impulses generated within the SAN then spread through the atrial myocardium and
internodal tracts (INT), subsequently delivering depolarization to the AVN®. First described by
Tawara and Aschoff in Freiburg (Germany) in 1906, the AVN is situated in the crux of the heart
within a structure called the triangle of Koch. More specifically, in the bottom floor of the right
atrium, the triangle of Koch is delineated by the membranous septum, the fibrous tendon of
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Todaro and the septal tricuspid leaflet!?. The AVN performs three main functions'*2: Firstly,
the AVN serves as an electrical delay station, slowing down atrioventricular conduction and
thus allowing for sufficient ventricular filling. Secondly, AVN cells possess features of
automaticity and are hence appreciated as secondary pacemaker cells of the heart in case of
SAN failure. Finally, due to its extended refractory period, the AVN helps to prevent atrial
tachyarrhythmias from exciting the ventricles at similarly fast rates, thus serving as an
electrical gatekeeper between the upper (atrial) and lower (ventricular) cardiac chambers.
Due to its crucial role for cardiac rhythm, AVN dysfunction may lead to severe rhythm
disorders, including atrioventricular block (AVB) and reentrant AV nodal tachycardias.

Extending anteriorly and inferiorly, AVN cells are in direct contact with the bundle of His,
which eventually crosses a fibrous plane insulating both atria from the ventricles. Thus, the
bundle of His is the only electrical bridge between the upper and lower cardiac chambers in
healthy individuals!®. Thus, disruption of His function may cause severe arrhythmias, ranging
from AV conduction delays to complete AVB.

The anterior side of the His bundle forks into the left and right BB running down either side of
the interventricular septum (IVS). As part of the ventricular conduction system, malfunction
of either bundle branch may lead to a form of conduction disturbance called bundle branch
block (BBB)*, which may require pacemaker implantation in order to restore sufficient cardiac
synchrony between the right and left ventricles.

Depolarization travels down the IVS through both left and right BB, eventually giving rise to
an intricate web of PF. First described in 1839 by the anatomist and physiologist Jan
Evangelista Purkinje, the complex Purkinje fiber system is interlaced in both ventricles and
builds the junction from conduction system to the working ventricular myocardium (VM)®.
Fast conductance and tight coupling to the VM are essential characteristics of PF. However, in
cases of ectopic ventricular heartbeats or electrolyte disturbances, the tight electrical coupling
at the Purkinje fiber-myocyte junction (PMJ) may serve as a gateway for re-entry
tachyarrhythmias and other rhythm disorders!®1’.

Disruption of any of these specialized CCS components can result in a host of severe clinical
manifestations such as pacemaker dysfunction (PD), complete heart block (HB), BBB,
decreased cardiac output and even life-threatening diseases such as ventricular tachycardia
(VT), ventricular fibrillation (VF) and sudden death!418-20,

Major hurdles for research in the field

Although the incidence of rhythm abnormalities is substantial and are comparable to those of
stroke, acute myocardial infarction, and heart failure?!, our understanding of cardiac
arrhythmias remains incomplete. Major obstacles in CCS research include a) small total
conduction cell numbers, b) their intricate three-dimensional localization within the heart, c)
inter- and intracomponent cell type heterogeneity, as well as d) our inability to isolate and
visualize conduction cells from the surrounding working myocardium®32223, In order to
improve our molecular understanding of the CCS, which is needed to elucidate novel
molecular targets for the diagnosis and treatment of cardiac arrythmias, the abovementioned
hurdles need to be overcome.



Aims of this study
The current study, aimed to tackle the abovementioned challenges in CCS research, is
presented in two parts.

Part | describes single-cell RNA-sequencing (scRNA-seq) used for precise transcriptomic
profiling of the entire murine cardiac conduction system at single cell resolution. Further,
exhaustive data analyses are performed and immunohistochemistry, florescence in situ
hybridization (FISH) and immunolabeling-enabled three-dimensional imaging of solvent-
cleared organs (iDISCO+) were performed on murine heart tissues for data validation, thus
establishing a comprehensive CCS gene atlas for the first time.

Part Il builds on these findings discovering multiple novel cell surface markers highly enriched
within the entire CCS or individual CCS components. Extensive data validation of certain
molecular markers is performed in murine and human heart tissues. Thus, novel CCS-specific
molecular targets are then used to create antibody-based optical imaging tools for the in vivo
visualization of the CCS. Moreover, preclinical validation of these novel tools is performed to
assess in vivo antibody-binding characteristics and to prove high-resolution and strong signal
detection in real-time at submillimeter resolution, promoting clinical translation. Firstly, the
real-time, intraoperative visualization of individual CCS components will allow cardiac
surgeons to visualize the CCS and thus prevent intraoperative injury to conduction tissues.
Additionally, the elucidation of novel molecular targets may also promote the discovery of
novel precision treatments for common arrhythmias (e.g. targeted AV node ablation, delivery
of antiarrhythmic agents to the AVN/His for junctional ectopic tachycardia etc.).



Part |: Transcriptomic profiling of the developing
cardiac conduction system at single cell resolution

1.1. Introduction

1.1.1. Transitional cells

While it is known that each component of the CCS has its own unique physiological and
electrochemical properties (eg. SAN vs. AVN), large intracomponent cell type heterogeneity
has additionally been recognized. Each individual component is made up of a number of
different cell types, including conduction cells, endothelial cells, neuronal cells, fibroblasts,
white blood cells and others???>, displaying large cell type heterogeneity within CCS
components. One of the most poorly recognized cell types within the CCS are known as
“transitional cells” (Tz). Transitional cells act as a cellular bridge between the CCS and the
surrounding working myocardium and have been described in all major components of the
conduction system including the SAN>, the atrioventricular conduction axis!?, and the PF
network®®. Furthermore, studies have demonstrated that transitional cells display a hybrid
phenotype between both working myocytes and conduction cells?®?’. While the true function
of transitional cells is unclear, these cells are hypothesized to promote appropriate electrical
coupling, facilitate the spread of depolarization, provide a high resistance barrier and amplify
the electrical current before passing it on to the surrounding myocardium®>1>28, However,
despite Tz have been implicated as key players in cardiac rhythm disturbances?®, Tz have
remained largely elusive due to technical challenges in their characterization.

Transitional cells have been described in the SAN area and are thought to play a key role in
normal SAN function. In this regard, recent functional mapping studies have shown that the
spread of depolarization from pacemaker cells within the SAN through both cardiac atria does
not occur in circular waveforms, but through distinct pathways of higher velocity®. Thus, it is
hypothesized that electrical impulses, generated in a subpopulation of the compact SAN, are
bridged to the atrial myocardium through cellular junctions named SAN exit pathways (SEP)3°,
also referred to as SAN conduction pathways (SACP)°. As transitional cells have first been
observed at the periphery of the compact SAN?’, they might play a crucial role in the initiation
of cardiac beating. However, like the rest of the CCS, SAN Tz remain poorly understood,
including their physiological function, transcriptomic profile and precise anatomic location.

Besides SAN Tz, transitional cells in the AVN region have been observed and studied as early
as 19743, However, obstacles in the identification and isolation of these cells have hindered
their deeper molecular characterization. The atria and ventricles are electrically insulated
from each other by a plane of fibrous tissue between them. Recent studies!® suggest that on
the atrial side, the compact AVN (cAVN) is in direct contact to additional conduction cells
named mitral and tricuspid nodal atrioventricular rings (NAVR) as well as atrial septum nodal
cells (Figure 1.2).
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Figure 1.2: Schematic representation of transitional cell types in the atrioventricular node region

A. Two-dimensional representation of cell types within the atrioventricular conduction axis. B. Three-
dimensional model illustrating conduction cell types within the atrioventricular conduction axis. AV indicates
atrioventricular. From?®.

Together, these cells build a figure-of-eight structure that lies at the atrial side adjacent to the
fibrous body. Additionally, these studies show that both NAVR as well as septal nodal cells
may be separated from the working atrial myocardium by transitional AV rings (TAVR) and
septal transitional cells, respectively. The discovery of these novel cell types has sparked much
interest in their putative role in cardiac rhythm disorders and molecular targets for the
prevention and treatment of diseases. Thus, further characterization of AVN associated
transitional cells is needed.

Transitional cells have not only been found in the SAN and AVN region, but also along the
Purkinje fiber system?®>. A sheet of PF transitional cells was previously shown to insulate PF
cells from the working myocardium®>32, In part, these PF Tz may be involved in the delivery of
depolarization from PF to ventricular myocytes and play a role in the physiologic conduction
delay of about 5 msec at the Purkinje fiber-myocyte junction33. PF Tz are unique in various
aspects. Morphologically, PF Tz are described as smaller in cell size than standard PF cells. PF
Tz show no T-system and sarcoplasmic reticulum, lacking intercalated discs and containing
only few specialized intercellular junctions!>32. Electrophysiologically, Tz action potentials
show multiple unique characteristics: a smaller resting potential, a slower upstroke velocity,
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multiple components in their upstroke or plateau phase, a smaller action potential amplitude
and a shorter action potential duration in comparison to potentials recorded from Purkinje
fibers or working cardiomyocytes!>32. These findings suggest a distinct role of PF Tz in
amplifying the electrical current before passing it on to the ventricular myocardium as well as
providing a high resistance barrier, thus helping to prevent re-entrant tachycardias. While it
has been noted that PF Tz play an integral role in the coordinated contraction of the heart as
well as the prevention of severe rhythm disorders?®, our knowledge about their true function
and molecular characterization remains incomplete.

In summary, many different cell types work in precise synchrony for the normal physiologic
function of each CCS component. Transitional cells define unique cell types found in the SAN
region, the AV conduction axis as well as the PF system. Even though these cells have been
implicated in various fatal arrhythmias?®, our molecular understanding of transitional cells and
their role in cardiac pathologies is limited. Thus, technical limitations need to be overcome to
uncover novel genetic markers for the improved identification, characterization, and isolation
of transitional cells.

1.1.2. Transcriptomic characteristics of conduction system components

Uncovering transcriptional fingerprints for unique cell types allows not only precise cell type
identification and cell isolation, but additionally provides deep insight into cell development,
function, and the pathogenesis of diseases. However, elucidating the molecular landscape of
the CCS and its unique components has been extremely challenging due to several inherent
obstacles. Namely, small total numbers of conduction cells, their highly complex three-
dimensional architecture within the heart, and large intercomponent and intracomponent cell
type heterogeneity???3., To date, these obstacles have hindered the full molecular
characterization of the CCS. Thus, the scientific community is currently limited to few gold
standard conduction markers including a handful of key transcription factors as well as CCS-
specific ion channels.

Some of these known CCS-specific ion channel genes play an important role in automaticity,
a quintessential feature of conduction cells. Automaticity is the ability of the SAN to
spontaneously depolarize and thus initiate cardiac beating without any activation from
neighboring cells3*. Downstream CCS components such as the AVN, His and PF also display
automaticity at much slower rates thus serving as backup pacemakers in case of SAN
failure!3>, A major contributor to automaticity within pacemaker cells are the
hyperpolarization-activated cyclic nucleotide-gated (Hcn) ion channels, mainly Hcn4. These
are essential to maintain the so-called “funny current” (If) in pacemaker cells®®. The current’s
name refers to its unusual characteristic of channel activation upon intracellular
hyperpolarization. This feature of the funny current, also known as the “membrane clock”, is
essential to allowing pacemaker cells the ability to reenter the depolarization cycle
automatically after every action potential. Thus, well-established Hcn-channels have provided
some of the first gold-standard conduction cell markers.

Additionally established conduction cell markers include classic markers for SAN
identification, such as Hcnl, Hen4, Cacna2d2, Cav1.3, Cav3.1, Cav3.2, Cpne5, Rgs6, Ntm, and
Smoc2 as well as the transcription factors (TF) Shox2, Tbx3, Tbx5, Tbx18, and Isl17:22:23,25,37-42,
The AVN is characterized by high levels of Hcn4, Cacna2d2, Gjd3, Gjcl, Kcnel, Cpne5, Rgs6,
Ntm and the TF Tbx2 and Thx3'343-4¢_ Further, the His bundle is characterized by high levels
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of Hen4, Cacna2d2, Kecnel, Scn5a, Gjcl, Gja5, Cpne5, Rgs6, Ntm as well as the TF Tbx3 and
Etv1134447 And lastly, the PF system is characterized by high levels of Cacna2d2, Gja5, Scn5a,
Cpne5, Rgs6, Ntm and the TF Irx3 and Etv1*°, These markers are well-known CCS-specific
markers which are often used in this study to distinguish conduction cells from working
myocytes, which do not express the above-mentioned markers at similar levels or
combinations or at all.

Genetic markers are crucial for our biological understanding of the CCS. However, the large
variety of different cell types contained within each component of the conduction system has
imposed a major challenge in transcriptomic profiling of the CCS due to data contamination
by non-conduction cell types. Conventional bulk RNA-sequencing (RNA-seq) provides average
gene expression levels across a pool of cells. However, a conduction tissue sample generally
contains conduction cells, transitional cells and even other cell types such as fibroblasts or
endothelial cells. Thus, using bulk RNA-seq it is hardly possible to trace differentially expressed
genes from a heterogeneous sample such as the heart back to the cell type that these gene
transcripts are originating from. Most recent RNA-seq attempts have therefore utilized
sophisticated pacemaker cell purification methods such as Hcn4-based laser capture
microscopy (LCM)?® or Tbx3-green fluorescent protein (gfp)-based FACS purification??.
However, results from these studies were still plagued with immense non-CCS gene
contamination issues. Thus, precise transcriptomic analyses of highly pure CCS cell types are
needed. Not only does the transcriptomic signature of a given cell allow for identification and
the further study of cardiac conduction cell types, but it also allows for deep insight into cell
identity, crucial developmental cues and electrophysiologic properties, all needed to
understand disease processes and elucidate novel therapeutic targets. Single-cell RNA-
sequencing is ideal to overcome all above-mentioned hurdles and to provide precise
transcriptomic fingerprints at single cell resolution.

1.1.3. Single-cell RNA-sequencing
Billions of cells that make up the entire human body are equipped with a nearly identical
genome. However, not all genes are actively transcribed at the same time. A sophisticated
regulatory machinery allows unique sets of genes to be transcribed in each cell type at a given
timepoint. This cell-type specific transcriptome is the cellular blueprint for all ion channels,
receptors, growth factors, transcription factors, cytoskeletal elements and more. Thus, a cells
transcriptome displays its unique construction manual providing insight into cell fate,
molecular properties, and cellular activity.

Bulk RNA-seq allows for the analysis of average gene expression levels across pools of cells.
However, bulk RNA-seq does not take cell-to-cell variability into account, nor heterogeneity
of various cell types across a given sample. In contrast, scRNA-seq has revolutionized
molecular analyses by allowing for transcriptome analysis at single cell resolution®°2, This
technique broadly entails barcoding and thus uniquely labeling single cells in a given tissue,
quantitatively and qualitatively evaluating its entire transcriptome. Thus, scRNA-seq can
provide individual transcriptomic fingerprints of heterogenous tissues at single cell resolution.

First steps for scRNA-seq data acquisition include experimental design, tissue dissection,
tissue digestion into a single cell suspension and cell capturing. The current study made use
of a microdroplet-based microfluidics approach®. Here, single cells are captured in
microdroplets, each containing a uniquely barcoded set of oligonucleotides. Further, cell lysis
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and reverse transcription is carried out within the droplets, incorporating a cell-specific
barcode into each complementary DNA (cDNA) molecule®*. Subsequent cDNA amplification,
library generation and high-throughput sequencing ultimately generate scRNA-seq data from
the sample of interest. At this point, quality control (QC) is performed to reduce biological and
technical noise. Various QC tools are available that help determine quality distributions across
reads and cells, thus eliminating low quality data as well as data derived from damaged cells
and duplicates. Further, reads are aligned, and subsequent data normalization helps to
remove cell-specific biases.

Interpretation of large datasets starts with cell type identification. Single cells possess their
own unique transcriptomic fingerprint and thus, drawing clear borders between one cell type
and another can be challenging. The original data contains thousands of cells which all show
thousands of genes expressed at fine expression level differences which results in high
dimensionality of normalized datasets. As a way of easier data interpretation, unsupervised
linear dimensionality reduction methods such as principal component analysis (PCA)>>, or non-
linear dimensionality reduction methods such as t-distributed stochastic neighbor embedding
(t-SNE)®® can be used to display the data in two dimensions. Unsupervised cell clustering by t-
SNE allows to group cells based on their global gene expression profile and thus spatially
separates the most obvious cell types in two-dimensions. At this point, analyses of known
reliable marker gene expression can be used to identify the biological cell type underlying a
specific cluster of cells. If needed, a certain identified cell cluster can be selected for further
unsupervised subcluster analysis, as performed in this study.

While previous studies have applied sophisticated bulk RNA-seq approaches to major
components of the cardiac conduction system, these studies were only able to acquire
average gene expression data across the entirety of the conduction tissue that was
isolated??23, Thus, bulk RNA-seq studies were plagued with non-CCS cell types contaminating
the data and additionally, important cell types such as transitional cells have remained elusive.
In contrast, scRNA-seq is ideal to tackle the above-mentioned challenges in CCS research.
Hence, scRNA-seq was harnessed in this study to provide deep insight into the molecular
biology underlying CCS function in development, health, and disease.

1.1.4. Preliminary work
The preliminary work described in the following paragraphs was performed at Stanford
University before the start of my own scientific work. Thus, this work has been performed by
Dr. William Goodyer and colleagues in the Sean Wu laboratory setting the ground for my
personal research and contributions. To allow for a detailed look into how the following data
was acquired, this preliminary work also finds space in the Material and Methods section of
this thesis.

Firstly, three zones of microdissection were harvested from CD1 mouse hearts at embryonic
day 16.5 (E16.5), including the SAN with its immediately surrounding tissues (zone 1), the
AVN/His region (zone Il) as well as the BB/PF system (zone Ill). A total of 22,462 cells deriving
from all major components of the murine CCS were freshly harvested and further processed
in a designed single-cell RNA-sequencing workflow using the commercial droplet-based cell
capture platform from 10x Genomics (Figure 1.3) for scRNA-seq data acquisition.
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Figure 1.3: Schematic representation of the experimental design and single-cell RNA-sequencing workflow

Wild-type, embryonic day 16.5 (E16.5) CD1 mouse hearts were harvested, and 3 zones of microdissection were
isolated based on anatomic landmarks. Zone I: sinoatrial node (SAN) region, zone Il: atrioventricular node
(AVN)/His bundle (His) region, and zone Ill: bundle branch (BB)/Purkinje fiber (PF) region. A minimum of 6
embryonic hearts were pooled per zone. Tissues were digested into a single cell (SC) suspension using trypsin
and collagenase A/B, isolated via oil droplets, mRNA was labeled with cell-specific barcodes, a library was created
and subsequently sequenced, all using the commercial droplet-based cell capture platform from 10x Genomics.
Reads were then aligned with gene expression quantification followed by a series of quality control (QC) steps
as well as differential gene expression and subcluster analysis. Col A/B indicates collagenase A/B; LBB: left bundle
branch; PMJ: Purkinje fiber-myocyte junction; RBB: right bundle branch; scRNA-seq: single-cell RNA sequencing;

VM: ventricular myocardium. Modified from?3.

Upon data acquisition and normalization, unsupervised weighted gene co-expression analysis
was performed for two-dimensional data organization and spatial separation of cells based on
differences in global gene expression. In this regard, cell clustering and dimensionality
reduction by t-distributed stochastic neighbor embedding (t-SNE) was performed on each
zone, respectively. As a result, all major cardiac cell types were successfully identified (Figure
1.4). Most importantly, one distinct cell cluster was detected in each zone, representing bona
fide conduction cells (zone I: cluster 9 contains SAN cells; zone II: cluster 4 contains AVN/His
cells; zone llI: cluster 13 contains BB/PF cells).
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Figure 1.4: Bioinformatic data analyses reveal conduction system-specific cell clusters

First, cells from three zones of microdissection (zone I: 5,919 cells; zone II: 5,625 cells; zone IlI: 10,918 cells) were
obtained and underwent a designed single-cell RNA-sequencing workflow, as shown in Figure 1.3. Cell clustering
and dimensionality reduction by t-distributed stochastic neighbor embedding (t-SNE) was performed on data
derived from each zone, respectively. T-SNE plots for each zone are shown on the right, entailing all major cardiac
cell types, including one conduction cell cluster in each zone respectively (C9 in zone | = SAN cluster; C4 in zone
Il = AVN/His cluster; C13 in zone Ill = PF cluster). CM indicates cardiomyocyte; LBB: left bundle branch; PMJ:
Purkinje fiber-myocyte junction; RBB: right bundle branch; SMC: smooth muscle cell; VM: ventricular

myocardium; and WBC: white blood cells. Modified from3.

Subsequently, subcluster analyses were performed to identify minor CCS cell types present
within the dataset. To distinguish clusters of transitional cells from core conduction cell
clusters, borders were drawn based on differences in established marker gene expression as
indicated in Figure 1.5.
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Figure 1.5: Subcluster analyses reveal transcriptomic profiles of transitional cells in all components of the
cardiac conduction system

Borders around each cell cluster are drawn based on differences in established marker gene expression as
indicated on the right. A. Subcluster analysis of cluster 9 cells from zone | (n=200) results in the identification of
2 distinct cell subclusters consistent with compact sinoatrial node (SAN) cells and SAN transitional cells displayed
in a t-distributed stochastic neighbor embedding (t-SNE) plot. B. Subcluster analysis of cluster 4 cells from zone
Il (n=382) results in the identification of 6 distinct cell subclusters representing an atrial transitional zone (ATZ),
transitional AV ring (TAVR), nodal atrioventricular ring (NAVR), compact AVN (cAVN), His bundle (His), and a
ventricular transitional zone (VTZ) as displayed in the t-SNE-plot on the left. C. Subcluster analysis of cluster 13
cells from zone Il (n=175) results in the identification of 2 distinct cell subclusters consistent with a standard

Purkinje fiber (PF) cell cluster and transitional PF cell cluster (PF Tz) as displayed in a t-SNE-plot. Modified from3.

First, SAN cells of cluster 9 (zone 1) were further analyzed resulting in the distinct identification
of SAN Tz in addition to core SAN cells (Figure 1.5A). Moreover, six distinct cell clusters could
be distinguished within AVN/His cells of cluster 4 (zone Il) and were named compact AVN
(cAVN), nodal AV ring (NAVR), His bundle, transitional AV ring (TAVR), atrial transitional zone
(ATZ) and ventricular transitional zone (VTZ) based on differences in established marker gene
expression (Figure 1.5B). Finally, subcluster analysis of PF cells in cluster 13 (zone Ill) revealed
bona fide PF transitional cells in addition to proper Purkinje fiber cells (Figure 1.5C). Thus, the
scRNA-seq dataset contains detailed transcriptomic information for all components of the CCS
including previously elusive cell types such as transitional cells.
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1.1.5. Aims of this study

Using the scRNA-seq data mentioned above, this study aims to generate the first
comprehensive gene atlas of the mammalian cardiac conduction system, in order to provide
insight into the identity, development and electrophysiologic properties of CCS components
at single cell resolution. Additionally, this approach aims at the discovery and validation of
novel and specific genetic CCS-markers crucial to identify and isolate CCS subtypes as well as
to understand disease processes and elucidate novel therapeutic targets.

1.2. Material

1.2.1. Single cell isolation

Collagenase A

#10103586001, Roche, USA

Collagenase B

#11088807001, Roche, USA

FBS serum

# 16000044, Thermo Fisher, USA

HBSS (Calcium*, Magnesium®)

#14025134, Thermo Fisher, USA

Trypsin

# 15050065, Thermo Fisher, USA

1.2.2. Immunohistochemistry

Bovine Serum Albumin

#A7906, Sigma-Aldrich, USA

Cover Glasses (24x60 mm)

#CGl-2460, IMEB, USA

Electron Microscopy Sciences Nail
Polish

#72180, Fisher Scientific, USA

Paraformaldehyde

#50-980-487, Thermo Fisher, USA

Immunostaining Moisture Chamber

#240-9000-010, Caplugs Medical, USA

Microscope Slides

#12-550-15, Thermo Fisher, USA

Mounting media (+ DAPI)

#H-1200, Vector Laboratories, USA

PBS (10x) #70011-044, Thermo Fisher, USA
Staining Jar #UX-48585-30, Cole-Parmer, USA
Triton X-100 #648462, Sigma-Aldrich, USA

Tissue-Plus OCT

#23-730-571, Thermo Fisher, USA

organs

1.2.3. Immunolabeling-enabled three-dimensional imaging of solvent-cleared

Benzyl ether 98% (DBE)

#108014, Sigma-Aldrich, USA

Blocking solution (50 ml)

® 42 mL PTx.2
* 3 mL of Donkey Serum
* 5 mL of DMSO

Dichloromethane (DCM)

#270997, Sigma-Aldrich, USA

Dimethyl Sulfoxide (DMSO)

#D8418, Sigma-Aldrich, USA

Donkey Serum

#S30, Sigma-Aldrich, USA

Glycine

#G7126, Sigma-Aldrich, USA

Heparin

#375095, Sigma-Aldrich, USA

Hydrogen Peroxide (30% in H20)

#216763, Sigma-Aldrich, USA
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Methanol

#A452-4, Thermo Fisher, Canada

Nalgene Syringe Filter 0.2 um

#723-2520, Thermo Fisher, USA

Permeabilization solution (500 mL)

® 400 mL PTx.2
e 11.5 g of Glycine
* 100 mL of DMSO

PTwH (1 L) e 100 mL PBS 10x

e 2 mL Tween-20

e 1 mL of 10 mg/mL Heparin stock solution
PTx.2 (1) e 100 mL PBS 10x

e 2 mL TritonX-100
Tween-20 #P5927, Sigma-Aldrich, USA

1.2.4. Primary antibodies

Anti-Cpne5 rabbit polyclonal

#NBP184406, Novus Biologicals, USA

Anti-Cx40 rabbit polyclonal

#Cx40-A, Alpha Diagnostics, USA

Anti-Hcn4 rat monoclonal

#ab32675, Abcam, USA

Anti-lgfbp5 goat polyclonal

#AF578, R&D systems/Thermo Fisher, USA

Anti-Rgs6 rabbit polyclonal

#ab155809, Abcam, USA

Anti-Smoc2 sheep polyclonal

#AF5140, R&D Systems, USA

1.2.5. Secondary antibodies

Chicken anti-rat IgG AlexaFluor 594

#A31572, Invitrogen, USA

Chicken anti-rat IgG AlexaFluor 647

#A21472, Invitrogen, USA

Donkey anti-goat IgG Alexa Fluor 555

#A21432, Invitrogen, USA

Donkey anti-goat IgG Alexa Fluor 647

#A21447, Invitrogen, USA

Donkey anti-rabbit 1gG Alexa Fluor
555

#A31572, Invitrogen, USA

Donkey anti-rabbit 1gG Alexa Fluor
647

#A31573, Invitrogen, USA

1.2.6. RNAscope in situ hybridization

1x Plus Amplification Diluent

#FP1135, Akoya Biosciences, USA

Cyanine 3 Amplification Reagent

#FP1170, Akoya Biosciences, USA

Cyanine 5 Amplification Reagent

#FP1171, Akoya Biosciences, USA

Probe Mm-Hcn4-C2

#421271, ACD, USA

Probe Mm-Ntm-C1

#489111, ACD, USA

Probe Mm-Smoc2-C1

#318541, ACD, USA

RNAscope® Multiplex TSA Buffer

#322809, ACD, USA

RNAscope® Hydrogen Peroxide

#322381, ACD, USA

RNAscope” Target Retrieval
Reagents

#322000, ACD, USA

RNAscope® Protease Plus

#322331, ACD, USA

RNAscope® Wash Buffer Reagents

#310091, ACD, USA
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RNAscope® Multiplex Fluorescent Kit | #323100, ACD, USA
v2
RNaseOUT #786-70, G-Biosciences, USA
UltraPure Distilled Water #10977-015, ThermoFisher, USA
1.2.7. Devices
Fluorescence Microscope Axio Imager 2, Zeiss, USA
Light Sheet Microscope Ultramicroscope Il, LaVision Biotec, USA

1.3. Methods

1.3.1. General comments
The following paragraphs noted here, namely “Microdissection of cardiac conduction system
components”, “Tissue dissociation into single cell suspensions”, “Single-cell RNA-sequencing
of cardiac conduction cells”, and parts of “Bioinformatic analyses”) were performed at
Stanford University prior to my arrival. Thus, certain methods described in these paragraphs
have been used and performed by Dr. William Goodyer and colleagues in the Sean Wu

laboratory setting the ground for my own research and contributions.

1.3.2. Mice

Mice used for all experiments were acquired from Jackson Laboratory (Sacramento, CA).
Specifically, wild-type CD1 mice were used. To study embryonic hearts, pregnant female mice
were acquired at specific timepoints, pups were dissected at embryonic stages and
microdissection of heart tissues was performed microscopically. For scRNA-seq experiments,
cardiac conduction system components were microdissected from embryonic day 16.5 (E16.5)
mice. Otherwise, animal ages are indicated in each section, respectively. In general, both male
and female mice were used at equal numbers for all experiments in order to eliminate sex-
dependent biological differences.

1.3.3. Microdissection of cardiac conduction system components
First, murine cardiac conduction tissues had to be precisely isolated for a designed scRNA-seq
workflow. In this regard, mice were chosen at E16.5 for the following reasons: 1. Cell-size
restrictions of current scRNA-seq devices for adult cardiomyocytes and 2. to gain insight into
transcriptomic information not only relevant for the maintenance but also the physiological
development of the CCS. Therefore, wild-type, pregnant CD1 mice were obtained, mice were
sacrificed, and embryonic mouse hearts were harvested at E16.5. Subsequently, freshly
harvested hearts were placed in Hanks balanced salt solution (HBSS) (Calcium*, Magnesium*)
(#14025134, Thermo Fisher) and CCS-dissection was performed microscopically based on
anatomical landmarks. HBSS fulfilled the function of both washing off red blood
cells/coagulated blood from tissues of interest and to keep the embryonic hearts fresh and in
a beating state. Specifically, conduction tissues were microdissected from three very specific
zones. Zone | (SAN region) was dissected at the junction of the superior vena cava (SVC) and
the right atrium, capturing the SAN and adjacent tissues. Zone Il (AVN/His region) was
dissected from the heart’s central part, capturing the triangle of Koch at the bottom floor of
the right atrium as well as a broad area around it. Finally, zone Ill (BB/PF region) was captured
by dissecting the inner layers of both cardiac ventricles. For each zone, CCS tissues were
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dissected from a total of 6 different murine embryos and tissues were pooled in order to
increase cell numbers and biological replicates.

1.3.4. Tissue dissociation into single cell suspensions

Dissected tissues were further placed in a microtube (one for each zone) and incubated in 100
uL of 0.25% trypsin (# 15050065, Thermo Fisher) at 37°C for 10 min for a first step of tissue
dissociation. Next, 1.4 mL of collagenase A/B (10 mg/mL, #10103586001, #11088807001,
Roche) and 20% fetal bovine serum (FBS) (# 16000044, Thermo Fisher) in HBSS (#14025134,
Thermo Fisher) was added to the tubes for an additional 20 min of incubation at 37°C.
Subsequently, tubes were centrifuged at 1000 rounds per minute (rpm) for 5 min to spin down
cells, the supernatant was discarded, and cells were washed in 20% FBS in HBSS. Cells were
resuspended to around 600 cells/pL with 0.04% FBS/HBSS solution for processing on the 10x
Platform. Methodological descriptions are adapted from from3.

1.3.5. Single-cell RNA-sequencing of cardiac conduction cells

Capturing of single cells was further performed following the 10X recommended protocol,
which can be found on the following webpage:
https://support.10xgenomics.com/permalink/user-guide-chromium-single-cell-3-reagent-
kits-user-guide-v2-chemistry. In brief, the process started with the generation of Gel Bead-In-
EMulsions (GEMs) and barcoding. This way, the 10X technology can index each single cells
transcriptome. Post barcoding, primers, Unique Molecular Identifiers (UMI), and poly-dT
primer sequences were released to generate cDNA libraries from mRNA transcripts. After
further cleanup of broken-down GEMs, cDNA libraries were PCR-amplified, and sequencing-
ready libraries were constructed. Finally, constructed libraries were sequenced using lllumina
HiSeq 4000.

1.3.6. Bioinformatic analyses
Having produced standard Illumina BCL data, secondary analysis and visualization was first
performed using the Cell Ranger pipeline. This way, demultiplexing was performed, genes
were both aligned and counted, and first results of single cell expression data were obtained.
This way, a first user-friendly overview (including cell clustering, cell type annotation and
differential gene expression analysis) was obtained. Secondly, further in-depth bioinformatic
analyses were performed. To this end, standard pre-processing procedures were carried out,
including quality control measures, cell filtering, data normalization, identification of highly
variable features, scaling the data, linear dimensional reduction, and cell clustering. This was
performed in Seurat version 2 per Seurat’s recommended steps®’. Default parameters can be
recapitulated in a detailed tutorial on the Satija lab website:
https://satijalab.org/seurat/archive/v3.2/pbmc3k tutorial.html. In brief, cells were filtered
by the number of individual genes expressed per cell. The threshold used was > 200 genes per
cell. This way, most damaged cells were sorted out. Next, data normalization was performed
per Seurat’s recommended steps. The y axis of all ViolinPlots indicates this normalized gene
expression. As a standard pre-processing step before PCA, linear transformation (“scaling”)
was performed, and highly variable features were detected. Finally, differential gene
expression analyses were performed for all cell clusters unbiasedly using the FindAlIMarker
function. To be detected as differentially expressed, genes must be expressed in at least 25%
of cells in one of the 2 comparing clusters, and the differential gene expression level must be
greater than 25%. For the identification of specific cell types within the dataset, gene
expression of well-known cell type-specific marker genes was assessed. Marker genes used
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for each cell type were the following: Cardiomyocytes: Tnni3, Tnnt2, Myl7, Myl2, Gjal, Nppa,
Gja5; nodal: Hen4, Henl, Bmp2, Kcnel, Gjcl, Isl1, Shox2, Hopx, Cacnalg, Cacna2d2, Tbhx2,
Tbx3, Tbx5, Thx18; ventricular conduction system cells: Gjal, Gja5, Scn5a, Irx3, Etv1, Id2, Hopx,
Cacnalg; epicardial cells: Upk3b, Wt1; endocardial/endothelial cells: Npr3, Plvap, Cdh5,
Pecam1, Kdr, Fabp4; coronary smooth muscle cells: Pdgfrb, Myh11; fibroblasts: Tcf21, Pdgfra;
white blood cells: Csf1r.

1.3.7. Immunohistochemistry

Murine CD1 embryonic and postnatal hearts (ages indicated at each figure, respectively) were
dissected and rinsed in HBSS (Ca*/Mg"*) (Gibco, #14025-134) three times. Further, hearts were
submersed in 4% paraformaldehyde (PFA) (Fisher, #50-980-487) overnight at 4°C for tissue
fixation. Fixed hearts were then rinsed in phosphate-buffered saline (PBS) (#70011-044,
Thermo Fisher) 3 times for 15 min to wash off excess PFA and further put in Eppendorf tubes
filled with 30% sucrose in 1x PBS overnight at 4°C. The next day, tissues were embedded in
Tissue-Plus optimal cutting temperature compound (OCT compound) (Fisher, #23-730-571)
and further stored at -80°C for conservation and freezing of tissues. Cryosections were
performed at a thickness of 12 um through the entire heart to capture all CCS components on
different slides. Prior to immunostaining, sections were dried for 1 h, rehydrated in 1x PBS,
washed three times in PBST (1x PBS + 0.1% Triton X-100) and then blocked (PBST + 0.5% Bovine
serum albumin (BSA)) for 1 h at room temperature. Following this, the sections were
incubated with primary antibodies diluted in blocking solution (3% BSA in PBS) overnight at
4°C in humid chambers. Primary antibodies were used at 1:100 dilution. The next day, tissue
sections were rinsed with PBST three times for 15 minutes and subsequently incubated with
secondary antibodies for 2 h at room temperature (covered from light in humid chambers).
Secondaries were used at a 1:500 dilution in blocking solution. After additional washing with
1x PBS for 5 minutes three times, the sections were mounted with mounting media containing
4',6-diamidino-2-phenylindole (DAPI) (#H-1200, Vector Laboratories) to stain nuclei. Slides
were stored at 4°C covered from light until imaged. All images were taken with the Zeiss Axio
Imager 2 microscope. Generally, immediately adjacent slides were used with primary or
secondary antibodies alone for negative controls. Modified from3.

1.3.8. Immunolabeling-enabled three-dimensional imaging of solvent-cleared
organs

Immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO+) was
performed per official iDISCO+ protocol: https://idisco.info/idisco-protocol/. CD1 mouse
embryos and hearts of postnatal mice were freshly harvested, washed in HBSS (Ca*/Mg")
(Gibco, #14025-134) fixed overnight in 4% paraformaldehyde in 1x PBS (Fisher, #50-980-487)
at 4°C. Next, hearts were rinsed in 1x PBS for 15 min 3 times in order to wash off excess PFA
and avoid overfixation. Fixed and washed hearts were then stored fully submersed in 1x PBS
at 4°C until used. For the iDISCO+ workflow, hearts were first dehydrated in serial dilutions of
methanol (#A452-4, Fisher Scientific) in 1x PBS (20%, 40%, 60%, 80%, 100%, 1 h each). Samples
were again washed in 100% methanol for 1 h, and then chilled at 4°C for at least 3 h. Overnight,
hearts were incubated in 66% dicloromethane (DCM) (#270997, Sigma-Aldrich) in 33%
methanol at room temperature (RT) with shaking. The next day, samples were washed twice
in 100% methanol at RT, and then cooled down 4°C until hearts were bleached in pre-cooled
5% H,0,in methanol (1 volume 30% H.0, to 5 volumes methanol), overnight at 4°C. On day
three, hearts were again rehydrated in serial dilutions of methanol in 1x PBS (5 serial dilutions,
1h each with shaking at RT) down to pure PBS. Further, samples were washed in PTx.2 two
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times for 1h at RT. From here, all steps were performed in closed 1.5 mL Eppendorf tubes to
prevent oxidation. Samples were incubated in iDISCO+ permeabilization solution at 37°C with
shaking for two days. After two days, hearts were blocked in iDISCO+ blocking solution at 37°C
for another 2 days. Next, samples were incubated with primary antibody in PTwH / 5% DMSO
/ 3% donkey serum at a 1:200 dilution at 37° for 2 days on a shaker. From this point, a
maximum of two samples were combined in one Eppendorf tube. After incubation in primary
antibodies, samples were washed in PTwH 4-5 times until the next day at RT on a shaker. The
next day, secondary antibodies were prepared in PTwH / 3% donkey serum at a 1:700 dilution,
then manually filtered through Nalgene syringe filters before samples were incubated in the
secondary antibody solution for two days at 37° on a shaker. From here, hearts were kept
covered from light to minimize fluorescence signal quenching. Next, samples were washed in
PTwH for 4-5 times until the next day at RT. Now, hearts were again dehydrated in serial
dilutions of methanol in PBS series (5 steps, 1 h each, shaking at RT) and left overnight. Lastly,
hearts were incubated for 3 h (with shaking) in 66% DCM / 33% methanol at RT, and then in
100% DCM for 15 min twice (with shaking) before final incubation in DiBenzylEther (DBE) (no
shaking). The tube was filled almost completely with DBE to prevent sample oxidation. One
day after clearing, iDISCO+ samples were imaged using a light sheet microscopy. Entire hearts
were scanned at a step-size of 3 um. Thus, up to 800 images were acquired scanning entire
organs. A minimum of 8 biological (different hearts) replicates were used for each
immunolabeling approach. In order to reconstruct three-dimensional images from multiple
images taken with the light sheet microscope, the interactive 3D image visualization and
analysis software Imaris was used. No additional modification tools were used to create 3D
images, except otherwise explained. Modified from3.

1.3.9. RNAscope in situ hybridization

The RNAscope® Multiplex Fluorescent v2 Assay allows for high-resolution fluorescence in situ
hybridization (FISH) and simultaneous visualization of up to three different RNA targets per
cell. Following sample pre-treatment, probe hybridization and signal amplification, single RNA
transcripts can be visualized as punctate dots. Here the RNAscope® Multiplex Fluorescent Kit
v2 (Cat. #323100) was used per manufacturer suggested protocol and the following murine
probes were used: Mm-Hcn4-C2 (#421271, ACD), Mm-Smoc2-C1 (#318541, ACD ) and Mm-
Ntm-C1 (#489111, ACD)3. A detailed user manual can be found on the ACD webpage:
https://ruo.mbl.co.jp/bio/product/epigenetics/images/rnascope/USM-

323100 MultiplexFluorescent v2 UserManual Support 04032017.pdf. In brief, slides
containing the tissue of interest (12 um thickness) are washed in 1x PBS for 5 min to remove
OCT. Excess liquid is removed and RNAscope® Hydrogen Peroxide (#322381, ACD) is added to
cover the entire section. Slides are incubated for 10 min at RT, and carefully washed again in
distilled water 3-5 times. Next, slides are dried at RT, and a hydrophobic barrier is drawn
closely around tissue sections of interest. Further, slides are placed in the HybEZ™ Slide Rack
and 5 drops of RNAscope® Protease Plus (#322331, ACD) is added to each slide. The slide rack
is then placed in the HybEZ™ Humidity Control Tray, sealed, and inserted into the HybEZ™
Oven and incubated for 30 min at 40°C. All the following steps which are performed at 40°C
are similarly performed in the HybEZ™ Humidity Control Tray and the HybEZ™ Oven. Now,
slides are washed 3-5 times in distilled water (#10977-015, Thermo Fisher). Next, excess liquid
is removed from slides, 4-6 drops of the probe mix (all probes of interest) are added to entirely
cover the slides, and slides are incubated for 2 h at 40°C. After hybridization, slides are washed
twice in 1x wash buffer (#310091, ACD). Further, 4-6 drops of RNAscope® Multiplex FL v2
Amp1 is added, and slides are incubated for 30 min at 40°C. Again, slides are washed twice in
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1x wash buffer, 4-6 drops of RNAscope® Multiplex FL v2 Amp2 is added and incubated for
another 30 min at 40°C. One more time, slides are washed twice in 1x wash buffer, RNAscope®
Multiplex FL v2 Amp3 is added, and slides are incubated for 15 min at 40°C. After slides are
washed carefully in 1x wash buffer, horseradish peroxidase (HRP) signal is developed by
adding HRP-C1 entirely covering the slide. Slides are incubated for 15 min at 40°C. Again, slides
are washed for 2 min at RT in 1x wash buffer. Next, 200 pL of the TSA Plus fluorophore is added
to each slide at a 1:1000 concentration and slides are incubated for 30 min at 40°C. At this
point, the first probe (C1) is developed. To develop more than one probe in different
fluorescent channels, slides must be washed for 2 min at RT in 1x wash buffer, slides must be
covered with HRP blocker, incubated for 15 min at 40°C and be carefully washed again at RT.
Now, the HRP-C2 signal can be developed as already described above for HRP-C1. Similarly,
HRP-C3 may be developed. Lastly, slides are carefully washed in 1x wash buffer at RT, excess
liquid is removed, and slides are stained with mounting media containing DAPI (#H-1200,
Vector Laboratories) and mounted with a coverslip. Slides are sealed with Electron Microscopy
Sciences Nail Polish (#72180, Fisher Scientific), stored at 4°C in the dark and imaged the next
day.

1.3.10. ScRNA-seq data deposition and GEO database accession number
ScRNA-seq was performed as described in the paragraphs above. The raw scRNA-seq dataset
of the developing murine CCS was deposited into the Gene expression omnibus (GEO)
database provided by the National Center for Biotechnology Information (NCBI) under
accession number GEO: GSE132658. Thus, the entire dataset was made publicly available in
its entirety and can be accessed at:
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132658.

1.4. Results

1.4.1. Elucidation of genetic markers enriched within the sinoatrial node
Differential gene enrichment analysis was performed comparing gene expression levels in SAN
cells (cluster 9 in zone |) to all other cell clusters of zone |, including atrial cardiomyocytes,
fibroblasts, epicardial cells, endocardial cells, endothelial cells, neuronal cells and white blood
cells (WBC). Among the most enriched genes within cells of cluster 9 (SAN) compared to all
other cell types, several genes were found that play well-known roles in SAN development
and function, such as Short stature homeobox protein 2 (Shox2), Voltage-dependent calcium
channel subunit alpha-2/delta-2 (Cacna2d2), Bone morphogenetic protein 2 (Bmp2), T-box
transcription factor 3 (Tbx3), Hyperpolarization activated cyclic nucleotide gated potassium
channel 4 (Hcn4) and Insulin gene enhancer protein ISL-1 (/s/1) (Table 1.1).
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Cluster 9 = SAN cells

Gene Avg Log FC  p value (adj)
Igfbp5 2.12 2.63E-126
Shox2 1.97 2.22E-308
Smoc2 1.69 5.23E-164
Cacnald?2 1.41 3.30E-224
Bmp2 1.37 1.24E-220
Thx3 0.77 9.56E-244

Ntm 0.75 4.97E-81

Rgs6 0.60 2.92E-61
Hcn4 0.60 1.29E-247

Cpne5 0.57 2.90E-37
Isl1 0.34 1.03E-192

Table 1.1: Novel genetic markers significantly enriched within sinoatrial node cells

This table presents some of the most highly enriched gene transcripts found within sinoatrial node cells of cluster
9. Well-established conduction-specific genes (Shox2, Cacna2d2, Bmp2, Tbx3, Hcn4 and Isl1) are shown in white,
whereas novel genes found in this study (/gfbp5, Smoc2, Ntm, Rgs6, and Cpne5) are highlighted in green. SAN
indicates sinoatrial node; p-value (adj): adjusted p-value. Modified from?.

Reinforcing the identification of a true SAN cell cluster within our dataset, all established nodal
markers were found to show an increased fold change in gene expression compared to non-
conduction cell clusters. Strikingly, in addition to the above-mentioned known SAN markers,
differential gene expression analyses uncovered a host of novel gene transcripts highly
enriched within cluster 9 cells that have not previously been associated with the CCS. Namely,
Copine 5 (Cpne5), Regulator of G-protein signaling 6 (Rgs6), SPARC-related modular calcium-
binding protein 2 (Smoc2), Neurotrimin (Ntm) and Insulin-like growth factor-binding protein 5
(Igfbp5) expression were all found to be highly enriched within SAN cells at statistical
significance.

Next, gene expression levels of novel genes were analyzed across all cell types and displayed
in violin plot and feature plot format at single cell resolution. These analyses confirmed
expression enrichment of novel markers within SAN cells (cluster 9, C9) but also provided
additional valuable information regarding their expression within other cell types of the heart
(Figure 1.6).

lgfbp5 gene expression was, in addition to SAN cells (C9) recognized in a subset of endocardial
(C4) and epicardial (C10) cells, Smoc2 expression was additionally recognized in a subset of
fibroblasts (C11) and epicardial (C10) cells, and Ntm expression in neuronal cells (C14). Thus,
besides lower gene expression in other cardiac cell types, the novel genes Cpne5, Rgs6, Smoc2,
Ntm and Igfbp5 demonstrate highest enrichment in SAN cells of cluster 9 and thus
demonstrate novel genetic markers for the identification and characterization of SAN cells.
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Figure 1.6: Expression levels of novel genetic markers across all cell types in zone |

A. T-distributed stochastic neighbor embedding (t-SNE) plot for zone | with all cell clusters labeled by their
respective cell type. All feature plots displayed in B. and C. refer to this t-SNE plot. B. Established cardiomyocyte
(Actn2*) and nodal (Hcn4*, Tbx3*) markers visualized by ViolinPlots (top) and FeaturePlots (bottom) demonstrate
cluster 9 as a sinoatrial node (SAN) cell cluster. C. Igfbp5, Smoc2, Ntm, Cpne5 and Rgs6 gene expression visualized
by ViolinPlots (top) and FeaturePlots (bottom) across all cell types captured in zone | demonstrates high
enrichment of novel markers in SAN cell cluster 9. CM indicates cardiomyocyte; WBC: white blood cells. Modified
from3.

Moreover, subcluster analyses were performed of all SAN cells in cluster 9. As a result, SAN
cells were unbiasedly split into two distinct cell clusters displaying core SAN cells in one cell
cluster and SAN Tz in the other (Figure 1.7A). Consistent with our current understanding of
transitional cells as a hybrid cell type between conduction cells and working myocytes?®, the
gold standard conduction marker Hcn4 was found to be expressed at a higher level within the
cSAN as compared to SAN Tz. Further reinforcing the true capture of two distinct cell types,
atrial cardiomyocyte genes such as Gja5 were found fully absent from the cSAN, however
lowly expressed within SAN Tz (Figure 1.7B), as expected. Interestingly, enrichment of all five
novel genes (Cpne5, Rgs6, Smoc2, Ntm and Igfbp5) was found not only within the cSAN, but
additionally in cells representing SAN Tz (Figure 1.7C).
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Figure 1.7: Subset analyses reveal enrichment of Igfbp5, Smoc2, Ntm, Cpne5 and Rgs6 in sinoatrial node
transitional cells

A. T-distributed stochastic neighbor embedding (t-SNE) plot represents subcluster analysis of cluster 9 cells
demonstrating 2 distinct cell subclusters consistent with compact sinoatrial node (SAN) cells (cSAN) and
transitional cells (Tz). All feature plots displayed in B. and C. refer to this t-SNE-plot. B. ViolinPlots (top) and
FeaturePlots (bottom) for key cardiomyocyte (Actn2), nodal (Hcn4) and atrial cardiomyocyte (Gja5) markers. C.
Igfbp5, Smoc2, Ntm, Cpne5 and Rgs6 gene expression visualized by ViolinPlots (top) and FeaturePlots (bottom).
Modified from3.

Having revealed five novel genetic markers, which are highly enriched within the compact SAN
and SAN transitional cells, validation of our findings was next sought through immunostaining
of murine heart sections. In this regard, high resolution fluorescence in situ hybridization
(FISH) and immunohistochemistry (IHC) was next performed in serial sections of wild-type,
postnatal day O (PO) murine hearts (Figure 1.8).

The gold standard conduction cell marker Hcn4 was used to delineate the compact SAN as a
positive control (red). Interestingly, precise co-labeling of the cSAN (Hcn4*/novel marker*) by
all five novel genetic markers was found, thus proving highly exclusive expression of novel
markers within the cSAN and absence from the atrial myocardium. Furthermore, not only the
cSAN was precisely labeled, but highly specific cell clusters of transitional cells were
additionally found at the junction between the cSAN and the surrounding atrial myocardium
(Hen4/novel marker?) to be labeled by novel genetic markers. Of note, while Igfbp5, Smoc2
and Ntm gene expression was recognized within minor non-conduction cell types (Figure 1.6)
in our scRNA-seq data, expression could not be detected in these other cell types following
FISH or IHC.
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Figure 1.8: Immunohistochemistry and fluorescence in situ hybridization confirm the enrichment of novel
genetic markers in sinoatrial node cells of murine hearts

A, B: High resolution fluorescence RNA in situ hybridization (RNAscope) targeting Hcn4 (red punctae) and
Smoc2/Ntm (green punctae) mRNA within heart sections of postnatal day 0 (n=3), wild-type mice. DAPI (blue).
C, D, E: Whole mount immunostaining and lightsheet imaging (iDISCO+) of (n=5) wild-type murine hearts. The
compact sinoatrial node (cSAN) is delineated by high expression of Hcn4 protein (red) and Cpne5, Rgs6 or Igfbp5
protein (green). Solid lines depicting cSAN cells (Hcn4*/novel marker?) and dashed lines delineate transitional
cells (Tz) (Hen4/novel marker*). RA indicates right atrial myocardium, SVC: superior vena cava. Modified from3.
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In summary, the discovery of Cpne5, Rgs6, Smoc2, Ntm and Igfbp5 provides five novel markers
of not only the cSAN but also the previously elusive SAN Tz cells, as demonstrated by scRNA-
seq at the mRNA level and validated by IHC/FISH in murine heart sections.

1.4.2. Novel genetic markers found enriched within the atrioventricular node and
His bundle

Detailed gene expression analysis was performed comparing cluster 4 cells (AVN/His cell
cluster) to all other cell clusters of zone Il. Well-established AVN/His marker genes showed
robust enrichment in cluster 4 cells at statistical significance, namely Potassium voltage-gated
channel subfamily E member 1 (Kcnel), Voltage-dependent calcium channel subunit alpha-
2/delta-2 (Cacna2d2), Bone morphogenetic protein 2 (Bmp2), T-box protein 5 (Thx5), G
protein-activated inward rectifier potassium channel 4 (Kcnj5) and Voltage-dependent
calcium channel subunit alpha-1g (Cacnalg) (Table 1.2).

Strikingly, significant fold changes in gene expression were additionally detected for the novel
genes Igfbp5, Cpne5, Ntm and Rgs6, which were found to be enriched within the cSAN and
SAN Tz.

Cluster 4 = AVN/His cells

Gene Avg Log FC p value (adj)
Slc22al 1.72 2.22E-308
lgfbp5 1.19 1.49E-120
Kcnel 0.98 3.59E-75
Cacnald? 0.88 2.22E-308
Cpne5 0.73 2.22E-308
Ntm 0.55 1.20E-101
Bmp2 0.55 3.53E-57
Tbx5 0.54 2.07E-110
Kcnj5 0.42 4.33E-102
Rgs6 0.39 9.75E-153

Table 1.2: Novel markers enriched in atrioventricular node and His bundle cells

This table presents some of the most highly enriched gene transcripts found within atrioventricular node
(AVN)/His bundle (His) cells of cluster 4 in zone Il. Well-established conduction-specific genes (Kcnel, Cacna2d2,
Bmp2, Thx5, Kcnj5) are shown in white, whereas novel genes (Igfbp5, Cpne5, Ntm and Rgs6) are highlighted in
green. p-value (adj) indicates adjusted p-value. Modified from3.

Further, gene expression levels of known AVN/His markers (Hcn4, Cacna2d2) and novel

AVN/His marker genes were analyzed across all cell types contained within zone Il and
displayed in violin plot and feature plot format at single cell resolution (Figure 1.9).
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Figure 1.9: Gene expression levels of novel markers across all cell types in zone Il

A. T-distributed stochastic neighbor embedding (t-SNE) plot for zone Il cells including labeling of all cell types
from this region. All feature plots displayed in B. and C. refer to this t-SNE plot. B. Established cardiomyocyte
(Actn2*) and nodal (Hcn4?, Cacna2d2*) markers visualized by ViolinPlots (top) and FeaturePlots (bottom)
demonstrate cluster 4 as a true atrioventricular node (AVN)/His bundle (His) cell cluster. C. Igfbp5, Smoc2, Ntm,
Cpne5 and Rgs6 gene expression visualized by ViolinPlots (top) and FeaturePlots (bottom) across all cell types
captured in zone Il. CM indicates cardiomyocyte; SMC: smooth muscle cells; WBC: white blood cells. Modified
from3.

This analysis demonstrates cluster 4 as a true nodal cell population (Actn2?, Hcn4?,
Cacna2d2*). Regarding new AVN/His markers, Igfbp5, Cpne5, Rgs6 and Ntm gene expression
were additionally found to be enriched and largely restricted to AVN/His conduction cells in
cluster 4 as compared to all other cell types. Interestingly, the SAN-enriched gene Smoc2 was
found absent from cluster 4 cells, suggestive of an SAN-specific marker as opposed to a pan-
CCS marker.

Subsequently, subcluster analysis was performed on conduction cells (C4) in zone Il (Figure
1.10). While Hcn4 expression is exclusively found in the cAVN, the CCS transcription factor
Tbx3 was detected in the cAVN, His and nodal AV rings (Figure 1.10B), as previously
described®®. Gjal on the other hand, a known gene encoding a gap junction protein in the
myocardium®®, was indeed found absent from the cAVN, His and NAVR, further reinforcing
true subcluster identification. Interestingly, when analyzing novel CCS-enriched genes in each
subcluster, Cpne5 enrichment was found not only within the cAVN and His bundle, but also in
the nodal AV rings and the atrial transitional zone (Figure 1.10C).
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Figure 1.10: Subset analyses reveal Cpne5 enrichment in transitional cells of the atrioventricular node and His
bundle

A. T-distributed stochastic neighbor embedding (t-SNE) plot represents subcluster analysis of cluster 4 cells
demonstrating 6 distinct cell subclusters consistent with transitional AV rings (TAVR), ventricular transitional
zone (VTZ), His bundle (His), nodal AV rings (NAVR), compact AVN (cAVN) and atrial transitional zone (ATZ). All
feature plots displayed in B. and C. refer to this t-SNE plot. B. ViolinPlots (top) and FeaturePlots (bottom)
demonstrating typical nodal and myocardial gene expression across VTZ, TAVR, ATZ, His, cAVN and NAVR. C.
Cpne5 gene expression visualized by ViolinPlot (top) and FeaturePlot (bottom) demonstrates Cpne5 gene
expression in the ATZ, His, cAVN and NAVR. Modified from3.

Moreover, using high resolution fluorescence in situ hybridization and whole mount
immunostaining (iDISCO+) the expression pattern of novel AVN-marker genes (Cpne5, Rgs6,
Ntm and Igfbp5) was successfully validated in serial wild-type murine heart sections (Figure
1.11). In this regard, Igfbp5, Rgs6 and Cpne5 protein expression (iDISCO+), as well as Ntm
MRNA expression (FISH) was found highly present within CCS structures (internodal tracts,
AVN and His) but fully absent from non-CCS cell types. Interestingly and consistent with our
scRNA-seq dataset, the novel SAN-enriched gene Smoc2 (Table 1.1) was clearly absent from
the AVN (Figure 1.11D). Of note, while Igfbp5 gene expression was additionally recognized in
fibroblasts (C2), coronary smooth muscle cells (C9), endocardial (C10) and epicardial and (C13)
cells (Figure 1.9) at low levels at the mRNA level, Igfbp5 protein expression could not be found
in these cell types by immunostaining. Cpne5 protein was clearly detected in the compact
AVN, and additionally in internodal tracts, as well as nodal AV rings in 2D sections (Figure
1.11C), consistent with data of our subcluster analysis (Figure 1.10).

In summary, this is the first study to analyze the transcriptional landscape of the compact AVN,
His bundle and all associated transitional cell types in this region at single cell resolution. This
study has revealed and validated four novel genes, namely Cpne5, Rgs6, Ntm and Igfbp5, to
be highly enriched in the AVN. Additionally, Cpne5 presents the first marker labeling AVN Tz
(cAVN, His, ATZ and NAVR) in murine hearts.
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Figure 1.11: iDisco+ and fluorescence in situ hybridization confirm enrichment of novel genetic markers in the
atrioventricular node of murine hearts

A. Igfbp5 immunostaining (white) per iDISCO+ protocol and lightsheet imaging in whole E14.5 hearts confirms
Igfbp5 enrichment within the AVN. Inset showing an enlarged area of AVN region. B. Rgs6 immunostaining
(white) per iDISCO+ protocol and lightsheet imaging in whole E16.5 hearts confirms Rgs6 expression within the
AVN. Inset showing an enlarged area of AVN region. C,D. The same postnatal day 12 (P12) heart co-
immunostained for Cpne5 (C.) and Smoc2 (D.) protein (white). Insets show a Cpne5” (grey arrow) but Smoc2”
(empty white arrow) AVN. Additionally, both novel proteins are found in INT and nodal AV rings. E. PO hearts
(AVN and surrounding cardiac structures) labeled for Hcn4 (red punctae) and Ntm (cyan punctae) using
fluorescence RNA in situ hybridization. Uppermost picture: overview. Below: magnification of the boxed AVN,
surrounding internodal tracts (INT) (above) and ventricular cardiomyocytes (below) of the interventricular
septum (IVS) are labeled. Solid white lines demarcating the AVN, solid red lines demarcate INT. Larger brightly-
stained objects (examples noted by white arrows) in both red and green channels represent autofluorescence
from red blood cells (yellow in merge photos). True fluorescence in situ hybridization signal is represented by
small punctae in either cyan (Ntm) or red (Hcn4). LA, left atrium; LV, left ventricle; MV, mitral valve; IVS,
interventricular septum. Grey arrows: AVN, white arrows: internodal tracts; blue arrows: right AV ring bundle;
yellow arrows: left AV ring bundle. Modified from3.
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1.4.3. Discovery of genetic markers enriched within the ventricular conduction
system

Differential gene expression was assessed comparing PF cells in cluster 13 to all other cell
clusters of zone Ill. Robust enrichment of well-established PF genes was recognized in cluster
13, including Voltage-dependent calcium channel subunit alpha-2/delta-2 (Cacna2d2), Gap
junction protein alpha 5 (Gja5), ETS variant transcription factor 1 (Etv1), Sodium channel
protein type 5 subunit alpha (Scn5a), Potassium channel subfamily K member 3 (Kcnk3),
Semaphorin 3A (Sema3a), DNA-binding protein inhibitor ID-2 (/d2) and Iroquois-class
homeodomain protein IRX-3 (/Irx3). Interestingly, in-depth data analyses have further revealed
significant enrichment of the novel genes Igfbp5, Cpne5 and Ntm within PF cells of cluster 13
(Table 1.3).

Cluster 13 = PF cells

Gene Avg Log FC p value (adj)
Cacna2d? 1.21 2.22E-308
Gjas 0.97 1.17E-183
lgfbp5 0.96 1.11E-100
Etvi 0.89 6.67E-105

Scnba 0.76 4.81E-86
Cpne5 0.68 2.22E-308

Kcnk3 0.64 1.57E-58
Ntm 0.61 6.32E-110
Semasa 0.58 7.49E-184

ld2 0.58 2.49E-39
Irx3 0.51 1.89E-119

Table 1.3: Novel gene transcripts found to be enriched in Purkinje fiber cells

This table presents some of the most highly enriched genes within Purkinje fiber (PF) cells of cluster 13 in zone
IIl. Well-established conduction-specific genes (Cacna2d2, Gja5, Etv1, Scn5a, Kcnk3, Sema3a, Id2, Irx3) are shown
in white, whereas novel genes (Igfbp5, Cpne5 and Ntm) are highlighted in green. p value (adj) indicates adjusted
p-value. Modified from3.

Further, gene expression analysis across all cell types captured in zone Il was performed and
results are displayed in violin plot and feature plot format at single cell resolution (Figure
1.12). While Ntm and Cpne5 expression was found highly exclusive to bundle branch and
Purkinje fiber cells in zone llI, the novel gene Igfbp5 showed significant enrichment both in
Purkinje fibers, and additionally in a subset of fibroblasts (C4), coronary smooth muscle cells
(C9) and endocardial cells (C11).
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Figure 1.12: Igfbp5, Ntm and Cpne5 gene expression levels across cell types in zone Ill

A. T-distributed stochastic neighbor embedding (t-SNE) plot for zone Ill cells with all cell types labeled. All feature
plots displayed in B. and C. refer to this t-SNE plot. B. Established cardiomyocyte (CM) (Actn2*) and nodal (Gja5®,
Cacna2d2*) markers visualized by ViolinPlots (top) and FeaturePlots (bottom). C. Igfbp5, Ntm, and Cpne5 gene
expression visualized by ViolinPlots (top) and FeaturePlots (bottom) across all cell types captured in zone Ill. CM
indicates cardiomyocyte; SMC: smooth muscle cells; WBC: white blood cells. Modified from3.
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Moreover, subset analysis was performed on all cells in cluster 13. As a result, two distinct cell
clusters representing standard PF cells and transitional cells could be distinguished. Both cell
types are specialized heart muscle cells and hence show a cardiomyocyte signature (Tnni3").
However, whereas PF are characterized by high Gja5 and lower Gjal expression, PF Tz show
only low Gja5 and much higher Gjal expression, as expected**>° (Figure 1.13). Interestingly,
the novel conduction cell marker Ntm was revealed to be enriched not only in the PF cell
cluster, but additionally in PF Tz.
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Figure 1.13: Subset analyses reveal Ntm enrichment in Purkinje fiber transitional cells

A. T-distributed stochastic neighbor embedding (t-SNE) plot represents subcluster analysis of cluster 13 cells
demonstrating 2 distinct subclusters consistent with standard Purkinje fiber cells (PF) and transitional cells (Tz).
All feature plots displayed in B. and C. refer to this t-SNE plot. B. ViolinPlots (top) and FeaturePlots (bottom) for
key cardiomyocyte (Tnhni3, Gjal) and nodal (Gja5) markers. C. Ntm gene expression visualized in a ViolinPlot (top)
and FeaturePlot (bottom). Modified from3.

Further, immunostaining of wild-type murine heart sections has validated /gfbp5 and Cpne5
gene expression in the PF system (Figure 1.14). Additionally, high resolution in situ
hybridization (RNAscope) proved robust Ntm labeling of both standard Purkinje fiber cells as
well as PF Tz in murine heart sections for the first time (Figure 1.14C). A single subendocardial
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layer of proper Purkinje fibers (Hcn4*/Ntm*) was clearly outlined by the gold-standard
conduction cell marker Hen4. A sheath of transitional cells (Hcn4/Ntm*) was found right
adjacent to the proper PF system bridging Purkinje fibers to the ventricular myocardium
(Figure 1.14C). Thus, the discovery of Ntm provides the first known genetic marker delineating
PF Tz at the Purkinje fiber-myocyte junction.

Figure 1.14: Immunohistochemistry and fluorescence in situ hybridization reveal Igfbp5, Cpne5 and Ntm
enrichment in the Purkinje fiber system of murine hearts

A, B: Immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO+) and lightsheet
imaging of wild-type murine hearts showing Igfpb5 (embryonic day 16.5, n=5) and Cpne5 (postnatal day 0 (P0),
n=5) protein expression in white. C: Fluorescence in situ hybridization targeting Hcn4 (red punctae) and Ntm
(green punctae) mRNA expression within Purkinje fiber (PF) cells and transitional PF cells (Tz) within PO mouse
heart sections (n=3). DAPI (blue). Solid line depicting standard PF cells (Hcn4*/Ntm*) and dashed line showing Tz
cells (Hcn4/Ntm*). Beyond these borders are ventricular myocardial cells (Hcn4/Ntm’). Larger brightly stained
objects (examples noted by white arrows) in both red and green channels represent autofluorescence from red
blood cells. True RNAscope fluorescence in situ hybridization signal is represented by small punctae in either
green (Ntm) or red (Hcn4). LBB indicates left bundle branch, RBB: right bundle branch. Modified from3.
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In summary, this study elucidated Cpne5, Rgs6, Smoc2, Ntm and Igfbp5 to be five novel
markers highly enriched within individual components of the CCS. In addition to core
conduction system components (e.g. cSAN, cAVN, His, BB, PF) some of these markers
additionally demonstrate validated genetic markers for the identification and characterization
of previously elusive transitional cells in all components of the CCS for the first time.

1.4.4. Demonstration of the precise 3D architecture of sinoatrial node transitional
cells

Immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO+)
followed by lightsheet imaging is a cutting-edge imaging technique that allows for the three-
dimensional image acquisition and volumetric analysis of immunolabeled structures in whole
organs. The discovery of the first markers labeling SAN Tz, including Cpne5, Igfbp5, Ntm, Rgs6
and Smoc2 were here used to determine the exact anatomical localization of previously
elusive SAN Tz in three dimensions. A designed iDISCO+ workflow (Figure 1.15) was performed
using anti-Rgs6 antibodies allowing for high-resolution three-dimensional imaging of the SAN
region in whole hearts.

[ Organ Harvest ] PFA Fixation [ Light Sheet ]
Permeabilization Microscopy
Blocking
N Immunolabeling Camera objective [N

Organ Clearing
Tube lens .

Emission filter
» | Detection objective

Light beam A

IDISCO+

<

Specimen

Figure 1.15: iDISCO+ workflow

Schematic representation of the iDISCO+ workflow including harvest of intact mouse hearts, followed by
paraformaldehyde (PFA) fixation, permeabilization, blocking, immunolabeling and whole organ clearing.
Visualization was performed using light sheet microscopy. Modified from3.

Post immunostaining and organ clearing, up to 500 single images were acquired at 3 um
thickness through the entire SAN region using light sheet microscopy. Further, three-
dimensional images were reconstructed using the interactive microscopy analysis software
Imaris. As a result, the cSAN and SAN transitional cells were successfully visualized in 3D in
intact hearts (Figure 1.16). Here, the comma-shaped compact SAN is outlined in red by Hcn4
immunostaining. Additionally, the novel marker Rgs6 was used to label the entire SAN
including SAN Tz. Thus, Hcnd'/Rgs6” (green) cells clearly illustrate pure SAN Tz populations in
three dimensions for the first time.
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Figure 1.16: Three-dimensional architecture of sinoatrial node transitional cells

Immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO+) cleared wild-type,
intact sinoatrial nodes (SAN) (6.3x magnification) from embryonic day 16.5 (E16.5) murine hearts co-
immunolabeled for Hcn4 (red) and Rgs6 (green) protein. SAN is shown at 3 angles of view (0°, 90°, 225°). In the
last row, a merge image is displayed (Hcn4 in red, Rgs6 in green) with 2 major transitional sinoatrial conduction
pathways (SACPs) outlined in purple and black lines, respectively (Hcn4/Rgs6*). Purple SACP: from SAN body
directed rightward; black SACP: from the SAN head directed inferiorly and leftward. Blue SACP: (Hcn4*/Rgs6?)
emerges inferiorly from the tail of the SAN eventually giving rise to the internodal tracts. From?.
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Interestingly, three distinct clusters of cells were found to leave the cSAN in stereotyped
directions, consistent through 15 biological replicates at different developmental stages
(E16.5, postnatal day 1 (P1), P13). One such pathway is arising from the SAN head region
extending inferiorly and leftward. The second group of transitional cells is consistently found
to be arising from the SAN body extending rightward. And lastly, the third group of cells
emerges from the SAN tail apically, ultimately giving rise to one major internodal tract of
conduction cells. Thus, the novel SAN Tz specific marker Rgs6 in combination with three-
dimensional imaging of intact SAN using iDISCO+ allowed for the precise anatomical
elucidation of SAN Tz in murine hearts for the first time.

1.4.5. 3D architecture of the entire cardiac conduction system in intact murine
hearts

Based on our scRNA-seq findings, Cone5 mRNA was enriched throughout the CCS including
the SAN, SAN Tz, INT, AVN, NAVR, His bundle, as well as the ventricular conduction system
including BB and PF cells. Driven by these findings, three-dimensional visualization of the
entire CCS was performed to confirm the specificity of its protein expression throughout the
intact heart. In this regard, postnatal day 13 (P13) mouse hearts were freshly harvested and
underwent a designed iDISCO+ workflow (Figure 1.15) immunolabeling whole hearts with
anti-Cpne5 antibodies (Figure 1.17). Consistent with our scRNA-seq data, Cpne5 expression
was found in all components of the CCS including transitional cells. To the best of my
knowledge, this study presents the first three-dimensional model of the entire CCS including
minor cell types such as Tz without the use of a transgenic animal model system. Of note, a
high-resolution movie of this 3D CCS model is available online as presented in the
supplemental materials of our published work3.
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Right PF Network

Figure 1.17: Immunolabeling and optical clearing reveal the three-dimensional architecture of the murine
cardiac conduction system in whole organs

Intact wild-type hearts (n=5) at the age of postnatal day 13 (P13) were immunolabeled with anti-Cpne5
antibodies in a designed Immunolabeling-enabled three-dimensional imaging of solvent-cleared organs
(iDISCO+) workflow. Upon organ clearing, more than 750 single images were captured through the entire hearts
at 3 um thickness using lightsheet microscopy. Three-dimensional objects of whole immunolabeled hearts were
reconstructed using the interactive microscopy analysis software Imaris. Additionally, a virtual surface tool (gold)
was used to increase signal intensity of Cpne5-labeled cells. AVN indicates atrioventricular node; AVR:
atrioventricular ring; BB: bundle branch; INT: internodal tract; PF: Purkinje fiber; SAN: sinoatrial node; Tz:
Transitional cells. Modified from3.
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1.4.6. Single-cell RNA-sequencing excels data purity of previous RNA-sequencing
studies
The method of scRNA-seq was first published in 2009°! and has since been widely used
unraveling unique transcriptomes of various organ systems. However, to the best of my
knowledge, our group was the first to use this technique on conduction cells within the heart.
Thus, until now, bulk RNA-seq has been the primary method used to perform transcriptomic
analyses of CCS cell types and to elucidate novel genetic markers.

Bulk RNA-seq can present differentially expressed genes within a given sample compared to
control tissue. When obtaining highly pure cells from the structure of interest, it is possible to
unravel tissue-specific gene expression profiles. However, within the SAN and other CCS
components, pacemaker cells are intermingled with fibroblasts, neuronal cells, endothelial
cells, white blood cells, and others?*®°, Therefore, bulk RNA-seq data is often subject to “gene
contamination”, meaning that genes expressed in non-conduction cell types get falsely
accredited to the CCS. Using scRNA-seq, it is now possible to precisely analyze gene expression
in the conduction system at single cell resolution and this study has thus obtained the highest
data purity possible. Here, the current scRNA-seq approach is compared to two of the most
sophisticated bulk RNA-seq studies performed previously, that have made exceptional efforts
on pacemaker cell purity?%23,

Firstly, the Srivastava group has provided important novel SAN markers?. In their study, the
group used cryosections from flash-frozen Hcn4-Gfp (green fluorescent protein) transgenic
mouse hearts harvested at embryonic day 14.5 (E14.5). Further, RNA-seq data was generated
from the SAN head region near the SAN artery (vs. right atrial myocardium) isolated by laser
capture microdissection (LCM). Using the current study’s scRNA-seq dataset, their 30 most
significant differentially expressed SAN genes were re-analyzed. Interestingly, 22 genes were
found to be truly enriched within the SAN. However, as many as 25% of detected transcripts
(7 genes) derive from other cell types, such as epicardial cells, endothelial cells and fibroblasts
(Figure 1.18). Thus, although Hcn4-based LCM is an innovative approach appropriate for the
purification of SAN cells, a significant amount of gene contamination remained. One
explanation for this phenomenon may be the relatively large fraction of Hcn4-negative non-
pacemaker cells, which remain intermingled within the SAN and are thus additionally
sequenced.
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Figure 1.18: Laser capture microscopy-purification and bulk RNA-sequencing results in significant data
contamination from non-conduction cell types

A. Table modified from Vedantham et al. 2015, listing the 30 most significant differentially expressed sinoatrial
node (SAN) genes. The right side of the table displays for each gene the corresponding cell cluster from the
current study’s single-cell RNA-sequencing (scRNA-seq) data within zone | of embryonic day 16.5 mice. Genes
highlighted in green represent known SAN genes. Genes highlighted in red represent examples of enrichment
due to contaminant cells as listed. Gm15415 encodes a predicted long non-coding RNA that was not detected
within our scRNA-seq dataset under its current name. B. Gene expression enrichment across all 15 clusters within
zone |, visualized by violin plots. Cluster 9 (C9) represents the SAN cell cluster, while other atrial cardiomyocyte
clusters include CO, C1, C3, C12, C15. Additional clusters, based on their respective gene expression profiles,
include fibroblasts (Clusters 2, 5, 6, 11), endothelial cells (Clusters 4, 7, 13), epicardial cells (Cluster 10), white
blood cells (Cluster 8) and neuronal cells (Cluster 14). From?3.

Secondly, the Christoffels group took a recent approach in order to further purify SAN cells
and eliminate intermingled non-conduction cell types for RNA-sequencing??. This group used
a Tbx3-Venus reporter knock-in mouse model in combination with Fluorescence-activated cell
sorting (FACS) purification of SAN pacemaker cells. Tbx3 is known to play an essential role in
SAN development’ and it is thus thought to be almost exclusively expressed within the CCS.
Thus, Tbx3-positive cells were FACS isolated in order to obtain highly pure SAN cells from E17.5
mice. Of note, the author himself recognized large variation and heterogeneity between SAN
samples, namely small SAN size, low cell numbers and putatively incomplete cell dissociation
before FACS purification. When using our scRNA-seq dataset to analyze the top 16
differentially expressed SAN genes, massive gene contamination issues were recognized. Of
their top 16 genes, 25% (Hcn4, Tbx3, Shox2, Nfasc) are established CCS-markers and were
found highly enriched within SAN cluster 9 of this current scRNA-seq study. However, 75% of
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the top 16 genes show higher enrichment within non-conduction cell types such as fibroblasts
(clusters 2,5,6,11), endothelial cells, (cluster 13), endocardial cells (cluster 4 and 7) and
neuronal cells (cluster 14) (Figure 1.19). While Tbx3 is important for SAN development and is
indeed highly enriched within SAN cells, it is a key transcription factor for the development of
limbs, certain neurons, mammary glands, the liver and other structures®?-%>. Thus, Thx3 gene
expression is not exclusive to the SAN and may not be an ideal marker for SAN cell purification.
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Figure 1.19: Thx3-sorted RNA-sequencing results in significant data contamination from non-conduction cell
types

A. Table modified from Van Eif et al. 2019?? listing the top 16 differentially expressed sinoatrial node (SAN) genes
in sorted Thx3-Venus* cells versus Katushka* cells from embryonic day 17.5 (E17.5) mice. The right side of the
table displays for each gene the corresponding cell cluster from the current study’s single-cell RNA-sequencing
data within zone | of E16.5 mice. Genes highlighted in green represent known SAN genes. Genes highlighted in
red represent genes enriched within contaminant cell types. B. Gene expression enrichment across all 15 cell
clusters within zone I, displayed in violin plot format. Cluster 9 (C9) represents the SAN cell cluster, while other
atrial cardiomyocyte clusters include CO, C1, C3, C12, C15. Additional clusters include fibroblasts (Clusters 2, 5,
6, 11), endocardial/endothelial (Clusters 4, 7, 13), epicardial (Cluster 10), white blood cells (WBC, Cluster 8) and
neuronal cells (Cluster 14). CM indicates cardiomyocyte. From?

Both of these studies have been chosen for their exceptional efforts in SAN cell purification.
As a result, multiple novel CCS-enriched genes have emerged from these studies. The
comparison of bulk RNA-seq studies to our approach clearly demonstrates, however, that
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scRNA-seq is ideal to elucidate comprehensive transcriptomic fingerprints even of minor CCS
cell types including transitional cells, which cannot be individually studied using bulk RNA-seq.
Thus, the current study unraveled novel genes expressed within certain CCS components. In
the following, their putative function will be discussed.

1.5. Discussion

To the best of my knowledge, Part | of this study presents single cell transcriptomic profiles of
the entire CCS for the first time. Using scRNA-seq, a comprehensive gene atlas representing
all major components of the developing murine CCS was established. Additionally, scRNA-seq
data has been validated using immunohistochemistry, high-resolution fluorescence in situ
hybridization as well as immunolabeling in whole organs using iDISCO+. Overall, five novel
genetic markers of the CCS (Rgs6, Cpne5, Igfbp5, Ntm and Smoc2) were uncovered.
Importantly, these novel markers not only label major CCS components (e.g. cSAN, cAVN, His,
PF) but also help to identify, for the first time, previously elusive transitional cells. Parts of the
data presented in chapter | have already been published in the journal Circulation Research?.

1.5.1. Importance and function of novel genetic markers found in this study
This study has led to the discovery of a host of CCS-enriched genes, 5 of which were validated
using IHC, iDISCO+ and FISH. Namely, Rgs6, Cpne5, Ntm, Smoc2 and Igfbp5 showed
remarkable fold changes in gene expression within CCS components and have never been
associated with the conduction system before. While their true role in CCS development,
function and disease remains to be elucidated, their high exclusivity to conduction system
components is suggestive of a putative role in CCS development and/or function.

Regulator of G-protein signaling 6 (Rgs6) was found to be expressed in the cSAN and SAN
transitional cells, as well as in the cAVN. However, Rgs6 was found to be absent in the
ventricular conduction system. Interestingly, Rgs6 was previously described to be a negative
modulator of parasympathetic influence®®®’, which may directly correlate with high Rgs6
enrichment within the SAN and AVN shown in our study. Rgs6 has further been implicated in
decreased resting heart rate and increased heart rate variability in both mice (by homozygous
Rgs6 knockout models) and in humans by GWAS®870, Additionally, studies have shown a
heart-protective role of Rgs6 in events of ischemic injury’t. In summary, Rgs6 has been
implicated in various cardiac functions before. However, precise transcriptional expression
patterns of this gene have not been assessed and Rgs6 enrichment within CCS-components
was unknown. Taken together, the discovery of the exact expression pattern of Rgs6 within
the heart may present an important target in the diagnosis and treatment of cardiac rhythm
disorders and heart disease.

Copine 5 (Cpneb) is a novel gene found to be enriched in the entire CCS, including the cSAN,
SAN Tz, INT, cAVN, nodal AV rings, His, as well as the ventricular conduction system including
BB and PF cells. While a deeper understanding of Copine function is lacking, Cpne5 was
previously described to perform intracellular functions such as membrane trafficking in a
calcium-dependent manner’2. Interestingly, Cone5 and its paralog Cpne8, are gene candidates
implicated in human heart rate variability shown by GWAS®®73, In summary, Cpne5 gene
expression shows remarkable enrichment as well as high exclusivity to key components of the
CCS and is further functionally linked to a role in heart rate variability in humans by GWAS.
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Thus, further gain- and loss-of-function models have the potential to reveal the necessity and
sufficiency of Cpne5 in CCS function.

Neurotrimin (Ntm) is a novel gene found to be enriched within the cSAN, SAN Tz, cAVN, His
bundle as well as in PF and PF Tz. Although Ntm is an established cell adhesion molecule in
the central nervous system’4, it has not been associated with the heart before and its
functional role in the conduction system remains to be elucidated. Moreover, given its
extracellular localization, Ntm may be the first viable marker for live CCS-cell sorting in wild-
type hearts. While Contactin-2 (Cntn2) is a well-known GPl-anchored, fully extracellular cell
surface marker expressed within all major components of the CCS’>, robust gene expression
can only be detected postnatally®>?2. In this regard, researchers are currently left incapable of
live CCS cell sorting, since most FACS devices are incapable of sorting adult cardiomyocytes
due to cell-size limitations. The discovery of Ntm as a novel and fully extracellular marker
enriched within all major components of the CCS both embryonically and in the adult heart
provides an ideal marker for CCS cell sorting of core conduction cells as well as previously
elusive transitional cells. Ntm-based cell sorting, therefore, has the potential for deeper
insight into the function and development of all major CCS components at various
developmental stages.

SPARC-related modular calcium-binding protein 2 (Smoc2) transcript enrichment was
discovered in the SAN and SAN Tz, while expression of this novel gene was found fully
repressed in the AVN and the ventricular conduction system. Smoc2 is a member of the BM-
40/osteonectin family of calcium-binding secreted matricellular proteins and was previously
hypothesized to function as an inhibitor of extracellular matrix (ECM) mineralization and
calcification’®’”78, Thus, given its high and specific gene expression within the SAN and SAN
Tz, a possible role for Smoc2 in cellular electrical coupling between the SAN and the
surrounding atrial cardiomyocytes may be suggested. Additionally, a putative function of
Smoc2 in the prevention of CCS-calcification should be further studied in the future. However,
van Eif et al. have very recently assessed the functional role of Smoc2 in CCS function using a
CRISPR/Cas9-based systemic homozygous murine knockout model?2. Interestingly, despite its
high gene expression within the SAN, no functional CCS abnormality was found in Smoc2/
mice suggesting only minimal impact of Smoc2 inactivation on cardiac function or
compensatory phenotypic rescue from upregulation of a paralogue such as Smocl.
Nevertheless, given expression enrichment within the SAN and SAN Tz, Smoc2 is a valuable
genetic marker for future CCS research into the identification and isolation of SAN conduction
cells.

Insulin like growth factor binding protein 5 (Igfpb5) gene expression was found to be highly
enriched throughout the entirety of the CCS. Previously, Insulin-like growth factors (IGFs) were
described to be important proteins involved in the development of various types of
tissues’9%0, In this regard, six individual IGF-binding proteins (IGFBP-1 to IGFBP-6) exist, which
contain unique motifs and may thus function in very different ways. The genetic marker Igfbp5
presented in this study was previously hypothesized to play a role in the inhibition of cell
malignant behaviors such as proliferation, migration and invasion8!. Moreover, Igfbp5 may
directly promote cell adhesion through interaction with certain integrins®2. Taking these
previous studies into account and given its high enrichment within pacemaker components
shown in the current study, /gfbp5 may be critically involved in the maintenance of SAN and
AVN architecture®. Thus, while our understanding of insulin signaling within the heart
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remains poor, the nodal Igfbp5 gene expression discovered in the current study should
encourage more research on this topic.

In summary, the elucidation of the novel genes Rgs6, Cpne5, Ntm, Smoc2 and Igfbp5 provide
genetic markers allowing for the precise identification, visualization, and isolation of CCS cell
types for further functional analyses of conduction cells. Additionally, the discovery of these
novel genes may promote future research on their putative role in the pathogenesis of cardiac
rhythm disorders and has the potential to propel novel treatment methods for cardiac
arrhythmias associated with the CCS.

1.5.2. Functional role of sinoatrial node transitional cells in rhythmic cardiac beating
Ever since transitional cells have first been noted at the periphery of the cSAN?, a crucial role
of these cells in the initiation of cardiac rhythm has been suggested. However, their true
function and their precise anatomical localization have remained elusive. Here, | hypothesize
a putative role of SAN Tz in building specialized cellular pathways effectively bridging the
compact SAN with the surrounding atrial myocardium.

It has previously been hypothesized, that depolarization does not leave the SAN in all
directions simultaneously but rather through specialized conduction pathways®. These
interdigitating nodal and atrial bundles along the SAN periphery have first been suggested
several decades ago?®?’. More recently, optical mapping studies pointed at distinct
localizations of these pathways>® and named them SAN exit pathways (SEP)3° or SAN
conduction pathways (SACP)°. Further, in a review published in 2012, Fedorov et al. have
combined results of various functional, structural and molecular SAN studies® to generate a
comprehensive functional SACP model (Figure 1.20). These studies demonstrate precise
three-dimensional locations of SACPs through which electricity leaves the compact SAN,
however the identity of these cells had remained largely unknown.

This current study not only provides some of the first novel markers of these transitional cells
but also used advanced imaging techniques (iDISCO+ with light sheet imaging) to firmly
establish the three dimensional anatomical location of Tz in the context of the intact SAN. At
least three distinct populations of transitional cells were identified at very discrete and
reproducible locations (Figure 1.16). Strikingly, the anatomical location of transitional cells
shown in the current study perfectly match the location of SACPs suggested previously using
optical mapping®*2%: one SACP emerges from the SAN body directed rightward; the second
SACP emerges from the SAN head directed inferiorly and leftward; and the third SACP emerges
from the SAN tail directed inferiorly eventually giving rise to a major internodal tract (compare
Figure 1.16 to Figure 1.20). This work provides additional support to the hypothesis that SAN
Tz play a crucial role in guiding depolarization from pacemaker cells within the cSAN through
specialized pathways to the rest of the heart. Thus, SAN Tz may play a crucial role in the
initiation of cardiac rhythm and disruption of these cells could lead to severe diseases such as
SAN exit block.
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A SAN Pacemaker Complex Abbreviations:

SAN - Sinoatrial Node
- SAN/Pacemakers Pathways . Fibrosis

Pv [l Atria  [Arteries

SVC - Superior Vena Cava

IVC - Inferior Vena Cava

CT - Crista Terminalis

BB - Bachmann’s Bundle
RAA - Right Atrial Appendage
LA - Left Atria

PV - Pulmonary Veins

IAS - Intraatrial Septum

CS - Coronary Sinus

RV - Right Ventricle

FP - Fat Pad
IVC 0 - Leading SAN pacemaker
@ - Exit point in Atria

Figure 1.20: Model of sinoatrial node pacemaker complex

Enlarged epicardial view of 3-dimensional canine sinoatrial node (SAN) model based on structural and functional
data from optical mapping experiments. The SAN (red) is isolated from the surrounding atrium (green) by 3
bifurcating coronary arteries (blue) and fibrosis (purple). The yellow bundles show sinoatrial conduction
pathways (SACPs) that electrically connect the SAN to the atrium. From®

1.5.3. 3D architecture of the entire cardiac conduction system
It was consensus among most researchers in the early 1900s that electrical impulses travel
from the SAN to the AVN through plain atrial myocardium. However, the existence of
internodal and interatrial conduction pathways guiding depolarization from the main
pacemaker in the SAN to the AVN have been discussed for over a century. Thorel, Wenckebach
and Bachmann were a few of the first to make this claim and received more support over
time®’. However, the identity and existence of internodal tracts are still debated.

Various attempts have been made to unravel the complex 3D anatomy of the CCS!3%,
However, to my knowledge, CCS components have never been shown three-dimensionally in
whole hearts before. In this study, a handful of novel genetic markers were discovered, one
of which (Cpne5) was found to be highly enriched within all components of the CCS including
transitional cells, as shown in a 3D model of the entire CCS within intact hearts. Strikingly,
besides precisely representing all CCS components in whole hearts, at least one major
internodal tract was consistently detected in a precise anatomical location (Figure 1.17).
While internodal conduction pathways demonstrated in our model need further functional
evaluation, results from our work prove the existence and the precise location of a specialized
internodal tract in mice.
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1.5.4. Development of biological pacemakers

Since 1958, when the first attempt of permanent pacemaker implantation (PPl) was
performed at the Karolinska Institute in Sweden®, PPIs have rapidly improved and created a
tremendous market. Permanent pacemakers are implanted over 200,000 times a year in the
US alone and more than 600,000 times globally®®®l. Although PPIs represent life-saving
systems in cases of CCS failure, PPI-related complications include thrombogenesis, infections
of the lead, low battery lifetime, inability to adjust to growing hearts in pediatric populations,
inability to adjust to physical activation and autonomic signals as well as cardiac remodeling
and scar formation at insertion sites®>%3. Moreover, pacemakers set the need for monitoring,
maintenance, and pacemaker replacement which further leads to a large financial burden for
health care systems all around the globe.

For these reasons, the innovative idea of biological pacemaker cells that could be implanted
into humans with CCS loss-of-function starts to come more into focus. To generate SAN-like
cells in a dish, induced pluripotent stem cells (iPSC) or human embryonic stem cells (hES) can
be differentiated into beating heart tissues in vitro®’, even displaying pacemaker-like
properties®®. Further, previous studies have proven successful cardiac pacing post stem cell-
derived heart tissue transplantation in large-animal models of complete AV-block®. However,
major challenges remain, including the prevention of tissue rejection, teratoma formation,
arrhythmogenesis as well as successful long-term integration of the graft into the patient’s
heart. Moreover, most in vitro cardiomyocytes only achieve low rates of <60 beats per minute,
which may be due to their ventricular-like (rather than pacemaker-like) transcriptomic
signature. Other groups currently pursue different approaches, namely a) somatic gene
transfer to resident cardiomyocytes!® or b) cell fusion of resident cardiomyocytes with cells
generated in vitro that are equipped with a set of ion channels necessary for pacemaker
function®?,

Overall, all currently pursued approaches for the generation of viable biological pacemakers
are missing an in-depth understanding of transcriptomic pacemaker properties. In this regard,
the current study has discovered the endogenous transcriptome of all pacemaker cell types
thereby providing a blueprint for future efforts in biological pacing (see online supplemental
tables in 3). The entire dataset generated in Part | of this study is uploaded to the GEOdatabase
and made publicly available encouraging future research on the generation of biological
pacemakers.
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Part Il: Generation of novel optical imaging tools for
intraoperative visualization of the cardiac conduction
system

1.6. Introduction

1.6.1. Intraoperative injury to cardiac conduction system components

The CCS is essential for the formation of our everyday heartbeat and direct injury to either of
its specialized components can result in severe cardiac arrythmias or even sudden death#18-
20 Due to our current inability to visually distinguish conduction cells from the surrounding
working myocardium, heart surgeons have to rely on rough anatomical landmarks and their
surgical experience in order to spare important CCS structures when operating on the human
heart!%2, Therefore, inadvertent incision or suture placement remains a significant cause of
postoperative conduction system dysfunction!®102-104 As 3 result, surgical damage to the CCS
oftentimes leads to life-long pacemaker dependency, which in turn increases morbidity and
mortality and reduces long-term survival. Patients being at high risk for the above-mentioned
events include both children and adults undergoing open heart surgery.

1.6.2. Risk of injury in congenital heart disease surgery

Congenital heart disease (CHD) remains the most common birth defect, affecting roughly 1 in
100 infants!®, Oftentimes, patients with CHD undergo surgical treatment at least once during
their lifetime. Furthermore, congenitally malformed hearts often demonstrate significant
variation in their CCS location within the heart. Thus, predicting the anatomical location of
CCS structures and pathways is particularly challenging in CHD surgery. In fact, 1-3% of all CHD
operations and >15% of more complex repairs result in postoperative atrioventricular block
(AVB)196107 from damage to the AVN. The AVN is also highly susceptible to surgical damage
during the correction of congenital malformations such as levo-transposition of the great
arteries (L-TGA) and AV canal defect!'®®. In fact, in the latter two malformations, the entire
AVN is located outside of the triangle of Koch%-111 its physiological seat in the floor of the
right atrium. Moreover, the ventricular conduction system is at highest risk during the surgical
repair of ventricular septal defects'®?, being one of the most common birth defect of all.
Finally, interventions putting patients at highest risk for damage to the SAN include the
Fontan, Glenn, Mustard and Senning operations, among others108112.113,

1.6.3. Risk of conduction system injury in adult cardiac surgery
Adult patients undergoing cardiac surgeries that intervene at sites of close proximity to
conduction tissues (such as valve replacements and reconstructions) are particularly at high
risk of iatrogenic CCS damage. In fact, there is a total of about 106,000 adult valve surgeries a
year in the US alone, 8-26% of which are associated with postoperative AVB!4. Specifically,
aortic valve replacement imposes the highest risk in adults, as observed in 26% of patients
undergoing this procedure!4. Moreover, following mitral valve replacement and mitral valve
annuloplasty, postoperative AVB was described in over 23% of patients!!®>. Although
associated with lower incidences, postoperative arrythmias have additionally been noted post
tricuspid valve replacements as well as post repair of atrial and ventricular septal defects
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(ASD/VSD)1e117 Therefore, the surgeon’s inability to detect vital CCS structures lying near
sites of frequent surgical intervention results in a significant risk for damage not only in
pediatric but also adult patient populations.

1.6.4. General concept of antibody-based imaging

To date, no diagnostic method exists for the intraoperative, real-time visualization of CCS
components. Addressing this critical unmet medical need, a novel optical imaging tool
allowing heart surgeons to visualize and thus locate all CCS components in high-resolution and
real-time is needed to reduce intraoperative damage and the associated morbidity and
mortality of patients. In this regard, fluorescently labeled antibodies that specifically bind to
CCS components represent an ideal tool to tackle this challenge. In fact, antibody-based
optical imaging has already begun to revolutionize medical imaging within the field of
oncology, where early studies have already validated its use in real-time detection of tumor
tissuell®,

For the generation of antibody-based diagnostic tools, a cell surface marker (e.g. receptor, ion
channel, GPl-anchored protein, transmembrane protein, etc.) needs to be selected, that is
specifically enriched within the structure of interest (e.g. the CCS) but largely absent from the
surrounding tissue (e.g. working myocardium). As antibodies show high binding-specificity to
markers of interest, they can be used as a vehicle for precise delivery of fluorescent probes to
CCS structures. Therefore, direct chemical conjugation of specific antibodies to near-infrared
(NIR) (800nm) fluorophores (Figure 2.1) provide the basis for novel optical imaging tools for
the real-time visualization of CCS structures.

NIR emission

(800nm)

NIR dye
~ a-CCS
antibody

Cell Surface
Marker

Figure 21: General concept and design of novel optical imaging agents

Cardiac conduction system (CCS) cell specific IgG-antibodies (blue) are covalently conjugated to near-infrared
(NIR)-dyes (purple). Next, conjugated antibodies bind to CCS-specific cell surface markers (green) upon
intravenous injection. Thus, NIR fluorescence imaging systems can be used to visualize CCS structures
intraoperatively. Modified from**°

These diagnostic agents are envisioned to be systemically administered to the patient prior to
the planned surgical procedure, allowing for the real-time visualization of the CCS in the
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operating room with the help of a camera system (e.g. SPY-Elite, Stryker) and thereby
minimizing the risk for accidental CCS injury.

1.6.5. Established optical imaging tools improving the precision in tumor resection

Similar antibody-based optical imaging agents are currently being evaluated in human clinical
trials for the improvement of precise detection of solid tumors. Currently, surgeons rely on
nonspecific visual changes and gross manual palpation to guide successful tumor excision?°,
Given Epidermal growth factor receptor (EGFR) overexpression in over 90% of head and neck
tumors, fluorescently labeled anti-EGFR antibodies have successfully been exploited for the
visual detection of precise head and neck tumor margins at submillimeter resolution'?%-122_|n
fact, diagnostic tools designed by co-investigators of this current study (Rosenthal group), are
currently undergoing clinical trials at Stanford University guiding cutaneous squamous cell
cancer resection in humans'2-123(Figure 2.2).

REAL-TIME

CLINIC OPERATING
ROOM

WIDE-FIELD

Figure 22: Trial imaging workflow for head and neck cancer detection
Real-time imaging was performed with a wide-field near-infrared (NIR) imaging system in the clinic on (1) days
0, 1, and in the (2) operating room on day 3 after cetuximab-IRDye800 infusion. From?2°

In addition to head and neck cancer surgeries, optical imaging agents have also successfully
been established for the detection of other cancers including ovarian, breast, pancreatic and
colorectal cancers as well as gliomas!?4128 thus reinforcing the translatability of novel optical
imaging tools.

To the best of my knowledge however, successful in vivo delivery of fluorescent probes to
substructures within the heart has never been performed before.
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1.6.6. Aims of this study

In order to tackle the unmet medical need described above, this study aims to uncover novel
and specific CCS-enriched cell surface markers. Novel cell-surface markers will then be used
as molecular targets for in vivo antibody-based labeling of the CCS. Further, this study
additionally aims to generate novel diagnostic tools, which consist of near-infrared (800 nm)
dyes, covalently conjugated to CCS-specific IgG-antibodies. Moreover, preclinical validation of
these novel diagnostic tools will be performed to assess in vivo antibody-binding
characteristics as well as the sensitivity and specificity of novel tools promoting clinical
translation.

1.7. Material

Material for IHC and iDISCO+ analysis was used as listed above in the methods section of Part
I

1.7.1. Primary antibodies
Rabbit anti-mouse anti-Cx40 polyclonal antibody | #Cx40-A, Alpha Diagnostics, USA
Goat anti-mouse anti-Cntn2 polyclonal antibody #AF4439, R&D Systems, USA
Rat anti-mouse anti-Hcn4 monoclonal antibody #ab32675, Abcam, USA
Goat anti-mouse anti-Np65 polyclonal antibody #AF5360, R&D Systems, USA
Sheep anti-mouse anti-Nptn55  polyclonal | #AF7818, R&D Systems, USA
antibody

1.7.2. Secondary antibodies
Chicken anti-rat IgG Alexa Fluor 594 #A31572, Invitrogen, USA
Chicken anti-rat IgG Alexa Fluor 647 #A-21472, Invitrogen, USA
Donkey anti-goat IgG Alexa Fluor 488 #ab150133, Abcam, USA
Donkey anti-goat 1gG Alexa Fluor 555 #A-21432, Invitrogen, USA
Donkey anti-goat 1gG Alexa Fluor 647 #A21447, Invitrogen, USA
Donkey anti-rabbit IgG Alexa Fluor 555 #A31572, Invitrogen, USA
Donkey anti-rabbit IgG Alexa Fluor 647 #A-31573, Invitrogen, USA
Donkey anti-sheep 1gG Alexa Fluor 555 #A21436, Invitrogen, USA
Donkey anti-sheep 1gG Alexa Fluor 647 #A21448, Invitrogen, USA

1.7.3. Devices
Axio Imager 2 Microscope Zeiss, USA
Light Sheet Microscope Ultramicroscope I, LaVision Biotec,

USA

SPY Elite Imaging System Stryker, USA
Pearl® Trilogy Small Animal Imaging System LI-COR, USA
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1.7.4. Antibody conjugation kits and systemic injection supplies
800CW NHS Ester Dye (0.5mg) #929-70020, LI-COR, USA

800CW NHS Ester Microscale Labeling Kit: #928-38044, LI-COR, USA
e |IRDye 800CW Reactive Dye vials (0.1 mg)
e 05 mL 1 M Potassium Phosphate
(K2HPO4), pH 9
e 25 mL 1X PBS (store at 4 °C)
e 0.5 mL ultra-pure water
e Pierce®Zeba™ Desalting Spin Columns, P/N

89891
Dulbecco’s PBS (DPBS) #14190144, Thermo Fisher, USA
Zeba™ Spin Columns (0.5mL) #89882, Thermo Fisher, USA

1.8. Methods

1.8.1. Mice
For general comments, see methods section of Part |. Specifically, for systemic injection of
novel optical imaging tools, wild-type CD1 male and female mice were used at ages of 4-6
weeks. For IHC analyses, mice were used at indicated ages.

1.8.2. Immunohistochemistry
Immunofluorescence analyses were performed as described above in the methods section of
Part I.

1.8.3. Immunolabeling-enabled three-dimensional imaging of solvent-cleared
organs

IDISCO+ was performed per iDISCO+ protocol (https://idisco.info/idisco-protocol/) and as
described above in the methods section of Part |, with the following variation: In this part of
the study, polyclonal anti-Cntn2 antibodies (#AF4439, R&D Systems) were covalently
conjugated to NIR-fluorophores (described below) and systemically administered to wild-
type, CD1 mice at the age of 4-6 weeks through tail-vein injections. 48 h post systemic infusion,
mice were sacrificed, hearts were isolated by dissection and covered from light in all following
steps. First, hearts were washed in HBSS (Ca*/Mg*) (Gibco, #14025-134) and fixed overnight
in 4% paraformaldehyde in 1x PBS (Fisher, #50-980-487) at 4°C. Next, hearts were rinsed in 1x
PBS for 15 min 3 times in order to wash off excess PFA and avoid overfixation. For the iDISCO+
workflow, hearts were then dehydrated in serial dilutions of methanol (#A452-4, Fisher
Scientific) in 1x PBS (20%, 40%, 60%, 80%, 100%, 1 h each). Samples were again washed in
100% methanol for 1 h, and then chilled at 4°C for at least 3 h. Overnight, hearts were
incubated in 66% dicloromethane (DCM) (#270997, Sigma-Aldrich) in 33% methanol at room
temperature (RT) with shaking. The next day, samples were washed twice in 100% methanol
at RT, and then cooled down 4°C until hearts were bleached in pre-cooled 5% H,0,in methanol
(1 volume 30% H,0; to 5 volumes methanol), overnight at 4°C. The following steps
(rehydration, permeabilization, blocking, incubation in primary/secondary antibodies) were
not performed in this part of the study, since fluorescently labeled antibodies had already
bound to the structure of interest after in vivo injections. Lastly, hearts were incubated for 3
h (with shaking) in 66% DCM / 33% methanol at RT, and then in 100% DCM for 15 min twice
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(with shaking) before final incubation in DiBenzylEther (DBE) (no shaking). The tube was filled
almost completely with DBE to prevent sample oxidation. One day after clearing, iDISCO+
samples were imaged using light sheet microscopy. Entire hearts were scanned at a step-size
of 3 um. Thus, up to 800 images were acquired scanning entire organs. A minimum of 8
biological (different hearts) replicates were used for each immunolabeling approach. In order
to reconstruct three-dimensional images from multiple images taken with the light sheet
microscope, the interactive 3D image visualization and analysis software Imaris was used. No
additional modification tools were used to create 3D images, except otherwise explained.
Modified from3.

1.8.4. Human cardiac conduction tissues
Human cardiac conduction system tissue samples (Adult, n=1, 45 years; Infant, n=1, 11
months) with post-mortem intervals (PMI) shorter than 24 h were acquired from the tissue
bank of the pathology department at Stanford University and were appropriately de-
identified.

1.8.5. Generation of optical imaging agents

To generate novel antibody-based optical imaging agents (Nptn-800 and Cntn2-800),
polyclonal antibodies (1. anti-Cntn2 goat polyclonal antibodies (#AF4439, R&D Systems); and
2. anti-Nptn goat polyclonal antibodies (#AF7818, R&D Systems)), were chemically conjugated
to a commercially available near-infrared (NIR) dye (IRDye800CW, #928-38044, LI-COR).
IRDye800CW was used due to its characteristics of low non-specific binding, high signal-to-
noise ratio and deep tissue penetration. In fact, IRDye800CW was previously demonstrated to
be benign to rodents!?® and humans'?. First, anti-CCS antibodies were prepared at a
concentration of 1 mg per mL (100 pg diluted in 100 pL of 1x PBS). Critically, the pH of prepared
antibody solutions must then be raised to a pH of 8.5, in order to raise the efficiency of the
labeling reaction. To do so, 1/10™ volume (10 L) of 1.0 M potassium phosphate buffer
(K2HPOa; pH 9), provided in the kit (#928-38044, LI-COR), was added to each vial. Furthermore,
the pH-adjusted antibody solution was kept at RT until it reached a reaction temperature of
20-25°C. Meanwhile, one tube of IRDye800CW was thoroughly mixed with 25 pl of ultra-pure
water (provided in the kit) by vortexing. Next, dissolved IRDye800CW and the antibody
solution were thoroughly mixed and protected from light for a reaction time of 2 h at RT.
Furthermore, Zeba™ Spin Desalting Columns (#89882, Thermo Fisher) were equilibrated with
50 mM phosphate buffer (pH 8.5) for appropriate buffer exchange. Subsequently, the
antibody-dye mixture was put onto PBS-equilibrated desalting columns (pH 7.4) and
centrifuged at 1,500 x g for 2 min to separate conjugate from free dye3°. While free dye was
discarded, conjugated antibodies were captured in tubes and stored at 4°C (in the dark) until
use in vivo. Using this protocol, a conjugated dye:protein ratio of 1.5-2 was achieved. Similarly,
control agents (non-specific 1gG-800) consisted of non-specific 1gG (#50270683, Thermo
Fisher), which were covalently conjugated to IRDye800CW, as described above.

1.8.6. Systemic delivery of optical imaging agents and imaging
For systemic application of optical imaging agents, adult (4-6 weeks) wild-type CD1 mice were
tail-vein injected with Nptn-800, Cntn2-800 or non-specific 1gG-800 (dose indicated at each
figure, respectively). Tail-vein injection was performed under inhaled sedation of 3.5%
isoflurane, surface ECGs were taken, and mice were carefully monitored for any systemic
reaction. 24-48 h post injection, mice were sacrificed, and hearts were harvested. NIR-signal
was either immediately imaged using open NIR-detection (SPY Elite) or closed-field NIR-
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detection (Pearl® Trilogy Small Animal Imaging System), or hearts were further processed per
IHC or iDISCO+ protocol, as detailed above. During the IHC process, primary and secondary
antibodies against gold standard conduction markers (Hcn4 or Cx40) were used as positive
controls, however no additional primary anti-Nptn or anti-Cntn2 antibody was applied.

1.9. Results

1.9.1. Discovery of cardiac conduction system-specific cell surface markers
ScRNA-seq data of the murine cardiac conduction system (described in Part |I) were used in
this part of the study to uncover cell surface markers enriched or exclusive to CCS components
(compared to all other cell types within the heart). First, the top 250 genetic markers showing
highest enrichment within CCS cell clusters (cluster 9 of zone I=SAN cluster, cluster 4 of zone
[I=AVN/His cluster, cluster 13 of zone IlI=BB/PF cluster) were extracted in silico. All genes were
prioritized by 1. Log fold enrichment within the CCS as compared to other cell types; and 2.
Significance (“adjusted p-value” based on the Bonferroni correction). Next, subcellular
localization analysis was performed using SurfaceGenie!?!, a tool for rational candidate cell
surface marker identification. The cell surface localization was further manually confirmed
using Uniprot Knowledgebase (https://www.uniprot.org/help/uniprotkb). As a result, a host
of CCS component-enriched markers were identified, that display a significant extracellular
portion and thus present ideal targets for antibody-based targeting of conduction tissues
(Table 2.1).

1.9.1. Neuroplastin is enriched in all components of the murine conduction system
Our data analysis has revealed Neuroplastin (Nptn) as a novel CCS-cell surface marker. In fact,
especially strong Nptn gene expression was found within cluster 9 of zone | (SAN- 0.629 avg
log FC, adjusted p-value = 1.64x103°) and cluster 13 of zone Il (BB/PF - 0.335 avg log FC,
adjusted p-value = 3.79x1012). While Nptn was not initially found to be significantly enriched
within AVN/His cells when compared to all other cell types as demonstrated in Table 4, it was
indeed significantly enriched when compared specifically to all other cardiomyocytes
(AVN/His- Nptn: 0.303 avg log FC, adjusted p-value = 4.69x10722). Of note, Nptn has never been
associated with any cardiac cell type before.
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SAN AVN/His PF
Gene Avg log | Adjusted p @ Avg log | Adjusted p Gons Avg log | Adjusted p
FC value FC value FC value
Hcn4 0.60 1.29E-247 Cacna2d2  0.88 2.22E-308 Cacna2d2 1.21 2.22E-308
Cacna2d2 1.41 3.30E-224  Sic22a1 1.72 2.22E-308 Slc16a12 0.64 2.22E-308
Ntm 0.75 4.97E-81 Ramp1 1.02 7.20E-126  Sic22a1 0.67 7.50E-185
Gfra2 0.32 1.40E-61 Pirt 0.30 1.17E-111 Gjas 0.97 1.17E-183
Slc24a2 0.35 2.23E-58 Perp 0.87 6.77E-110  Adgrb2 0.37 2.83E-181
Plppr1 0.33 5.49E-54 Kcenjs 0.42 4.33E-102  Slco3a1 0.85 6.02E-157
Pcdh17 0.63 6.01E-53 Ntm 0.55 1.20E-101 Ephb3 0.52 4.68E-115
Gde1 0.71 1.15E-51 Cacnalg 0.39 9.57E-96 Sdc4 0.69 2.43E-113
Kcnjs 0.71 1.94E-51 Fras1 0.35 2.87E-90 Ntm 0.61 6.32E-110
Clic5 0.53 7.90E-48 Parm1 0.51 4.05E-89 Sic6a6 1.02 1.19E-99
Ank1 0.74 1.15E-44 Epha4 0.45 1.02E-81 Scn5a 0.76 4.81E-86
Adora1 0.47 5.27E-44 Fxyd1 0.64 1.92E-78 Trabd2b 0.38 2.12E-81
Tenm4 0.55 7.76E-43 Rxfp1 0.38 4.84E-77 Corin 1.10 2.70E-73
Cacnalh 0.39 6.31E42 Adora1 0.28 7.23E-76 Epha4 0.57 9.25E-68
Trabd2b 0.59 1.82E-40 Kcne1 0.98 3.59E-75 Slit2 0.69 2.57E-62
Ramp1 0.91 2.04E40 Fitm1 0.60 5.54E-74 Kcnk3 0.64 1.57E-58
Fitm1 0.62 6.75E-38  Tmem51 0.37 8.58E-71 Ramp1 1.04 1.18E-57
Gria1 0.41 1.02E-37 Chrm2 0.32 5.02E-70 Sulf2 0.89 5.18E-57
Nptn 0.63 1.64E-36 Gpc1 0.42 8.14E-69 Alcam 0.42 5.48E-54
Enpep 0.38 2.48E-35 Cap2 0.44 9.78E-68 Sorcs2 0.28 2.23E-51
Adcy5 0.47 9.56E-35 Bcam 0.49 2.38E-67 Hfe2 0.30 1.51E-44
Cacnalg 0.30 5.54E-34 Slitrk5 0.27 2.16E-60 Parm1 0.61 4.28E-42
Slc38a2 0.70 1.20E-31 Kcnk3 0.31 9.97E-56 Fxyd1 0.72 8.62E-41
Xirp1 0.48 3.97E-31 Ddr1 0.34 1.08E-54 Bcam 0.68 4.51E-40
Adam33 0.49 7.57E-31 Furin 0.36 1.74E-54 Igf2r 0.75 5.84E-38
Popdc2 0.57 1.82E-30 Popdc2 0.47 1.58E-52 Fam174b 0.43 6.89E-37
Enpp1 0.31 3.19E-30 Cav3 0.44 3.51E-51 Trdn 0.70 5.48E-36
Pirt 0.39 1.70E-29 Slc25a4 0.51 5.07E-51 Itgb5 0.50 1.20E-29
Lrrn2 0.39 2.73E-29 Kcng2 0.32 9.10E-50 Gpr22 0.44 1.43E-28
Adgrb2 0.27 4.53E-29 Bves 0.53 5.61E-47  SIc22a17 0.35 7.09E-28
Cacnald 0.29 6.30E-29 Sgeg 0.38 1.04E-46 Gipr 0.28 2.00E-27
Slc25a4 0.53 6.34E-29 Jph2 0.34 1.34E-46 Serinc1 0.52 5.36E-27
Zdhhc2 0.53 1.51E-28 Cxadr 0.30 3.20E-46 Nirp10 0.26 6.96E-24
Unc45b 0.46 3.40E-28 Sspn 0.36 6.12E-45 Gpe1 0.41 7.53E-24
Cav1 0.52 5.19E-28  Itgb1bp2 0.30 9.77E-45 Dag1 0.48 4.38E-23
Furin 0.70 8.93E-28 Vidir 0.39 7.22E-43 Lpl 0.55 1.74E-22
Kcnh2 0.39 2.29E-27 Cdh13 0.36 1.27E-39 Chrm2 0.39 1.95E-22
Jph2 0.50 7.29E-27 Tmem38a  0.29 3.40E-38 Spint2 0.36 1.55E-21
Fras1 0.55 1.92E-26  Slc22a17 0.27 1.29E-37 Pdpn 0.26 1.14E-20
Unc5b 0.49 2.69E-26 Slc2a1 0.28 3.73E-35 Inafm2 0.30 2.59E-19
Ank3 0.49 1.10E-24  Arhgap31 0.47 3.83E-35 Cdh13 0.45 9.34E-19
Lmo7 0.47 7.79E-23 Itga9 0.30 1.44E-34 Rxfp1 0.26 1.22E-18
Efnb2 0.32 1.40E-21 Smim5 0.27 1.79E-33 Itm2b 0.62 1.42E-18
Slco3a1 0.41 1.62E-21 Cdh2 0.35 5.97E-33 Pixna4 0.26 1.54E-18
Vidir 0.48 1.87E-20 Slc25a3 0.32 7.29E-32 Furin 0.32 1.09E-16
Fzd7 0.28 7.67E-19 Tmx4 0.33 2.85E-31 Serinc3 0.41 1.59E-15
Shisa4 0.33 1.14E-18 Dag1 0.31 3.06E-28 Sgca 0.27 1.98E-15
Sspn 0.46 1.72E-18 Ptgfrn 0.26 1.88E-24 Tspan2 0.30 2.42E-15
Nid2 0.40 3.27E-18 Arhgef7 0.25 5.18E-23 Fitm1 0.45 6.67E-15
Lrrc4b 0.32 5.10E-18 Prnp 0.42 6.12E-23 Unc5b 0.26 1.43E-14
Sulf2 0.49 1.18E-17 Lpl 0.26 4.74E-18 Sspn 0.36 5.41E-14
Svil 0.43 1.65E-17  Tnfrsfi2a 0.27 1.10E-16 App 0.44 8.36E-14
Kcng2 0.33 6.55E-16 Igf2r 0.29 1.25E-16 Lifr 0.29 9.54E-14
Fxyd1 0.38 1.37E-15 Ehd4 0.26 5.07E-16 Kcng2 0.38 1.07E-13
Slc25a3 0.32 2.99E-15 Itgav 0.27 1.45E-13
Vdac1 0.36 4.43E-15 Lrrcdb 0.27 1.79E-13
Cap2 0.38 7.74E15 Slc38a10 0.34 4.08E-13
Gpe1 0.41 4.97E-14 Adgrl1 0.26 1.20E-12
Plppr5 0.33 2.14E13 Kctd12 0.34 3.30E-12
Ddr1 0.37 4.66E-13 Nptn 0.34 3.79E-12
Chrm2 0.38 8.52E-13 Dsg2 0.25 6.19E-12
Cacnb2 0.30 1.50E-12 Pcdh7 0.41 1.43E-11
Naaladl2 0.28 3.29E-12 Perp 0.36 3.72E-11
Bcam 0.32 6.69E-12 Tspan3 0.38 5.26E-11
Cdon 0.26 2.50E-11 Tmem161a  0.27 6.45E-11
Xpr1 0.33 3.82E-11 Tmem176a  0.32 7.79E-11
Parm1 0.34 5.27E-11 Cdh2 0.33 1.04E-10
Dmd 0.34 9.30E-11 Kcne1 0.67 1.63E-10
Tmem65 0.36 9.60E-11 Tmem38a 0.34 2.72E-10
Sort1 0.32 6.21E-10 Inppl1 0.27 3.39E-10
Slc22a17 0.26 2.82E-09 Pmp22 0.26 4.00E-10
Slc25a23 0.29 5.58E-09 Fndc3b 0.29 8.67E-10
Aplp2 0.28 6.54E-09 cds1 0.25 4.19E-09
Kcnj3 0.32 9.48E-09 Ncam1 0.31 1.14E-08
Magi3 0.28 3.22E-07 Dmd 0.26 3.22E-08
Bambi 0.31 5.53E-07 Tmem30a 0.29 4.71E-08
Rxfp1 0.31 2.35E-04 Cacna2d1 0.25 6.27E-08
Tnfrsfi2a 0.34 3.29E-04 Ddr1 0.28 7.93E-08
Sgcg 0.25 8.35E-08
Antxr2 0.31 1.14E-07
Adam10 0.27 1.80E-06
Ptp4a2 0.30 1.28E-04
Rrad 0.27 1.91E-04
Gpc3 0.30 2.06E-04
Simap 0.26 2.40E-04
wis 0.27 3.39E-04
Cav3 0.27 7.44E-04
Slc38a2 0.27 3.86E-03

Table 2.1: Cell surface markers enriched in specific conduction system components

List of differentially expressed genes enriched within each major component of the cardiac conduction system
(CCS) as compared to all other cardiac cell types. Analyses performed on single-cell RNA-sequencing (scRNA-seq)
dataset from microdissected CCS tissue of wild-type, embryonic day 16.5 (E16.5) mouse hearts. Known CCS genes
highlighted in blue. Avg log FC indicates average log fold change; Adj p value: adjusted p value; AVN:
atrioventricular node; His: His Bundle; SAN: sinoatrial node; PF: Purkinje fiber. From!?°,

In order to validate Nptn-enrichment within all key CCS cell types at the protein level, IHC
analysis was next performed on murine heart sections. Consistent with our scRNA-seq
findings, IHC analysis revealed the existence of Nptn protein in all major components of the
CCS including the SAN, AVN, His bundle, BB as well as the PF system in mice (Figure 2.3). Of
note, little or no Nptn protein was detected in non-conduction cell types within the heart.
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Figure 23: Neuroplastin is enriched within all components of the murine cardiac conduction system
Immunofluorescence staining of wild-type murine, postnatal day 10 (P10) cardiac tissue sections. A. Sinoatrial
node (SAN) tissue sections. Gold-standard SAN marker Hcn4 (red) and specific co-labeling with Nptn (cyan). B.
Atrioventricular node (AVN) labeled by the known CCS-marker Cpne5 (red) and specific co-labeling with Nptn
(cyan). C. His bundle (His), right bundle branch (RBB) and left bundle branch (LBB) indicated by known CCS-marker
Cpne5 (red) and specific co-labeling with Nptn (cyan). D. Purkinje fibers (PF) and bundle branches (BB) marked
by Cx40 (red) and Nptn (cyan). DAPI (blue) in all panels. INT indicates internodal tracts; IVS: interventricular
septum; LV: left ventricle; MV: mitral valve; Prox: proximal;, RA: right atrial myocardium; VM: ventricular
myocardium. Modified from?!?°

1.9.2. Neuroplastin is enriched in all components of the human conduction system
To assess, whether NPTN could represent a viable cell surface marker for human use, the
NPTN expression pattern was further analyzed within the human heart. In this regard, human
cardiac conduction system tissue samples (adult, n=1, 45 years; Infant, n=1, 11 months) with
PMils shorter than 24 h were acquired from the tissue bank of the pathology department at
Stanford University and were appropriately de-identified.

As a result, NPTN was found to be specifically expressed within key CCS components, including
the SAN, INT, His bundle and BB of the infant human heart (11-month-old) (Figure 2.4).
Additionally, strong IHC signal was found in adult cardiac conduction tissues (45-year-old)
(Figure 2.5) demonstrating robust CCS-specific NPTN expression both in the first year of life
and in adulthood.
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Figure 24: Neuroplastin presents a robust cell surface marker labeling cardiac conduction system components
in the infant human heart

Immunofluorescence staining of cardiac tissue sections from an 11-month-old human heart stained with anti-
NPTN (orange) specifically staining all major components of the cardiac conduction system (CCS). A. Sinoatrial
node (SAN) region; B. Atrioventricular node (AVN) and internodal tracts (INT); C. Internodal tracts, His bundle
(His) and left bundle branch (LBB); and D. Purkinje fibers (PF) co-stained with Connexin 40 (CX40). DAPI (blue).
RA indicates right atrial myocardium; IVS: interventricular septum; VM: ventricular myocardium.
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Figure 25: Neuroplastin is specifically expressed within the cardiac conduction system in the adult human heart
Heart tissue was acquired from the Stanford pathology department of a 45-year-old human subject. A. Sinoatrial
node (SAN) region stained for Neuroplastin (NPTN) (red) and DAPI (blue). Conduction cells surrounding the SAN
artery are clearly stained positive for NPTN, while the myocardium of the right atrium (RA) is not. Lower two
images represent the content within the bracketed white box in higher magnification. B. His bundle (His) / bundle
branch (BB) region stained for NPTN (red) and DAPI (blue). Lower six images represent the content within the
bracketed white boxes in higher magnification (left: INT; middle: His; right: LBB). INT: internodal tract; IVS:
interventricular septum; RBB: right bundle branch.
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1.9.3. Systemic delivery of anti-Nptn antibodies labels the murine conduction
system in vivo

In order to assess the in vivo antibody-binding efficiency to Nptn, an optical imaging tool called
“Nptn-800” was created, consisting of a commercially available polyclonal anti-Nptn antibody
covalently conjugated to a NIR-dye (IRDye800). Controls consisted of wild-type mice injected
with nonspecific 1gG conjugated to the same NIR dye (“IgG-800”). Following a single
intravenous tail vein injection of Nptn-800 (150 ug), wild-type, CD1 mice were sacrificed after
24 h. Their hearts and other major organs were then isolated and processed for analysis of
antibody-binding specificity using a closed-field NIR imaging system (Figure 2.6).
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Figure 26: Systemic injection of Nptn-800 labels the cardiac conduction system in vivo

A. Experimental workflow. B. Whole heart from control mice injected with nonspecific 1gG-800 showing no
specific near-infrared (NIR) signal. C. Whole heart from a wild-type (CD1) mouse injected 1 day prior with Nptn-
800. Heart shown in posterior-anterior (PA) and right lateral (RL) views. Atria outlined in white and left ventricle
(LV) and right ventricle (RV) labeled accordingly. LA indicates left atrium; LV: left ventricle; RA: right atrium; RV:
right ventricle. Top: Brightfield. Bottom: NIR signal demonstrating labeling of the presumptive cardiac conduction
system (CCS) (Blue-Red = Lowest-Highest signal). Mean signal to background ratio (SBR) as indicated. D. Whole-
body biodistribution of fluorescent signal in other tissue types (Blue-Red = Lowest-Highest signal). Modified
from™?°,

While no specific signal was detected in the hearts of mice injected with 1gG-800 (Figure 2.6B),
CCS-specific signal was detected in intact, whole hearts in regions consistent with the CCS
using closed-field NIR imaging (Figure 2.6C). Outside of the heart, NIR signal was detected
expectedly within the liver and kidneys similar to prior reports of metabolism and clearance
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of other NIR imaging agents (Figure 2.6D)*32. Notably, Nptn-800 signal was not detected within
brain tissues, despite the brain being the only other major organ besides the CCS known to
express Nptn33. These findings are consistent with the incapability of full IgG antibodies to
cross an intact blood-brain barrier.

Next, isolated hearts were processed for analysis of antibody-binding specificity at the cellular
level in serial heart sections (Figure 2.7). Strikingly, Nptn-800 signal was detected throughout
the CCS with high specificity (namely in the SAN, AVN, His, BB and PF), whereas no significant
signal was found in other cardiac cell types.

Figure 27: Precise labeling of all cardiac conduction system components following systemic injection of Nptn-
800

Nptn-800 consists of a commercially available polyclonal anti-Nptn antibody chemically conjugated to a near
infrared fluorescent dye. 150 pg of Nptn-800 was systemically delivered to wild-type CD1 mice. Next, hearts were
isolated and processed for serial sections 48 h post injection. Cx40 (cyan) was stained per regular
immunohistochemistry protocol, whereas Nptn-800 (red) displays signal derived from the systemically delivered
fluorescent probe. A. SAN region of murine heart section. SAN (Cx40°, Nptn-8007), RA (Cx40*, Nptn-800°). B. AVN
region of murine heart section. AVN (Cx40°, Nptn-8007), IVS (Cx40", Nptn-8007). C. His region of murine heart
section. His (Cx40*, Nptn-8007), IVS (Cx40°, Nptn-800°). D. PF region of murine heart section. PF (Cx40*, Nptn-800
*), IVS (Cx407, Nptn-8007). AVN indicates atrioventricular node; His: bundle of His; INT: internodal tract; IVS:
interventricular septum; RA: right atrium; RBB: right bundle branch; SAN: sinoatrial node.

1.9.4. Anti-Cntn2 antibodies similarly label the murine conduction system in vivo
As a combination of antibodies against two different CCS-specific targets could be beneficial
to enhance signal intensity in the operating room, an alternative diagnostic tool was created
targeting Contactin-2 (Cntn2), a previously known pan-CCS cell surface marker”. To this end,
“Cntn2-800” consists of a polyclonal anti-Cntn2 antibody covalently conjugated to a NIR
fluorescent dye, adding an additional tool to our repertoire, and further reinforcing the in vivo
applicability of optical imaging agents for the CCS.



Thus, the efficacy of this tool was similarly validated by systemically injecting wild-type, CD1
mice with a single dose of Cntn2-800 (75 ug). Hearts were harvested after 72 h and further
processed for serial heart sections. Tissues were then stained for well-known CCS-markers
(Hcn4: SAN/AVN/His; Cx40: PF). As a result, Cntn2-800 signal was found to specifically co-label
conduction cells in all CCS components, proving precise in vivo labeling of the entire murine
CCS (Figure 2.8).
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Figure 28: Cntn2-800 specifically labels all components of the murine cardiac conduction system following
systemic delivery

A: Heart section from an adult mouse injected 72 h prior with Cntn2-800. Near infrared (NIR) signal demonstrates
labeling of the cardiac conduction system (CCS) (Blue->Red = Lowest->Highest NIR signal). B-D: Magnified images
of the CCS components labeled with Cntn2-800 (Purple) and co-stained with known CCS-markers anti-Hcn4 (Red)
or anti-Cx40 (Green). DAPI (Blue, nuclei). AVN indicates atrioventricular node; BB: bundle branches; His: His
bundle; PF: Purkinje fibers; SAN: sinoatrial node. From?*°

Finally, hearts from mice that have received a single tail-vein injection of Cntn2-800 (75 ug)
were isolated, fixed in PFA per the above-described protocol, optically cleared (per iDISCO+
protocol) and imaged using light sheet microscopy. Due to fluorescence signal quenching
following extensive PFA fixation of heart tissues, Cntn2-800 signal was enhanced using only
an Alexa 647 anti-goat secondary antibody, specifically with no primary antibodies. More than
750 images were taken at 3 um thickness through the entire mouse heart capturing Cntn2-
800 NIR signal in the entire heart. As a result, light sheet imaging and 3D reconstruction of
entire mouse hearts showed exquisite resolution and high specificity of Cntn2-800 to all
components of the CCS, including the SAN, INT, AVN, His, BB and PF after systemic delivery
(Figure 2.9).
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Figure 229: Precise Cntn2-800 distribution assessment in whole hearts

Immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO+)- cleared heart
harvested from a wild-type (CD1) mouse injected two days prior with Cntn2-800 (75 pg). Heart shown anterior-
posterior (AP), posterior-anterior (PA) and left-lateral (LL). Top and bottom rows are the same optically cleared
heart using iDISCO+ where, in the top row, background fluorescence has been saturated to provide a
representation of the opacified heart. Bottom row demonstrates the same tissue-cleared heart, showing signal
from Cntn2-800 marking the entire cardiac conduction system (CCS). Conduction system components are labeled
as indicated. AVN indicates atrioventricular node; His: His bundle, INT: internodal tracts; LA/RA: left or right
atrium; LAVRB: left AV ring bundle; LBB/RBB: left of right bundle branch; LV/RV: left or right ventricle; PF: Purkinje
fiber; RAVRB: right AV ring bundle; SAN: sinoatrial node. Modified from?!*°

1.9.5. Validation of novel diagnostic tools using intraoperatively established
imaging systems

Having assessed Cntn2-800 specificity and sensitivity at both the cellular and whole organ
levels, further preclinical validation was performed in the mouse model using an
intraoperatively established imaging system (SPY Elite) which was previously shown to detect
antibody-IRDye800 bioconjugates intraoperatively in humans?°, In this regard, wild-type, CD1
mice were tail-vein injected with a single Cntn2-800 dose of 100 ug, animals were sacrificed
24 h post systemic delivery, hearts were isolated, and immediately sectioned in order to
display conduction system components. Next, hearts were imaged with SPY Elite systems.
High intensity NIR signal was detectable from all CCS components, including the SAN, AVN,
His, BB and PF (Figure 2.10). Of note, even smallest conduction structures could be visualized
at submillimeter resolution (BB and fine PF in mice). As conduction system components in
humans are far larger than in mice, these studies suggest adequate resolution for the human
heart using established NIR imaging equipment for surgical use.
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Figure 2.10: Preclinical validation of Cntn2-800 using established intraoperative imaging systems

Wild-type, CD1 mice were tail-vein injected with a single Cntn2-800 dose of 100 pg, animals were sacrificed 24 h
post systemic delivery, hearts were isolated, and immediately sliced open coronally in order to display
conduction system components. Further, hearts were imaged with SPY Elite systems. As a result, high intensity
NIR signal was detectable from exposed cardiac conduction system (CCS) components at submillimeter
resolution. BB indicates bundle branches; HIS: bundle of His; NIR: Near-infrared; PF: Purkinje fibers; SAN:
sinoatrial node.

1.10. Discussion

Part Il of this study exploits the large scRNA-seq dataset (described in Part 1) and presents the
discovery of multiple novel cell surface markers highly enriched within the entire CCS or
individual CCS components (Table 2.1). Furthermore, this study has uncovered Neuroplastin
(Nptn) as a novel cell surface marker not previously associated with the conduction system
(Figures 2.3-2.7). From a host of novel CCS-enriched cell surface markers, Nptn was chosen
for further validation for the following reasons: 1. significant Nptn enrichment within all key
components of the CCS at the mRNA level; 2. high specificity to the conduction system with
only minor expression within non-conduction cell types; 3. conserved CCS-specific expression
in multiple species including mice (Figure 2.3) and humans (Figure 2.4); and 4. its significant
extracellular protein portion?3*, making NPTN an ideal target for in vivo antibody-targeting.
Overall, these findings substantiate Nptn as a novel CCS-specific cell surface marker ideal for
the generation of new optical imaging agents.

Subsequently, this discovery was leveraged to create novel antibody-based optical imaging

tools allowing for real-time visualization of cardiac conduction tissues. Specifically, using both
newly discovered (Nptn) and previously known (Cntn2) cell-surface makers of the CCS, optical
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imaging agents (Nptn-800 and Cntn2-800, respectively) were successfully created with high
sensitivity and specificity for labeling the entirety of the CCS (Figures 2.7, 2.8) in vivo. Lastly,
using an intraoperatively established imaging system (SPY Elite, Stryker, USA) strong signal
and high-resolution detection of even fine CCS structures in mice (Figure 2.10) was proven.
Thus, novel antibody-based optical imaging tools generated in this study present a promising
new way for the real-time intraoperative visualization of the CCS with the potential to prevent
direct surgical damage to the CCS and to reduce morbidity and mortality in both pediatric and
adult patients alike.

To the best of my knowledge, the current study is the first to present antibody-based targeting
of any substructure within the heart and thus describes an entirely new field within cardiac
medicine.

1.10.1.Current knowledge about Neuroplastin

Here, Neuroplastin (Nptn) was uncovered presenting a novel cell surface marker highly
specific to all CCS components in both mice and human. While not previously associated with
the heart, Nptn was first identified in 1988 as a membrane-bound, mostly extracellular
glycoprotein within synapses of the brain33. Functionally, Nptn is known to serve as a key
player in multiple neuronal and synaptic processes including neurite outgrowth, synaptic
plasticity and the regulation of cerebral inhibitory and excitatory synapses!3*. Specifically,
Nptn has been implicated in FGF receptor activation'®*, hippocampal synapse structure
formation!3® and long-term potentiation in the brain through p38MAPK activation and
glutamate receptor subunit 1 (GluR1) internalization!3”138, Moreover, Nptn is involved in
neuronal metabolism through transportation of monocarboxylates and was further reported
to regulate the subcellular localization of specific binding partners'3*. However, the
physiologic function of Nptn within the heart and its role in cardiac disease states remains
unknown.

1.10.2.Neuroplastin as a marker for immunohistochemistry in human tissues

In this study, strong Nptn gene expression was elucidated throughout all key components of
both the murine and human CCS. Of note, IHC analysis of human conduction tissue is known
to be extremely challenging due to a lack of functional antibodies as well as high tissue density
and fibrosis!®°. Therefore, the research community is mostly limited to hematoxylin and eosin
(H&E) or Masson‘s Trichrome stains to roughly delineate conduction tissue based on its higher
fibrotic content>. However, IHC is a more sensitive technique as it allows to distinguish one
cell type from another at cell-to-cell resolution. To this end, anti-NPTN staining was
established in this study and now provides a new and reliable way to distinguish human
cardiac conduction tissue from the surrounding myocardium in both newborn and adult
cardiac tissues (Figures 2.4, 2.5).

1.10.3. Previous attempts to visualize conduction tissues
Conventional imaging modalities are frequently used in the clinical field and include
ultrasound, magnetic resonance imaging (MRI), computed tomography (CT), positron
emission tomography (PET), and others. While these techniques can provide important
anatomical and functional information, they are not suitable for intraoperative CCS imaging.

First attempts towards the generation of intraoperative CCS detection methods were
introduced in the 1970s aiming at electrophysiological identification!4®-142, These methods
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utilize intraoperative atrial pacing and the following observation of changes in
electrocardiograms (ECG) to detect surgical injury intraoperatively. Further, using a special
detection probe, this technique allows for the rough localization of conduction tissues during
cardiac surgery. However, the reliance on atrial pacing and low-resolution detection remains
a significant limitation of this method.

Decades later, Huang et al. from the University of Utah introduced a novel approach based on
fiberoptic confocal microscopy (FCM) and fluorescent labeling of the extracellular spacel**~
145 This group detected differences in tissue microstructure between nodal and working
myocardium. Specifically, the atrial myocardium consists of highly aligned myocytes with a
regularly striated arrangement whereas nodal tissue presents an irregular reticular
arrangement of the extracellular space!®. Thus, the use of dextran conjugated to a specific
fluorophore (Alexa Fluor 488) was used to target the extracellular space in an undirected
manner, allowing for visualization of tissue microstructure. Upon intraoperative image
processing, nodal tissue may be distinguished from atrial myocardium through image analysis.
However, there are certain limitations associated with FCM-based approaches. Firstly, current
FCM systems can only image CCS tissue to a depth of up to 50 um!#. Although most
conduction tissues lie rather superficially underneath the epicardium (SAN) or endocardium
(rest of the CCS), the practicability for clinical application of this penetration depth has yet to
be evaluated. Further, while high spatial resolution at the submillimeter level is important for
clinical use, exact borders between nodal tissue and neighboring myocardium cannot be
drawn using FCM-based tools. Moreover, its reliance on fluorescent dyes that have not yet
proven to be non-toxic in patients may present another drawback. Finally, CCS detection
methods requiring image processing and quantitative analyses cannot provide real-time
information and may therefore significantly disrupt the regular surgical workflow.

Therefore, antibody-based optical imaging presents the most promising real-time imaging
technique for multiple reasons. Firstly, antibodies have been widely used in humans for both
the diagnosis and treatment of multiple diseases and present well-established
pharmacokinetics and safety profiles thus greatly reducing translational risks!?°. Moreover,
highly tissue-specific antibody-binding characteristics allow for the visualization of precise
tissue borders delineating the structure of interest from its surrounding tissues. Further, the
use of FDA-approved high-resolution signal detection devices such as SPY Elite provides the
unique opportunity to display real-time images in the surgical field of view (FOV) without
disruption of surgical workflows!3°.

1.10.4.Enhancement of signal intensity and penetration through near-infrared
fluorophores

Key considerations in optical imaging are the ideal excitation and emission wavelengths of the
fluorescent probe used. To this end, light emitted in the visible spectrum (380-780 nm) is
absorbed in large part by molecules such as water and hemoglobin!*. However, as NIR
fluorescent probes range around the 700-900 nm wavelength spectrum, exciting light is barely
absorbed, tissue autofluorescence is minimized and the signal-to-background ratio (SBR) is
enhanced. Furthermore, the higher emission wavelength allows for deeper tissue penetration
and thus imaging of structures up to a full centimeter underneath the organ surface is
possible!¥’. Of note, this technology has already been successfully exploited for intraoperative
cancer detection at submillimeter resolution as demonstrated in numerous recently
performed studies (Figure 2.2)122124,
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Although indocyanine green (ICG) is a clinically approved diagnostic imaging dye in the NIR
spectrum, it lacks a reactive functional group and can thus not be conjugated to targeting
antibodies!?®. However, the NIR dye used in this study (IRDye800) exhibits excitation and
emission wavelengths similar to ICG and can therefore be detected using FDA-approved
imaging systems (such as SPY Elite), which promote fast clinical translation. Furthermore, the
IRDye800 is manufactured under good manufacturing practice (GMP) conditions suitable for
human use and was proven to be non-toxic in both rodents and humans!2130,

1.10.5.Goggle-augmented imaging and navigation system

Several NIR imaging systems are currently established for clinical use, including FLARE#,
Fluobeam*® and SPY Elite systems, as used in the current study. Recently, an interesting new
imaging system was introduced providing less bulky hardware and a perfect match between
the systems and surgeon’s field of view. This system, called goggle-augmented imaging and
navigation system (GAINS), directly projects an overlay of both natural brightfield images and
NIR signal emitted from optical imaging agents onto head-mounted goggles without
latency®°. This technique might provide additional comfort for heart surgeons to visually
detect CCS structures in real-time. Although clinical feasibility of GAINS was demonstrated in
the operating room, current limitations include the lack of automated focusing and the
reliance on a wired connection to a PC for final image processing. Thus, while the current study
presents successful and clinically translatable high-resolution NIR signal detection using the
FDA-approved imaging system SPY Elite, GAINS may provide interesting advancements to real-
time fluorescence-guided surgery in the future.

1.10.6.Limitations of this study
To the best of my knowledge, this is the first study presenting an antibody-based optical
imaging approach targeting substructures within the heart. Further, preclinical validation of
the novel optical imaging agents has proven high-resolution and strong NIR signal detection
in real-time at submillimeter resolution of even fine CCS structures. However, existing
limitations of this study are discussed in the following paragraphs.

Firstly, while the FDA-approved SPY Elite imaging system was shown to provide high resolution
images (Figure 2.10), it is equipped with filters for detection of ICG dyes. Of note, the emission
wavelength of ICG (820-840 nm) is slightly higher than that for IRDye800 (780-800 nm)*>L,
Therefore, while existing FDA-approved NIR imaging systems improve the time of clinical
translation for our tools, new imaging systems designed for the precise detection of IRDye800
will be needed to further improve the SBR of Nptn-800 and Cntn2-800 in the future.

Furthermore, while this study has proven highly precise NIR signal detection even within fine
CCS structures of the mouse heart (such as PF), mouse CCS structures may not be an
appropriate representation of the human conduction system. Thus, large animal models are
needed to assess sufficiency of signal penetration within larger organs. However, previous
studies have indicated NIR signal penetration of up to a full centimeter through dense
tissues'#’. Thus, as key CCS structures lie less than 1 cm underneath the organ surface (SAN,
AVN, His, BB, and PF), NIR signal penetration is expected to be sufficient for the visualization
of all CCS components. Reassuringly, both human CNTN2>2 and NPTN (this current study) are
known to be expressed specifically within the human CCS, providing viable targets for
translational opportunities.
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Finally, it is known that CCS components within the human heart are large (e.g. SAN: 29.5 mm
x 1.8 mm x 6.4 mm) but only contain a limited and heterogenous number of conduction cells
posing a potential issue in adequate signal detection®®3. To this end, not one but two optical
imaging agents (Nptn-800 and Cntn2-800) were generated, the combination of which may
provide additional signal amplification in the clinical setting.

1.10.7.Future steps towards clinical translation

This study represents, to my knowledge, the first evidence of real-time in vivo antibody-
labeling of any cardiac component. To this end, both Nptn-800 and Cntn2-800 have been used
to visually delineate all components of the CCS in vivo, with minimal background fluorescence
from other cell types. Implicating high potential for clinical translation, these tools may help
prevent intraoperative damage to the CCS and improve surgical outcomes in a clinical setting.
In this regard, a patent has been filed (Patent No. 62/871,551) through Stanford Office of
Technology Licensing entailing all potential genetic targets for antibody-based translational
approaches to molecularly target CCS components. However, several challenges must be
tackled, and various pitfalls have to be overcome on the road towards clinical translation and
the improvement of patient care.

Firstly, optical imaging agents (NPTN-800 and CNTN2-800) must be manufactured according
to pharmaceutical quality standards and per good manufacturing practice. In this regard,
polyclonal antibodies (as used in this study) consist of various 1gG molecules produced by
multiple different B-cell lines. However, monoclonal antibodies derived from a single B-cell
clone show much higher specificity to a given epitope and are more predictable than their
polyclonal counterparts. Moreover, although several chimeric and humanized monoclonal
antibodies have achieved FDA approval in the past, most antibodies that have recently
achieved FDA approval are fully human in origin due to their low potential of immunogenicity.
Thus, for an optimal safety profile and to maximize chances of rapid clinical translation, fully
human monoclonal antibodies directed against the extracellular portion of both NPTN and
CNTN2 should be generated as it is currently being pursued with industrial partners.

Additionally, preclinical validation studies addressing the ideal dosage, the timepoint of
systemic delivery prior to the planned surgical procedure, and whole-body biodistribution
assays have already successfully been performed in mice(Goodyer, Beyersdorf et al. 2022).
Next, large animal models are needed to assess the degree of resolution and NIR signal
intensity in human-sized hearts. Moreover, both safety and toxicity will be assessed in large
animal models using GMP-manufactured antibodies. Once all preclinical studies necessary will
have been successfully accomplished, an Investigational New Drug (IND) application will be
filed to obtain permission for clinical trials in human subjects.
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Summary

To allow for coordinated contraction of the human heart, all heart cells must be precisely
synchronized. In this regard, the cardiac conduction system (CCS) dictates the rhythm of the
heart, consisting of unique cellular components. Namely, the sinoatrial node (SAN), internodal
tracts (INT), the atrioventricular node (AVN), the bundle of His (HIS), left and right bundle
branches (BB) as well as the Purkinje fiber network (PF)2.

Disruption of any of these specialized CCS components can result in a host of severe clinical
manifestations such as pacemaker dysfunction, complete heart block, and other life-
threatening cardiac arrhythmias such as ventricular tachycardia, ventricular fibrillation and
sudden death!%18-20, Despite being a significant cause of worldwide morbidity and mortality,
our understanding of cardiac arrhythmias remains incomplete. This is due to major obstacles
in CCS research including a) small total conduction cell numbers, b) their intricate three-
dimensional anatomy within the heart, c) inter- and intracomponent cell type heterogeneity,
as well as d) our inability to isolate and visualize conduction cells from the surrounding
working myocardium?1322:23,

In order to tackle the above-mentioned hurdles, single-cell RNA-sequencing (scRNA-seq) of
the developing murine CCS was performed in part | of this study. To this end, three zones of
microdissection were harvested from wild-type CD1 mouse hearts at embryonic day 16.5
(E16.5), including the SAN with its immediately surrounding tissues (zone 1), the AVN/His
region (zone Il) as well as the BB/PF system (zone lll). A total of 22,462 cells deriving from all
major components of the murine CCS were freshly harvested and further processed in a
designed scRNA-seq workflow. As a result, this study provides detailed transcriptomic
signatures of the entire CCS, providing the first comprehensive CCS-specific gene atlas at single
cell resolution. Data validation was then performed using immunohistochemistry, high-
resolution fluorescence in situ hybdridization (RNAscope) and immunolabeling-enabled three-
dimensional imaging of solvent-cleared organs (iDISCO+), further reinforcing our
transcriptomic findings. Specifically, a host of previously unknown genes were discovered to
be significantly enriched within one or multiple CCS components including Copine 5 (Cpne5),
Regulator of G-protein signaling 6 (Rgs6), Insulin-like growth factor-binding protein 5 (Igfbp5),
SPARC-related modular calcium-binding protein 2 (Smoc2) and Neurotrimin (Ntm). Strikingly,
these novel markers not only help to identify, characterize, and isolate core CCS components
(e.g. SAN, AVN, His, PF) but also represent the first known markers for the molecular
identification of previously elusive transitional cells within the CCS.

Subsequently, novel CCS-specific genetic markers were used in combination with whole-organ
immunostaining, organ clearing and 3D imaging (iDISCO+) in whole hearts to elucidate the
three-dimensional anatomical location of transitional cells at the periphery of the SAN (Figure
1.16), for the first time. Strikingly, three distinct populations of transitional cells were
identified at very precise and reproducible locations surrounding the SAN. While it has
previously been hypothesized, that depolarization does not leave the SAN in circular
waveforms but through specialized sinoatrial node conduction pathways (SACP)>, the findings
of this current study describe, for the first time, their precise anatomical location within the
heart and suggest importance of transitional cells for the initiation of rhythmic cardiac
beating.
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Furthermore, various attempts have been made in previous studies to unravel the complex
three-dimensional anatomy of the entire CCS within the heart!*#, However, CCS components
have never successfully been shown three-dimensionally in whole hearts before. In this study,
a handful of novel genetic markers were discovered, one of which (Cpne5) was found to be
highly enriched within all components of the CCS. Therefore, immunolabeling of the entire
murine CCS was performed and subsequent whole-organ clearing and lightsheet imaging has
provided the first 3D model of the entire CCS in intact hearts (Figure 1.17).

Part Il of this study successfully translates these new molecular discoveries for clinical use,
generating and validating novel optical imaging tools for the real-time intraoperative
visualization of conduction tissues. In this regard, bioinformatic data analyses were performed
of the large scRNA-seq dataset (described in Part I), uncovering a host of novel cell surface
markers highly enriched within the entire CCS or individual CCS components (Table 2.1).

Specifically, Neuroplastin (Nptn) was discovered as a novel cell surface marker significantly
enriched within all key components of the CCS. For further validation of this novel marker,
immunohistochemistry was performed in both murine and human conduction tissues,
demonstrating highly specific Nptn enrichment within the entire CCS across species borders
(Figure 2.3-2.5). Subsequently, novel optical imaging tools were generated (called “Nptn-800”
and “Cntn2-800”, respectively) to target the cardiac conduction system in vivo. In this regard,
near-infrared (800 nm) dyes were covalently conjugated to IgG-antibodies directed against
Nptn as well as the previously known cell surface marker Contactin-2 (Cntn2)”>. Next, wild-
type, CD1 mice received a single intravenous injection of either Nptn-800 or Cntn2-800 to
label the CCS in vivo. Further, mice were sacrificed, hearts were harvested and strikingly,
highly sensitive and specific labeling of the entire CCS was detected after intravenous injection
(Figure 2.6-2.8, 2.10). Additional preclinical validation of novel diagnostic tools was
performed, using intraoperatively established imaging systems (SPY Elite), demonstrating the
in vivo visualization of conduction tissues at submillimeter resolution (Figure 2.10). Due to
promising results both ex vivo and in vivo, a patent was filed through Stanford Office of
Technology Licensing (Patent No. 62/871,551) and novel optical imaging tools for human use
are currently being generated with industrial partners.
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