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Abstract: This Introduction provides both a short reflection on the scientific career of Adriana
Gittenberger-de Groot and an overview of the papers that form the basis of this Special Issue giving
them a proper perspective. The papers have as a central focus the outflow tract, and include
contributions on development and pathology of the ventricles including AV valves, as well as
developmental and pathomorphological aspects of the great arteries including semilunar valves and
coronary arteries.

Keywords: cardiovascular development; outflow tract; endocardial cushions; semilunar valves;
bicuspid aortic valve; neural crest; aortic wall; coronary arteries; cardiovascular pathogenesis;
arterial duct

1. Introduction: Marriage, Medicine and Malacology, Three in One [E.G.]

It was really a surprise, the Festschrift of the Netherlands Malacological Society
to commemorate my 65th birthday in 2008. Even more so was the first contribution,
written by Adriana C. Gittenberger—de Groot: ‘Marriage and malacology, an adventurous
combination’. Adri described the initial 40 years of our living together. She explained why
she decided to aim at a career in medical research instead of a clinical specialisation with
more restrictions for travelling. She enjoyed our adventurous snail hunting expeditions to
the Alps, the Balkans and eventually the Himalaya. After decades of optimal togetherness,
life has changed dramatically. Hesitantly, I have accepted the invitation of the editors of this
journal to write some introductory sentences. I should have asked her opinion in advance.

Adri was an enthusiastic, tenacious scientist, who believed in serendipity where I
noticed her natural talent. Prostaglandin brought her the first breakthrough in research,
what resulted in our first visit to the USA. Over the years Ilearned that the ductus arteriosus
is more than a remarkable vessel with programmed arteriosclerosis. Adri was an excellent
teacher, who loved to lecture. When we went out to a restaurant for diner after work, she
often used the serviette inappropriately to illustrate her most recent ideas about subjects
such as the ‘pulmonary push’. “Can you still follow me?”, she could ask after a while,
recognizing the near-invisible negative muscle contractions in my face, “no, I see, I'm sorry,
but may I nevertheless go on?” And she continued while I waved the waiter away. Over the
years her work had become too complicated for me to follow in detail, in particular when
anatomy and histology were complemented by gene expression patterns. Our discussions
often moved away from the world (Figure 1) of science to the world of scientists, medical
scientists in particular.
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Figure 1. “The Gittenbergers ruling the globe”. Prof. Dr. Adriana C. Gittenberger-de Groot with her
husband Prof. Dr. Edi Gittenberger.

Medical doctors should decide what kind of pills should be described for the patient,
medical scientists should decide what alternatives are still possible without neglecting the
publications of competitive working groups. Adri studied the literature irrespective of
the authors. She wanted to know how heart and vessels develop in the first place. She
considered a dogmatic nomenclature of everything a secondary problem and occasionally
even a hindrance for a better understanding. Only rarely she entered the semantic boxing
ring that some colleagues seemed to enjoy.

Only once, our scientific ways converged in a joint paper, about Nodal, a chirality-
related gene both relevant in heart development and in coiling direction of snail shells [1].
When Nature brought the same message a few years later, we were both annoyed, since
that journal had considered our manuscript ‘too specialistic’.

Being out in the field, walking, looking, listening, Adri enjoyed it very much. Despite
her vertigo, she eventually loved the mountains, even after a frightening experience during
our very first hiking tour in Austria, when we had to use a short iron cable and a short
metal ladder to reach the mountain cabin. Bird-watching became one of our favourite
hobbies. Adri understood the remarkable aberration of biologists such as me, people that
may acquire a feeling of happy excitement after a vague view of a bird that might be, yes,
indeed (!), the very rare yellow-tailed warbler according to the field guide. While peering
at it, she joined in the discussion about dots or stripes.

Adri enjoyed snail hunting, in particular the inhabitants of rock-faces and, indeed, she
discovered the beautiful Greek species that I described as Albinaria adrianae (Figure 2).

When our youngest son learned scuba-diving, she followed him and urged me to do
the same. In vain I referred to the evolutionary origin of terrestrial life and the unnatural
behaviour of swimming. She stayed firm and arranged lessons how to swim first and
scuba diving shortly afterwards. A full and wonderful dimension was added to our lives.
Whenever possible we combined our journeys, holidays, conferences, with scuba diving.
That is why we were in Bonaire early in 2020. An unforgettable recent experience were six
joint excursions to the Kingdom of Bhutan, where I was invited to start an inventory of
the molluscan fauna. Adri was immediately enthusiastic. She appreciated the atmosphere,
the people, nature, the blooming rhododendrons high in the Himalaya. Never ever she
protested when we had to adapt to non-European circumstances, on the contrary. Back in
the capital we indulged in a hamburger with pommes frites, always together.
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“The future is bright.” was her last sentence in the Festschrift in 2008. She was right.
After that year, 12 wonderful years followed. A few more, she had hoped, grateful for
the past.

Figure 2. Albinaria adrianae. Courtesy of Guido T. Poppe and Philippe Poppe.

2. The Special Issue: The (Bio)medical Legacy of Adriana Gittenberger-de Groot

In the JCDD issue “Leaders in Cardiovascular Research, a Special Issue dedicated
to the memory of Professor Adriana Gittenberger-de Groot”, committed to Adriana’s
extensive career, we see a reflection of the versatility of subjects that have been explored
by dedicated researchers, driven by the desire to ultimately solve part of the puzzle that
encompasses the mechanism of development of structural heart disease, affecting so many
patients worldwide [2]. Many mismatches in cardiovascular development particularly
result in ventricular septal defects and in outflow tract malformations, that showed a
continued presence in Adriana’s work. Furthermore, late onset of specific disease processes
such as aneurysm of the ascending aorta associated with bicuspid aortic valve [3], might
find their origin during embryonic development justifying the inclusion in the category
“congenital heart disease”.

The majority of congenital cardiac malformations involve ventricular and outflow
tract septation with the participation of many interacting cellular players (Figure 3) such as
the first/second heart field, neural crest, myocardium, endocardium, epicardium and endo-
derm. Concentrating on ventricles and outflow tract in development, molecular genetics,
pathology and patient management, all these aspects can be encountered in this Special
Issue. Several groups of papers can be discerned, dealing with cardiac (mal)development as
well as with the aortic valve and the main arteries such as aorta, coronary arterial branches
and ductus arteriosus.

OFT and ventricular myocardium—developmental, molecular and genetic aspects. A review
paper by Sendra et al. [5] discusses the complexity of heart progenitor cells important to
understand congenital heart defects. Three key aspects in early development are important,
dealing with 1. the segregation of endocardial and first and second heart field myocar-
dial lineages, 2. the signalling cues that drive differentiation and 3. the transcriptional
heterogeneity of cardiomyocyte progenitors. Novel approaches such as single cell tran-
scriptomics (see also Peterson et al. [6]), lineage tracing (see also Stefanovic et al. [7] and
Johnson et al. [8] and epigenomics (see also Grunert et al. [9], live imaging and functional
analyses will transform our understanding of congenital anomalies.
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Vehous pole

a b

Figure 3. Cardiac development: Contributions from the second heart field and neural crest cells.
Panels (a—c) reflect successive stages of development. Panel (d) represents a lateral view showing
the migration path of neural crest cells (NCC). A: common atrium, Ao: aorta, AoS: aortic sac,
AVC: atrioventricular canal, CJ: cardiacjelly, CV: cardinal vein, DA: ductus arteriosus, EC: endocardial
cushions, ICV: inferior vena cava, LA: left atrium, LCV: left cardinal vein, LV: left ventricle, LVV:
left venous valve, NCC: neural crest cells, OFT: outflow tract, PAA: pharyngeal arch artery, PEO:
pro-epicardial organ, PT: pulmonary trunk, PV: pulmonary vein, RA: right atrium, RCV: right cardinal
vein, RV: right ventricle, RVV: right venous valve, SCV: superior vena cava, SHF: second heart field.
* inner curvature of the looping heart. Derived with permission from Gittenberger-de Groot et al. [4].

The development of new techniques also opened avenues for more in-depth investi-
gation of signalling and inducing factors involved in the development of congenital and
structural heart disease and their roles at other levels of interactions. Cardiac lineage
tracing is further explored by Peterson et al. [6]. They show the value of chicken-quail
chimeras [10] and retroviral labelling [11]. Furthermore, they elaborate on genetic lineage
tracing markers for first and second heart field, myocardium, neural crest, epicardium,
and endothelium. Finally, DNA barcoding allows for complex labelling methods incorpo-
rating also CRISPR-Cas9 based approaches. The cellular contributions to the conotruncal
area are reviewed by Stefanovic et al. [7]. These authors take into account the many cell
types responsible for proper heart formation and the consequences of deregulation of
transcription factors such as Isl1 and FGF10 for myocardial cells, BMP and T-box factors
for endocardium, and Wntl and FGF8 for cardiac neural crest cells. Cardiac anomalies are
known to be related to complex signalling defects including retinoic acid, Hox transcription
factors or chromosomal syndromes. The transcription factor AP-2« (Johnson et al. [8])
is expressed in several tissues during development including pharyngeal ectoderm and
cardiac neural crest. Deficient mice present with complex anomalies such as double outlet
right ventricle (DORV) and transposition of the great arteries (TGA).

At the molecular and genetic level many cascades have been investigated. The TGFbeta
constitute an important family of regulating factors. Chakrabarti et al. [12] relay the
requirement of TGF3 for cardiovascular development as investigated in a mouse model.
The diverse phenotypes were present in about two thirds of null mice, including (right)
ventricular myocardium, OFT septal and alignment defects, abnormal aortic and pulmonary
walls and thickened semilunar or AV valves. In vitro and biochemical studies indicated that
TGF[33 was required for collagen matrix reorganization involving SMAD and MAP-kinase
dependent pathways.

Leung et al. [13] investigated the cardiomyocyte specific role of the small GTPase Racl
in the ventricular wall in Nkx2.5 transgenic mice. Racl deficiency impairs cardiomyocyte
elongation and organization as well as proliferative growth, implicating a role of Racl in
OFT alignment and compaction of the myocardium.

From a genetic point of view, Grunert et al. [9] correlated genetic and epigenetic
differences in Tetralogy of Fallot, studying monozygotic twins. They performed genome-
wide high-throughput sequencing of twin pairs with TOF. DNA methylation changes in
regulatory regions of cardiac-relevant genes were demonstrated.
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The cardiac valves—developmental, pathomorphological and clinical aspects. Epicardial
derived ells (EPDCs) are relevant for pathogenesis of myxomatous valve disease, as was
demonstrated by Wolters et al. [14] who reviewed critical events in the development of the
atrioventricular junction, including the role of the epicardium in the development of the
AV valves. The parietal AV cushions receive a contribution from epicardium-derived cells
(EPDCs) in concordance with results indicated by Gittenberger-de Groot et al. in a chick
model [15].

Poelmann et al. [16] described endocardial cushion formation in crocodiles and their
role in semilunar valve development. Reptiles in general end up with two aortas besides
the pulmonary trunk, while all three main trunks show a bicuspid semilunar valve. It
is postulated that “missing the third leaflet” might be related to lack of neural crest or
epicardial derived cells.

Zwanenburg et al. [17] searched for predictors of adverse human left ventricular
development caused by fetal aortic stenosis using fetal ultrasound. Speckle-tracking
recordings were performed to assess myocardial strain. After pregnancy termination. The
degree of reduction in myocardial deformation corresponded to the amount of pathological
endocardial fibrosis, indicating myocardial deformation on fetal ultrasound as a potential
marker for left ventricular structural damage.

Kruithof et al. [18] investigated semilunar aortic valve disease, both regurgitant and
stenotic. They demonstrated the occurrence of superimposed tissue in human samples.
The regurgitant valve showed this in the free edge, leading to a thicker valve, while the
stenotic valve showed this on the aortic face. These highly active areas are populated by
myofibroblasts within a varied extracellular matrix that is collagen-rich in the stenotic valve.
Celik et al. [19] studied a patient cohort with bicuspid semilunar aorta valve associated with
aortopathy leading to dilation, aneurysm and eventually dissection. Prevalence, predictors
and outcome (1-20 years) of 48 patients were analysed. Grewal et al. [20] described earlier
the association of BAV with aortopathy as a developmental maturation defect of the aortic
root. A second contribution to this Issue by Celik and colleagues [21] described the impact
of intervention in severe but asymptomatic aortic stenosis by valve replacement and long-
term survival. Survival rates after valve replacement surgery were significantly higher
after 1-10 years follow-up.

Thoracic aorta—histopathomorphological and (patho)developmental) aspects. Grewal et al. [22]
reported on the histological structure of the aortic wall in patients with an acute type A
aortic dissection (TAAD) showing elastin pathology, mucoid accumulation, and smooth
muscle cell nucleic loss in overall medial degeneration while also associated with a thinner
intimal layer. The authors hypothesize a developmental defect caused by a multiple hit
including a tear in the intima, a diseased media and progression towards the vasa vasorum.

Thiene et al. [23] reviewed the aorta as an organ that deteriorates with age. They
investigated many types of pathology in humans and brought also the possibility of an
allograft approach in sheep. The aorta with its lamellar units consists of elastic fibres
in a collagen-rich extracellular matrix interspersed with smooth muscle cells. Pathology
may require replacement sometimes including failing valves. There may be congenital
defects such as bicuspid semilunar valve and isthmus coarctation, genetic defects such
as Marfan and William syndromes, degenerative diseases and trauma. Antigenicity may
prevent the replacement of a sickened aorta using homografts from donors. After proper
decellularization and implantation in sheep, endogenous cell repopulation was shown in
both the valve and aortic wall without structural deterioration.

Another defect of the aorta relates to the right-sided aortic arch, an early developmen-
tal defect in remodelling of the pharyngeal arch arteries [24]. Van Rosendael et al. [25] relay
a malformation found in adult patients associated with the branchpoint of an aberrant left
subclavian artery (arteria lusoria) from the right-sided aortic arch. In this configuration
a Kommerell’s diverticulum and persisting ductus arteriosus form a vascular ring which
may result in (symptomatic) esophageal or tracheal compression. Serial follow-up is war-
ranted in adult patients with Kommerell’s diverticulum with small size and no symptoms,



J. Cardiovasc. Dev. Dis. 2022, 9,92

eventually leading to surgical intervention in patient who become symptomatic or show
significant increase in diameter of the diverticulum.

Coronary arteries—The Leiden Convention Coronary Coding System and late follow
up after surgery for transposition of the great arteries. Another highlight of Gittenberger-de
Groot’s research comprised the early formation of the coronary vasculature [26] and the
branching pattern of the coronary arteries (Gittenberger-de Groot et al. 2018 [27]). In this
Special Issue cardiovascular thoracic surgeon Prof. Dr. Mark Hazekamp [28] stresses the
value of an unequivocal and simple coronary coding system developed by Adriana, called
the Leiden Convention. This can be used in hearts with congenital heart disease (CHD),
such as transposition of the great arteries (TGA), independent of their relative anatomical
position which can vary in different forms of congenital heart disease. A recent adjustment
of this system to facilitate its use in imaging modalities, facilitates communication between
paediatric cardiologists and paediatric heart surgeons [29]. This is further explored by
Katekaru-Tokeshi et al. [30] studying patients with a single coronary artery. The Lipton
classification (not intended for structural heart diseases) has also been applied but in
complex CHD the Leiden Convention is better applicable. In pulmonary atresia the use of
both systems is limited.

Due to advancements in surgical and interventional treatments, an increasing number
of patients with CHD reaches the adult age. Engele et al. [31] systematically reviewed
the follow-up into adulthood of a patient population with TGA that received an arterial
switch operation with coronary transfer in early life. Anatomical high-risk features found
by coronary computed tomography included stenosis, acute angulation, kinking and an
interarterial course. An individualized coronary follow-up strategy is advisable, at least
until significant duration of follow-up is available.

Arterial duct. During her life, Adriana studied the influence of prostaglandins on
the ductal integrity as clinical reports brought devastating effects on the survival rate of
treated neonates [32]. Following her initial reports the pharmaceutical industry lowered
the recommended dose promptly, resulting in the expected positive outcome. In addition,
later on, the arterial duct kept her interest [33,34].

In the current special issue, Saito et al. [35] performed transcriptome analysis of the
arterial duct and demonstrate differential gene expression patterns between the closing
and the patent ductus arteriosus, building on the earliest research projects of Adriana
Gittenberger-de Groot [36]. The patent ductus exhibited aorta-like elastic lamellae and
a poorly developed intimal thickening. Neural crest-related genes including JAG1 and
the protein calponin were highly expressed in the tunica intima and media of the closing
ductus but not in the patent one. Second-heart field related genes such as ISL1 on the other
hand were enriched in the patent ductus sample indicating participation of another cell
lineage. Fedrigo et al. [37] reported another clinical phenomenon of the developing ductus,
being premature closure causing sudden intrauterine death. Abnormal ductal remodelling
showed lack of intimal cushions, cystic medial necrosis and smooth muscle cell apoptosis
as pathological substrates.

In conclusion the legacy of Adriana Gittenberger-de Groot (Figure 4) combines the
importance of proper knowledge of embryonic development not only for explaining con-
genital cardiac malformations, but also for late onset clinical issues such as the onset of
arteriosclerosis and the repair of myocardial infarction. The content of this special issue
reflects the versatility of Adriana’s career, during which she worked with remarkable
scientists and made many friends, many of whom made a contribution to this special issue.
Her creativity, combined with her intellectual spirit and passion for research allowed the
development of a myriad of new concepts, that will be the driving force for many more
exciting studies of cardiovascular development. We will cherish our memories and her
legacy dearly.
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Figure 4. Prof. Dr. Adriana C. Gittenberger—de Groot. 1945-2020.
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Abstract: Early heart development depends on the coordinated participation of heterogeneous cell
sources. As pioneer work from Adriana C. Gittenberger-de Groot demonstrated, characterizing these
distinct cell sources helps us to understand congenital heart defects. Despite decades of research
on the segregation of lineages that form the primitive heart tube, we are far from understanding its
full complexity. Currently, single-cell approaches are providing an unprecedented level of detail on
cellular heterogeneity, offering new opportunities to decipher its functional role. In this review, we
will focus on three key aspects of early heart morphogenesis: First, the segregation of myocardial and
endocardial lineages, which yields an early lineage diversification in cardiac development; second,
the signaling cues driving differentiation in these progenitor cells; and third, the transcriptional
heterogeneity of cardiomyocyte progenitors of the primitive heart tube. Finally, we discuss how
single-cell transcriptomics and epigenomics, together with live imaging and functional analyses, will
likely transform the way we delve into the complexity of cardiac development and its links with
congenital defects.

Keywords: cardiac fields; cardiomyocyte; endocardium; progenitor specification; heart tube

1. Introduction

The heart is the first organ to form during embryogenesis. Following the onset of
gastrulation, a primitive heart assembles and starts pumping nutrients to the whole embryo,
while it continues developing. This remarkable ability to form and function simultaneously
has attracted researchers for nearly a century, revealing that heart development involves the
interplay between heterogeneous cell sources and complex morphogenetic processes [1].
With at least 0.8% of newborns presenting congenital heart defects [2], understanding
heart development is of great interest. Adriana C. Gittenberger-de Groot and colleagues
contributed extensively to this end, both characterizing the different cellular sources of the
developing heart [3] and applying this knowledge to clinical goals [4].

A key step towards understanding organogenesis is finding how stem cells commit
to different cell types. Studying the embryonic origin of the distinct cell populations con-
tributing to an organ helps us to understand developmental defects by identifying within
heterogeneous progenitor populations those contributing to specific cellular compartments
and functions. In vertebrates, cardiac progenitors in the epiblast are among the earliest
to ingress through the primitive streak and differentiate into mesoderm [5-8] (Figure 1).
At this point, the transcription factor Mesp1 is transiently expressed, offering an accurate
marker for nascent mesodermal cells including extrambryonic, cardiac and head /neck
skeletal muscle progenitors [9]. Once they have migrated to the anterior pole, a subset
of cardiac progenitors, known as the First Heart Field (FHF), starts expressing specific
differentiation markers. By Early Head Fold (EHF) stage in mouse, embryonic day (E)
~7.5, the pre-myocardium is arranged as a columnar epithelium and the pre-endocardium
lays between the pre-myocardium epithelium and the endoderm, revealing the first sign
of cellular heterogeneity in the heart [10] (Figure 1, cellular detail of primitive heart tube
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progenitors) [11]. Subsequently, the pre-myocardial epithelium separates from the endo-
derm, creating bilateral hemi-tube structures with endocardial cells in its lumen. This
primordium, known as the cardiac crescent in the mouse, undergoes morphogenesis fusing
at the midline to form the primitive heart tube, which will contribute to the left ventricle
and part of the atria in the mature heart. Continuous with the primitive heart tube, addi-
tional cardiac progenitors, known as the Second Heart Field (SHF), remain undifferentiated
until recruited later to the right ventricle, outflow tract and the rest of the atria [12,13].

Animal ’
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Figure 1. Location of cardiac progenitors in vertebrate models from the onset of gastrulation to
the stage preceding primitive heart tube formation. Cardiac progenitors ingress the mesoderm
soon after the start of gastrulation, migrating to the opposite side of the embryo to establish the
two layers that form the primitive heart tube. The different rows of diagrams show this process in
mouse, chicken, zebrafish and a zoom-in for the cellular detail of primitive heart tube progenitors,
respectively. Zebrafish diagrams are depicted from dorsal views while those in chick and mouse
show ventral views. Morphological staging follows the epiboly rate, Hamburger—-Hamilton (HH)
and Downs [14] criteria for zebrafish, chicken and mouse, respectively. Approximate time in hours
post fertilization (hpf), hours (h) or embryonic day (E) are also provided. CM, cardiomyocytes; EC,
endocardium. Dashed arrows depict the migration trajectory of primitive heart tube progenitors
during gastrulation.

In this review, we dissect the earliest developmental events that contribute to generate
the cellular heterogeneity and complexity of the heart. As other excellent publications
review these aspects at later stages in both mammal [1,15,16] and zebrafish models [17],
here we will focus on the formation of the primitive heart tube, using the mouse model as
a reference. From classic labelling experiments (Table 1) to recent single-cell transcriptomic
analysis [18,19], we review studies that have expanded our views on cardiac heterogeneity
and the mechanisms that generate it. Finally, we discuss the embryological relevance of
such complexity, providing an overview of the public datasets that are available to study it
further (Table 2).

12



J. Cardiovasc. Dev. Dis. 2022, 9,5

Table 1. Clonal analysis studies assessing early cardiac lineage segregation in vertebrate models.

Model Methodology Stage Location N Progeny (% from Total) Reference
CM + EC +
CM EC CM +EC .
Non Cardiac
. Single-cell dextran ~ Early blastula  lateral-marginal
Zebrafish ~&€7Cel dex 'y blastu r gmal g 4 10 21 65 [20]
microinjection (~2.75 hpf) zone
Zebrafish Sing.le-c.ell. de.xtran Midblastula  lateral-marginal 41 18 7 0 75 [20]
microinjection (~3 hpf) zone
. 2-3 cells fluorescein ~ 40% epibol entral-marginal
Zebrafish > ¢ o epiboly v gnal g9 44 52 4 ND [21]
activation (~5 hpf) zone
. Kaed 14- it terior lateral
Zebrafish aede somite anteriorfateral = 59 57 2 ND [22]
photoconversion (~18 hpf) plate mesoderm
. Replication-defective HH3 anterior lateral
Chicken P! ) v 8 95 5 0 ND [23]
retrovirus (~14h) plate mesoderm
. Replication-defective HH4 rostral portion
Chicken P ) ot P 36 55* 45* 0 ND [23]
retrovirus (~18h) primitive streak
Doxycyclin induced  Early primitive Mespl-expressin
Mouse yeycln induc Yy primiuve - fAespi-exp €13 85 15 0 ND [24]
transgene expression streak (~E6.5) cells
Doxycyclin induced  Late primitive MespI-expressin
Mouse yey : p L, espexp & 6 100 0 0 ND [24]
transgene expression streak (~E7.0) cells
Doxycyclin induced Late bud Mespl-expressin,
Mouse yey : < pr-exp €17 70 6  24% ND [24]
transgene expression (~E7.5) cells
ND, Not Determined; hpf, hours post fertilization. * Including labeled clusters that consisted of both CM or EC
but either tagged with cytoplasmic B-gal (8-gal) or nuclear directed B-gal (nB-gal). ** Estimated recombination
stage. Mouse retrospective analyses can only offer an approximated stage as the precise mating time and litter
variability are unknown. *** A third of the clusters also contain smooth muscle cells.
Table 2. Single-cell sequencing and live imaging data from mouse embryos available in the literature.
Links to the raw and processed data and their website interfaces are provided when available (Data).
Resource Stage Selection (N Cells) Method Depth * Data Reference
ES to LHF ~E6.5 epiblast (501) ~1 x 10° S -
scRNAseq  pe s 75, E7.75 ~E7.5 Flk1* (704) Smartseq2 o ds/cell link Tist 1 251
Mespl* 1 % 106
scRNAseq ~E6.75, E7.25 ~E6.75 (83 WT 85 Mespl’/’) Smart-seq2 reads/cell ** link list 2 [26]
~E7.25 (173) cads/ce
10x ~2 x 10 -
scRNAseq ~E8.25 Whole embryo (19,396) genomics UMIs/cell link list 3 [27]
ESto7s
~E6.5, E6.75, Whole embryo (116,312) 10x ~2 x 10% . .
scRNAseq E7.25, E7.5, E7.75, Per stage: supplementary genomics UMIs/cell link list 4 (281
E8.0, E8.25, E8.5
Dissected cardiac region
4s,8s,21s E7.75 (4326 WT 3535 Hand2 /) 10x ~2 % 10* . .
scRNAseq ~E7.75, E8.25, E9.25 E8.25 (5664 WT 4112 Hand2 /) genomics UMIs/cell link list 5 (291

E9.25 (11,376 WT)
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Table 2. Cont.

Resource Stage Selection (N Cells) Method Depth * Data Reference
LHF 8s,135,20s .
108, 38 Nkx2-5* (690), Tsl1* (640) Modified ~1 x 100 .
scRNAseq ~E7.75 E8.25, Per stage: supplementary 1 Smart-seq2 reads/cell link list 6 (301
E8.75, E9.25
Pre-Streak stages Whole embryo 1 % 106
scRNAseq ~E5.25, E5.5, E5.25 (331), E5.5 (269) Smart-seq2 ds/cell ** link list 7 [31]
E6.25, 6.5 E6.25 (321), E6.5 (803) reads/ce
Nkx2-5* E7.5 (61), E8.5 (58)
E9.5 (81 ~1 x 10° -
scRNAseq ~E75,E85, E9.5 i 275 (30), E8.5 (167) Smart-seq2 reads/cell * link list 8 (321
E9.5 (348 WT 50 Isl1~/~)
PrS to Presomitic Whole embryo ~4 % 10° S
scRNAseq ~F6.5 to E8.25 (33,700 from 153 embryos) MARS-seq UMIs/cell link list 9 1331
LHFto4s dissected cardiac region ~1x10° o
scRNAseq E7.75 to F8.25 (3105) Smart-seq2 reads/cell ** link list 10 [18]
0B to somite stage Mespl* 10x 60,450 e
scRNAseq ~E7.25 to F8.25 9072) genomics UMIs/cell link list 11 (29
. ~1.5 x 10* -
snATACseq ~E8.5, E9.5 Isl1* (695) [34] reads,/nucleus * link list 12 [32]
~2x10* -
snATACseq ~E8.25 Whole embryo (19,453) [35] reads/nucleus * link list 13 [28]
~ ~ 6
scNMTseq E 64 55']?75 ;55’ Whole embryo (856) [36] rezlic;(s/lgell s link list 14 [37]
Live LBto4s Cardiac region: 4 embryos Two-photon 10 min
. . Tdtomato mosaic . NA [13]
imaging ~E7.5 to E8.5 Nkx2-5:GEP microscopy 5um
R Adaptative .
Live LSto2s 4 Whole embryos, . 4 min . .
imaging ~E7.0 to E8.25 H2B:eGFP ﬁ}c‘rtoss};i;ty 2 um finklist 15 [38]
Live MS to LB %_ggole embryo: Two-photon 20 min NA [39]
imaging ~E6.75t07.5 microscopy 3 um

mT/mG mosaic

NA, not available; s, somite pairs. * Median reads or time-frame and z size are shown for scOmics or live imaging
experiments, respectively. In scRNAseq, lower depth approaches amplify cDNA before sequencing to increase
sensitivity. Before that, captured molecules are labeled with a unique molecular identifier (UMI). For more info
read [40]. ** Value not provided, calculated from the counts matrix. *** Corresponding to scRNAseq.

Link list (accessed on 25 December 2021):

1.

2.

10.

Raw data https:/ /www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4026/; Browser
http:/ /gastrulation.stemcells.cam.ac.uk/scialdone2016

Raw data https:/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE100471; Browser
http:/ /singlecell.stemcells.cam.ac.uk/mesp1

Raw and processed data https:/ /www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-
6153/

Raw data https:/ /www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6967/; Pro-
cessed data https:/ /github.com/MarioniLab/EmbryoTimecourse2018; Browser
https:/ /marionilab.cruk.cam.ac.uk/MouseGastrulation2018 /

Raw data https:/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126128; Browser
https:/ /cells.ucsc.edu/?ds=mouse-cardiac

Raw data https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109071

Raw data https:/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108963

Raw and processed data https:/ /www.ebi.ac.uk/ena/browser/view /PRJEB23303
?show=reads

Raw and processed data https://www.ncbinlm.nih.gov/geo/query/acc.cgi?acc=
GSE169210; Browser https:/ /tanaylab.weizmann.ac.il/embflow /

Raw, processed data and Browser https://marionilab.cruk.cam.ac.uk/heartAtlas/;
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11. Raw data https://www.ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSE176306; Browser
https:/ /cells.ucsc.edu/?ds=chi-10x-mouse-cardiomyocytes

12.  Raw and processed data https://www.ebi.ac.uk/ena/browser/view /PRJEB23303
?show=reads;

13.  Raw and processed data https:/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE133244; Browser https:/ / gottgens-lab.stemcells.cam.ac.uk/snATACseq_E825/

14. Raw data https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE121708; Pro-
cessed data ftp:/ /ftp.ebi.ac.uk/pub/databases/scnmt_gastrulation

15. Raw data https:/ /idr.openmicroscopy.org/webclient/?show=project-502

2. Cell Fate Specification Preceding Primitive Heart Tube Formation

Once the primitive heart tube is assembled, it contains two cell types: cardiomyocytes
(CMs), which form the muscular wall and endocardial cells (ECs), which are specialized en-
dothelial cells lining the cardiac lumen [41]. Besides forming a continuum with the embryonic
vasculature, ECs are involved in the formation of trabeculae [42—44] and contribute to the
formation of the cardiac valves and septa [45,46]. ECs differ from other endothelial cells in
their gene expression profile [47—49] and follow specific differentiation programs [42]. In the
course of evolution, CMs arose from the transformation of mesenteric coelomic epithelium in
early metazoans [50] while endothelial cells appeared later in vertebrates, likely from adherent
hemocytes [51]. With these phylogenetic differences, CMs and ECs are found side-by-side at
the anterior splanchnic mesoderm at the initiation of heart tube formation (Figure 1). Their
ontogeny has been studied across multiple organisms, but it remains unclear if they originate
from a homogeneous pool or from two distinct populations, pre-specified to adopt CM or EC
fate [11,52].

2.1. Temporal Sequence of Fate Acquisition

Knowing when a fate decision takes place is the first step to understand the mecha-
nisms governing it. In classic embryology, a single cell or a group of cells is considered
specified when it systematically yields a certain cell type. A tool to address the temporal
sequence specification is clonal analysis [53]. By labelling single cells at different devel-
opmental stages and examining their progenies, one can infer when cell lineages become
restricted—i.e., a progenitor cell that gave rise to both CMs and ECs was not specified to
either fate at the time it was labelled. In prospective clonal analysis, researchers know
the stage and location of the progenitor cell. This is achieved by direct labelling through
manipulation of oviparous or ex utero viviparous embryos. In retrospective clonal analysis,
cells are genetically labelled in utero so the embryonic stage and cell location are only
approximated or unknown [54].

Clonal analysis experiments in zebrafish, chicken and mouse models traced the loca-
tion of cardiovascular progenitors and pointed to an early specification of CMs and ECs,
happening around the onset of gastrulation. To ease the interpretation of these valuable
data, we summarized the experiments in Table 1. Prospective labelling in zebrafish early
blastula (512 cells, 2.75 hpf) defined an area at the lateral marginal zone, enriched for
unspecified cardiovascular progenitors [20]. Labelling the same area at 40% epiboly stage
(5 hpf) yields few mixed progenies containing both CMs and ECs, indicating they are
already specified when gastrulation begins [21]. Fate mapping in both cases shows that
CM and EC progenitors are spatially intermingled. In chicken embryos, the rostral half of
the primitive streak contains both cardiac progenitors [55,56], which are already specified
to form either CM or EC progenies [23,57]. Retrospective clonal analysis in mouse embryos
also suggests an early specification. Genetically labelled Mespl-expressing cells around the
onset of gastrulation (~E6.25) give rise to clusters in the left ventricle at E14.5 containing
either only CM or only EC [24]. Conversely, a quarter of Mesp1-expressing clones labelled at
~E7.25 gave rise to mixed progenies in the right ventricle [24], indicating that although the
primitive heart tube arises from precursors that are already specified at gastrulation, later
pools of progenitors from the second heart field can be multipotent [58]. In line with this re-
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sult, lineage tracing and in vitro studies have suggested the existence of mouse [58-62] and
human [63] multipotent cardiac progenitors. A way to characterize further these progeni-
tors would be to examine recent scRNAseq datasets for a cardiac multipotency signature in
gastrulating mouse [18,28,29] and human embryos [64]. Together, these studies show CM
and EC specification occurs at the onset of gastrulation or even before across vertebrate
species, which is surprisingly long before the start of heart morphogenesis; however, pools
of cardiac progenitors established later at the second heart field may remain multipotent.

Regardless of the timing of specification, the lineage relationship between CMs and
ECs is controversial. Genetic lineage tracing of cardiac transcription factors and stem
cell experiments support both cell types arise from a cardiac-specific common progenit-
or [11,59-61,65-67]. In contrast, zebrafish mid-blastula clones containing both CMs and
ECs also give rise to blood vessels and blood cells [20] (Table 1), suggesting a CM-EC
exclusive progenitor does not exist or it does very transiently. An alternative lineage
tree proposes that ECs derive from the hematopoietic/vascular progenitors, and then
migrate to populate the developing heart tube in zebrafish embryos [68,69]. To assess the
lineage relationship among cardiac, hematoendothelial and other mesodermal progenitors,
future clonal analysis experiments should examine the presence of labelled cells in all
mesodermal tissues and not only in the heart [19]. New approaches such as CRISPR/Cas9-
based lineage tracing [70,71] and in toto live-cell tracking [38], will also help to answer this
long-standing question.

2.2. Molecular Mechanisms of Specification

Understanding the mechanisms underlying cell fate decisions involves characterizing
the cellular heterogeneity that precedes lineage specification [72]. A homogeneous niche of
progenitors can segregate by various mechanisms to form subpopulations with different
fates. Recently, the development of single cell transcriptomics and genomics transformed
the way we study cellular heterogeneity in vivo [28,37,73]. The simultaneous characteriza-
tion of the different cell populations forming an embryo allows one to make predictions
about their ontogeny as well as showcasing gene regulatory networks responsible for
it [74].

Single-cell RNA sequencing (scRNAseq) of gastrulating Mesp1-positive cells displays
the transcriptional divergence of cardiac progenitors in vivo, revealing that CM and EC
branches first diverge at ~E7.25 [26]. If pre-specified CM and EC progenitors exist at PS
ingression (~E6.75 in mouse)—see Section 2.1—the transcriptional divergence captured at
~E7.25 by this approach may account for the earliest signs of differentiation but it remains
unknown whether this segregation is a direct effect of their prior specification. Analyzing
the trajectory of cardiac cells in emerging scRNAseq datasets (Table 2), especially in those
prioritizing sequence depth over cell number, would shed light on whether transcriptional
differences account for CM and EC early specification.

As demonstrated in Drosophila, single-cell chromatin accessibility mapping also allows
identifying molecular processes involved in fate specification [75]. In addition to differ-
ences in RNA expression, epigenetic modifications contribute to cellular heterogeneity.
As an example, early haematoendothelial clusters defined by scRNAseq in mouse can be
further classified by their open chromatin regions corresponding to Tal1-bound cell-type
specific enhancers [76]. Similarly, chromatin accessibility mapping in mouse ~E8.5 Is/1-
expressing cells reveals distinct epigenetic signatures, likely corresponding to differently
fated progenitors [32]. This shows how cells within a scRNAseq cluster can differ in terms
of accessibility to regulatory loci that account for changes in responsiveness to signaling
cues. Thus, epigenetic analyses may distinguish fate specification in transcriptionally
homogeneous populations, as these changes can anticipate RNA expression divergence. In
fact, analysis of poised enhancers—distinguished from active enhancers by the H3K27me3
mark [77]—predicts developmental competence in human derived endodermal stem cells
[78]. This, together with the functional relevance of chromatin remodeling complexes in gas-
trulation and cardiogenesis [79,80] makes epigenetic heterogeneity a candidate mechanism
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to explain CM and EC early segregation in primitive heart tube formation. The increasing
availability of single-cell transposase-accessible chromatin (scATACseq) methods [34] will
likely motivate researchers to explore epigenetic heterogeneity in the coming years.

3. Differentiation of Primitive Heart Tube Progenitors
3.1. Signaling Cues Driving CM and EC Differentiation

After ingression, CM and EC progenitors migrate to the anterior-proximal side of
the embryo proper (see Section 1 and Figure 1), where signaling cues from the subjacent
endoderm promote their differentiation [81,82]. Integration of the BMP, FGF and Wnt
pathways forges an environment that promotes primitive heart tube morphogenesis among
vertebrate species [83]. For example, Bmp2 and Fgf8 zebrafish mutant embryos express less
Nkx2-5 and differentiate fewer CMs. Removal of endoderm also causes a downregulation
of cardiac markers in chicken, which can be rescued by supplying exogenous FGF8 or
BMP2 [84]. In vitro, BMP2 released from anterior visceral endoderm cell lines induces CM
generation in embryoid bodies [85]. On the other hand, Wnt/ B-catenin signaling prevents
premature CM differentiation at the lateral plate mesoderm, but its expression is necessary
for CM progenitor proliferation and ingression through the primitive streak [86]. In vitro,
the timing of Wnt activation/deactivation cycles is also critical for CM differentiation in
human induced pluripotent stem cells [87] and heart organoids [88]. Likewise, Wnt5a-
mediated Wnt inhibition promotes EC differentiation in mouse early cardiac progenitors,
while hindering CM differentiation [89]. Altogether, the signaling environment provided
by the endoderm ensures that CM and EC differentiation occurs at the right time and
location. In fact, the anterior intestinal portal can induce cardiac identity from non-cardiac
mesoderm and pattern the ventricular and atrial domains in chicken, pinpointing the
anterior endoderm as a heart organizer in vertebrates [90].

Besides diffusible cues, local signaling also plays a role in CM and EC differentiation.
For example, cells with active Notch do not form CM colonies and forced activation of
NOTCHLI1 in embryonic stem (ES) cells inhibits their differentiation to CM, while Notch
inactivation promotes it [91,92]. This inhibitory effect also takes place in vivo: in Drosophila,
loss and gain of function studies show Notch inhibits CM differentiation [93]; in Xenopus,
Notch signaling limits the number of CM through the Serrate ligand [94]; in chicken,
retroviral overexpression of Notch intracellular domain (NICD) in the heart tube reduces
the expression of CM markers [95]; and in mouse, although NICD overexpression does not
alter the number of CM or marker expression, it results in CM maturation defects including
disrupted sarcomeric structures [96]. Conversely, Notch1 is required for the development of
the endothelium [97,98] and its expression marks mesodermal progenitors differentiating
towards EC [26].

Unlike that of endothelial cells, CM differentiation is tightly coupled to gastrulation.
Removal of the transcription factors Etv2 or Npas4l yields embryos that lack endothelial
cells but undergo gastrulation normally, forming a heart tube without ECs [99,100]. To
date, no genetic manipulation produced embryos that gastrulate but fail to form CMs: all
mutants without CMs also fail to gastrulate, lacking all anterior mesoderm tissues [101-106].
In some of these, stuck mesodermal cells express CM differentiation markers [106] or even
form bilateral heart tubes [9]. This suggests that once gastrulation is initiated successfully,
CM differentiation will occur regardless of the anterior endoderm signaling cues [107]. In
fact, gastrulation and early heart tube formation share many common genetic cascades
implicating members of the Mesp transcription factor, Fgf and Wnt signaling pathways.
An interpretation is that differentiation towards CM is determined concomitantly with
gastrulation, or even represents the default state of anterior mesoderm, and the signaling
environment may only modulate when and where the differentiation takes place. In
support of this notion, non-cardiac mesoderm regions need to repress the CM programs to
avoid ectopic differentiation [69,108-110].
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3.2. Redirection of Cardiac Progenitor Differentiation upon Perturbation

Although primitive heart tube progenitors get specified to CMs and ECs at early stages
(see Section 2.1), their definitive differentiation depends on surrounding signaling cues
(see Section 3.1) and can be modified upon perturbation. In zebrafish, embryos lacking
transcription factors as Tall and Etv2 have fewer ECs but expand their CM pool [42,108],
with some Etv2 endothelial progenitors differentiating to CMs [108]. Indeed, scRNAseq
shows FGF and Wnt signaling detours vascular progenitors towards a muscular fate in
the absence of Etv2 [111]. In line with this, injecting Tall or Etv2 mRNA at the lateral plate
mesoderm expands the endothelial domain while reducing the number of CMs [69]. In
mouse, deletion of Tal1 yields CM-like differentiation in both yolk sac and endocardium
through cell-autonomous Wnt antagonism [112]. Likewise, the enforced activation or
inhibition of Wnt reduced or increased, respectively, endothelial differentiation in cardiac
progenitors [89]. Finally, overexpression of Sox17, which is expressed downstream of Etv2,
causes ectopic expression of PECAM1 endothelial marker in CMs [113].

Overall, these studies show CM and EC progenitors can modulate their fate in vivo
upon perturbation of differentiation pathways, redirecting their fate even after specified. In
vitro differentiation studies also illustrate the versatility of early mesodermal progenitors.
A subset of ES-derived mesodermal cells, which start expressing Flk1, can differentiate to
either CMs or ECs in a context-dependent manner [59,61]. Notably, a sub-population of the
Flk1-negative ES-derived mesodermal cells can also be redirected in vitro towards a myocar-
dial cell fate in mouse and human [114-116]. However, these results must be interpreted
with caution, as stem cells can take differentiation roads that are not developmentally
relevant.

3.3. Plasticity of Cardiac Progenitors

In early cardiac progenitors, cellular plasticity has been reported in vivo after primitive
heart tube formation [1,117] and in ES cells models [118]. An example of in vivo cell plas-
ticity is the interchangeability between atrial and ventricular CM progenitors. In chicken,
cardiac ventricle progenitors derive from anterior regions of the cardiac mesoderm while
atria progenitors arise from more posterior regions [55,119-122]. However, presumptive
atrial cells can adopt ventricular properties when placed in the prospective ventricular
domain [123] up to HHS8 stage—when heart tube assembles. In mouse embryos, deletion of
COUP-TFII in atrial CMs can switch their identity to ventricular CMs up to stage ~12.5,
long after the formation of the cardiac chambers [124].

Together, the experiments cited in these three subsections show the definitive dif-
ferentiation of cardiac progenitors is not fixed as it can change upon positional cues or
intrinsic signaling perturbations. This way, despite the mechanisms normally involved in
establishing the identity of cardiac cells, the signaling environment plays a role in their
definitive differentiation [125].

4. Molecular Heterogeneity of the Cardiomyocyte Sources within the Primitive
Heart Tube

Studying the molecular regulation of the different cell populations composing the
primitive heart tube is important to understand their subsequent role in morphogene-
sis. Molecular signatures give us hints about cell behavior, features and susceptibility
to signaling cues. Two recent outstanding papers have characterized the primitive heart
tube transcriptional heterogeneity with unprecedented detail, reporting a novel cardiac
progenitor pool that contributes to FHF cardiomyocytes and contains the earliest known
progenitors of the epicardium [18,19] (Figure 2).
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Figure 2. Progenitor domains contributing to heart tube cell populations in the mouse. Diagrams
show whole embryos (A) and midline sections (B). Notice how the First Heart Field (FHF), Second
Heart Field (SHF) and the recently characterized Mab2112/Hand1 population stay in a continuum
until differentiation cues recruit the FHF to form the primitive heart tube. In the section diagrams (B),
endoderm, epiblast and mesoderm are painted in yellow, cyan and light red, following Figure 1 color
code. Diagrams were done based on [18,19].

Single-cell RNA sequencing (scRNAseq) of the mouse anterior cardiac region at cardiac
crescent to linear heart tube stages (~E7.75 to ~E8.25) identified six different cardiac
clusters in the anterior-proximal region of the embryo proper [18]. Differential expression
analysis linked two of the clusters to the first and second heart field, respectively, while
a third cluster represented an intermediate differentiation state between both. Strikingly,
one of the clusters did not fit any previously known categorization, as it expressed some
FHF markers, like Hand1 and Tbx5, but lacked canonical differentiation markers, such as
Nkx2-5. RNA fluoresence in situ hybridization of marker Mab2112, a protein coding gene
implicated in cardiac and neural development [126,127], mapped this novel cluster at the
rostral border of the cardiac crescent, forming a narrow band of splanchnic mesoderm at the
confluence of the embryonic and extraembryonic compartments of the embryo (Figure 2).

Analysis of the scRNAseq data revealed two distinct trajectories towards differen-
tiated CMs, parting from the SHF cluster and the Mab21/2 cluster, respectively; the first
connected SHF to differentiated CM via an intermediate state, which likely corresponds
to the incorporation of SHF progenitors to the heart tube at the arterial pole [13,128,129];
the second trajectory linked the newly identified Mab21I2 cluster to differentiated CM via
another intermediate state, unveiling a previously undescribed source of CMs. Lineage
tracing of cells expressing Mab2112 at ~E6.5-E7.5 yielded left ventricle CMs as well as
epicardial cells. However, this cluster does not contribute to CMs of the right ventricle
or outflow track. This implies that the Mab2112 cluster, dubbed Juxta Cardiac Field (JCF)
by the authors, supplies CMs to the FHF and contains the earliest known progenitors of
the epicardium.

With a similar strategy, scRNAseq and trajectory analysis of Mespl-expressing cells
from ~E7.25-E8.25 mouse embryos also predicted a cardiac population [19] that par-
tially overlaps the Mab2112 cluster [18] but expands beyond the extraembryonic boundary
(Figure 2). Lineage tracing of Hand1-expressing cells at ~E5.75-E6.75 yielded a contribution
to the heart tube similar to that of the Mab21I2 cluster [18], reinforcing the idea of the cardiac
potential this cell population. In addition, retrospective clonal analysis of Hand1-expressing
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cells at ~E6.75-E8.25 revealed that these progenitors are multipotent. While most proge-
nies contributed only to the yolk sac, a fourth contained a mixture of two or three distinct
lineages including yolk sack, pericardium, proepicardium and atrioventricular canal or left
ventricle CM [19]. As retrospective analyses render only approximate staging, multipotent
clones may have resulted either from early inductions at the primitive streak or from later
mesodermal cells that cross the embryonic/extraembryonic boundary. The latter would
disagree with live imaging data reporting a clear segregation between embryonic and
extraembryonic cells following the onset of gastrulation [39]. Estimating the induction time
of the clones from their cell counts or prospectively labelling the Hand1 domain would
clarify for how long this novel population remains multipotent.

Altogether, these studies uncover a previously uncharacterized cardiac progenitor
population contributing mainly to the left ventricle and epicardium. In both publications,
this population lies at the embryonic/extraembryonic boundary and constitutes a spatially
and transcriptionally distinct population from Tbx18-expressing sinus venosus progenitors,
which are recruited from a more caudal splanchnic mesoderm area [130]. While the first
study defined this population at cardiac crescent stages (~E7.75) using Mab2l12 as a
marker [18], the second described a broader and earlier population expressing Hand1 at
~E6.25-E7.25 [19], making the Mab2112 domain a likely subset among Hand1-expressing
cells (Figure 2). Whether this population remains multipotent at cardiac crescent stages or
only holds this ability at earlier stages is a pending question.

5. Discussion and Future Perspectives

Early heart development is a complex process involving heterogeneous sources of cell
progenitors. Such complexity allows the heart to function while it keeps forming but makes
the process susceptible to errors, likely responsible for the high incidence of congenital
heart defects. Although single-gene mutations are linked to certain rare diseases [131],
understanding the wide spectrum of congenital heart defects requires the integration of
multiple gene regulatory networks that pattern the heterogeneous set of cellular functions
in the heart.

An early lineage diversification in cardiac development emerges around gastrulation,
when progenitor cells specify towards myocardial and endocardial fates. Chicken and
zebrafish prospective clonal analysis demonstrate CM and EC progenitors are already seg-
regated once they are recruited to the mesoderm, with retrospective experiments in mouse
suggesting a similar outcome (see Section 2.1). However, it is still unclear when this fate
decision takes place and what are the mechanisms governing it. Classic precepts consider
that a common cardiac progenitor bifurcates into either CM or EC, but alternative models
suggest ECs derive from a common endothelial lineage, shared with the rest of the vessels
in the embryo proper and yolk sac (see Section 2.1). As the endothelium is a relatively
recent innovation in evolution, this raises the question of whether early vertebrates recycled
the CM program in the mesoderm to form endothelial cells and build complex circulatory
systems. A dedicated analysis of single-cell genomics and live imaging data (Table 2) will
likely define the ontogeny of CM and EC populations, charting the definitive Waddington
landscape [132] of primitive heart tube specification. Interpretation of the big data gen-
erated by these approaches requires the use of programming and mathematics [133], but
step-by-step tutorials allow researchers from a life sciences background to access these
tools [40]. In fact, an increasing number of papers are setting an example by providing
user-friendly guidance on the use of their code, easing the reanalysis of their data [28,38].

In a broader view, these high-resolution data are reshaping our perspectives on how
embryos develop. In classic embryology textbooks, embryos were classified into two broad
categories: regulative and mosaic embryos [134]. In the first type, characteristic of verte-
brates, cells organize to form different organs by regulating their fate “on the go” through
interactions with their surroundings. Regulative embryos can adapt to perturbations as cell
decisions are continuously rechecked according to positional information and the signaling
environment. In mosaic embryos, characteristic of the invertebrates, each cell or group
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of cells have a restricted fate, which is acquired autonomously through intrinsic factors.
A century later, we know that in reality all embryos are both mosaic and regulative to
some extent. Ascidian and nematode embryos, examples of stereotyped development with
invariant cell lineages, also employ cell-cell contacts and cytokine signaling to orchestrate
organ differentiation once they reach a certain cell number [135,136]. Conversely, mouse
ES cells cannot contribute to some extraembryonic tissues such as the trophoblast and
primitive endoderm, suggesting an intrinsic restriction in cell potency in early vertebrate
embryos [137]. Thus, as shown in this review for the primitive heart tube, both intrinsic
cell heterogeneity and signaling cues collaborate to progressively define cellular identity
during embryo development.

In the discussion between regulative and predetermined conceptions, the division of
cardiac progenitors as multiple predefined populations is a topic of debate. While some
studies show an early segregation of the first and second heart field as predetermined
populations with distinct susceptibility to differentiation [24,26,58], others argue that the
earlier differentiation of the FHF is governed by positional cues and not by intrinsic
cellular differences [138]. Likewise, the recently characterized Mab2112/Hand1 progenitors
contributing to cardiomyocytes and epicardium (see Section 4 and Figure 2) could be
defined as a separate cardiac field. In favor of this notion, these progenitors show a
unique transcriptomic signature and contribute systematically to specific regions of the
heart. Nonetheless, it still remains to be tested whether the contributions of these regions
are essential for heart development. In the case of FHF and SHF, elimination of the
contribution of either population results in fatal cardiac malformations [139], whereas
elimination of the contribution of these newly described regions to the cardiomyocyte pool
has not been explored. On the other hand, the definition of developmental fields based
solely on the recombination pattern of a particular transgene poses some questions, like
whether the transgene labels cells before the full specification of the fields. In any case,
the description of these novel Mab2112/Hand1 progenitors deepens our understanding on
the heterogeneous sources of the cells that form the heart tube. A key question that arises
is whether these heterogeneous sources confer developmental robustness and functional
diversity to the mammalian heart. In that sense, it will be interesting to assess whether
the Mab2112 /Hand1 progenitors are also present in anamniotes [17] or instead constitutes
an evolutionary novelty that contributed to increase the complexity of the heart tube.
Thus, exploiting single-cell omics and live-imaging data will lead to novel insights in
understanding heart development (Table 2). The same way pioneer work by Gittenberger-
de Groot and colleagues illuminated the different sources contributing to the arterial
pole [140], identifying the states of the interacting components of the heart will continue to
shed light on our understanding of congenital heart defects.
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Abstract: Whilst knowledge regarding the pathophysiology of congenital heart disease (CHDs)
has advanced greatly in recent years, the underlying developmental processes affecting the cardiac
outflow tract (OFT) such as bicuspid aortic valve, tetralogy of Fallot and transposition of the great
arteries remain poorly understood. Common among CHDs affecting the OFT, is a large variation
in disease phenotypes. Even though the different cell lineages contributing to OFT development
have been studied for many decades, it remains challenging to relate cell lineage dynamics to the
morphologic variation observed in OFT pathologies. We postulate that the variation observed in
cellular contribution in these congenital heart diseases might be related to underlying cell lineage
dynamics of which little is known. We believe this gap in knowledge is mainly the result of technical
limitations in experimental methods used for cell lineage analysis. The aim of this review is to
provide an overview of historical fate mapping and cell tracing techniques used to study OFT
development and introduce emerging technologies which provide new opportunities that will aid
our understanding of the cellular dynamics underlying OFT pathology.

Keywords: cardiac development; congenital heart disease; lineage tracing; outflow tract; develop-
mental biology; bicuspid aortic valve; cell identity

1. General Introduction

The development of the cardiac outflow tract (OFT), a region of the heart connecting
the ventricles to the great arteries of the heart, has been studied for more than a century [1].
Cellular lineage tracing experiments laid the foundation for our knowledge regarding
congenital heart disease (CHD). Whilst major progress has been made and CHDs as a whole
are understood increasingly better, the degree of understanding varies greatly among the
individual congenital defects. CHDs affecting the OFT like bicuspid aortic valve, tetralogy
of Fallot, transposition of the great arteries, double outlet right ventricle and pulmonary
atresia are well known disorders, yet it remains challenging to explain such morphological
emergences with our current models of OFT development. Common among many of
these congenital diseases is a broad phenotypical variation arising from a singular genetic
deficiency. Murine knockout models used to study such aforementioned CHDs, such as
Notchl [2], Gatab [3] and Nos3 [4] mutant mice, have been known for their incomplete
penetration, yet any agreement addressing such phenotypical variation remains elusive.
Whilst lineage tracing studies have contributed significantly to our understanding of a
particular cell type heritage, it still falls short to explain, how a cell’s lineage primes cellular
behavior to allow for proper cell adaptation (such as cell maturation) upon environmental
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cues. Epigenetic modification of chromatin have been described to affect gene expression
and could act to consolidate directional developmental gradients [5,6]. As such a cell’s
identity may arise not only from a genetic component but from a combination of expressed
genes and cell lineage epigenetic signatures [7].

A single genetic mutation could give rise to multiple phenotypical outcomes if the
imprinted epigenetics are dissimilar among cell lineages [8]. Currently we are limited
in our understanding about the role of cell identity in CHD. However given that a cell’s
identity is highly plastic [9], understanding the role of the identity of a cell might explain
the broad phenotypical variation observed in these congenital heart diseases and could
aid with disease risk stratification. Lineage tracing experiments built the foundation of our
current understanding and new developments in methods could provide more detailed
definitions of cell types and cell lineage dynamics to better explain how aberrant cell
behavior contributes to the multivariate phenotypes seen in CHD.

1.1. Basic Cardiac Development and Anatomy of the OFT

The heart is formed from the anterior splanchnic mesoderm of the embryonic plate.
During gastrulation, mesodermal cells arise from the primitive streak, and migrate cra-
nially and laterally to the notochord to form the cardiogenic plates expressing Nkx2.5 [10]
and GATA4 [11]. The first sign of cardiomyocyte differentiation is seen in this region at
Hamburger and Hamilton (HH) stage 8-9 in chick and between embryonic day (E) 6.5-7.5
in mice, when cardiac troponin-I (cTnl) and sarcomeric myosin (MF20) are first detected.
Fusion of the bilateral plates of splanchnic mesoderm establishes the primary heart tube
(PHT), that shows peristaltic contraction at 3 weeks of development in a human, E8.0-8.5
in mouse and HH stage 10-11 in chick embryos [12-15]. During further development,
cells from the splanchnic mesoderm differentiate into cardiomyocytes and are added to
the PHT. The splanchnic mesoderm that gives rise to the cardiomyocytes of the cardiac
crescent and PHT is called the first heart field (FHF). The FHF will contribute to part of the
atria, atrioventricular canal (AVC), inlet of the right ventricle and left ventricle [12]. In the
next phase of heart formation, cells are added to specific structures at the venous (atrial
septum and smooth myocardial wall of the atrium) and arterial poles (outflow tract and the
right ventricle). These cells are considered to be derived from a distinct cardiogenic field,
the second heart field (SHF) [12]. How the distinction between FHF and SHF is related
to the ultimate phenotype of the left and right ventricular myocardium is an intriguing
question but is not the focus of this review. The addition of cells at the arterial and venous
poles initiates the process of cardiac looping, the transformation of the linear heart tube
into an S-shaped heart tube with primitive ventricular and atrial chambers [16]. These
primitive chambers are connected by the AVC. In the AVC and the OFT, the myocardium
secretes cardiac jelly, a hydrophilic substance rich in hyaluronic acid, proteoglycans and
extracellular matrix. This results in the formation of localised swellings called the en-
docardial cushions acting as primitive valves, aiding in maintaining unidirectional flow
in the heart tube [17,18]. The endocardial cushions of the OFT mature into aortic and
pulmonary valves through contribution of cell lineages of neural crest [19,20], endothe-
lial [21,22] and second heart field cells [23-25], but are also crucial to the development of
the interventricular septum [18,26]. The separation of the aorta and the pulmonary trunk
is the result of OFT septation. During OFT septation, extracardiac neural crest cells migrate
into the endocardial cushions forming a central mass of condensed mesenchyme, resulting
in an aortopulmonary septum followed by invagination of cardiomyocytes. The rotation
and elongation of the aortic and pulmonary orifices is the result of the pulmonary push
driven by cells of the second heart field lineage [27]. OFT septation is completed when
the aortic orifice connects to the left ventricular outflow tract whilst the pulmonary orifice
remains connected above the right ventricle [28]. In addition to cardiac growth, several
processes, including the outgrowth and remodelling of the different chambers, coronary
artery development and formation of the cardiac conduction system, will establish the
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mature electro-mechanically functional 4-chambered heart with separated pulmonary and
systemic circulations (reviewed in [29,30]).

1.2. OFT Development

The OFT can first be observed between E8.0-E8.5 in mice and week 3 of development
in humans during formation of the PHT where it connects the primitive ventricle with
the aortic sac. During cardiac looping the OFT elongates and remodels forming the OFT
cushions. Aortopulmonary septation occurs at the level of: (1) the great arteries, (2) the
valvular level and (3) of the outflow tract [31].

The aortopulmonary septum is formed by contributions of neural crest cells and
second heart field cells [32-34]. The initially unseparated vascular part of the outflow tract
is called the aortic sac. For adequate separation of the different levels of the developing
outflow tract, development of the aortopulmonary septum and adequate fusion of the
outflow cushions are mandatory [35]. Neural crest cells will be positioned at the level of
the aortic sac, as well as in the condensed mesenchyme of the septal outflow tract cushion
at and below the orifice level [36]. As a result of this process, separation of the aortic sac
will extend from the arterial orifice level (i.e., the level of the developing arterial valve) to
the myocardial outflow tract.

The aortopulmonary septum will gradually separate the common aortopulmonary
trunk into the aorta and pulmonary trunk. At the valvular level, this process will also
separate the OFT cushions at the aortic and pulmonary orifices giving rise to the semilunar
valves. Later the coronary arteries will grow into the aortic sinuses of Valsalva and the
myocardial and smooth muscle components of the OFT will mature.

Historically, the developing OFT has been studied using classical light microscopy,
histological staining and electron microscopy [14,37,38]. A comprehensive basis providing
insight in OFT development was founded using these techniques. Unfortunately, as
cells undergo intrinsic and phenotypical changes during development, analysing the
developmental origin of the OFT was not possible using these early methods. To examine
cell lineage development, several techniques such as genetic tracing and vital dye labelling
of cells have been developed. Extensive lineage tracing experiments examining OFT
morphogenesis have revealed an important role for multiple cell types and signaling
pathways in OFT development.

2. Cell Tracing Techniques Applied to OFT Development

In the next section, the different techniques used to study OFT development will be
described briefly. The main focus of this section will be to review fate mapping experiments
that contributed to our current understanding of OFT development.

2.1. Vital Dye and Viral Labelling Experiments

With vital dye it is possible to directly label clusters of cells. This method is widely
used in developmental biology in several species and has provided essential information
on the developmental origin of the OFT.

2.1.1. Basics of Vital Dye and Viral Labelling Experiments during Heart Development

Labelling of cells is performed with a glass capillary mounted to micromanipulators,
and a pneumatic micro-injector to inject small amounts of dye or virus in the region
of interest.

Vital dye labelling is performed with lipophilic dyes, such as dil-C18-(3) [39], which
can label distinct cell compartments (Figure 1A) [40]. Commercial dyes are available in
different colours, which enables simultaneous labelling of different clusters of cells and
studying the direction of migration and potential intermingling of different cell clusters.
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Figure 1. Vital dye and viral labeling techniques. (A) Lipophilic dyes are used to visualise and track
distinct cell compartments over time. (B) Alternatively, retroviral vectors can allow for expression of
a reporter gene (such as LacZ) to enable cell tracing of infected cells. (C) Placing the reporter gene
under the transcriptional control of a cell specific promoter allows for increased accuracy in targeting
cells through gene specific viral labelling.

Viral labelling experiments are aimed at induction of reporter gene expression in
specific regions of the embryo. This technique utilises the ability of retroviruses to infect
the cell and to incorporate its genome in the genome of the infected cell [41-43]. Retroviral
vectors driving the expression of a reporter gene (such as LacZ) enable cell tracing of
the infected cells (Figure 1B). More targeted viral tracing can be performed by placing
expression of the reporter gene under the transcriptional control of a cell type specific
promoter, which enables tracing of cells that express the gene of interest (Figure 1C) [44].
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2.1.2. Advantages of Vital Dye Labelling Experiments

With physical labelling of a progenitor pool, it is possible to select that specific group of
cells based on location and to time the exact moment of labelling. An important advantage
of this technique is the opportunity to select a cluster of cells based without prior knowledge
of the cell type. Performing physical labelling experiments is relatively cost efficient and
easy, especially in chick, fish and amphibian embryos. Furthermore, labelling can be
combined with other microsurgical procedures.

2.1.3. Limitations of Vital Dye and Viral Labelling

To perform microinjection of minute quantities of either vital dye or viral constructs,
the embryo needs to be physically accessible to the researcher. For this reason most labelling
experiments examining heart development using micro-injections have been performed
in oviparous vertebrates, such as zebrafish [45], xenopus [46] and chick embryos [47,48].
For use in mice, it is first necessary to extract the embryo from the uterus, followed by
re-incubation in culture medium, for example in rolling bottles [49].

Physical labelling experiments require a progenitor population of interest to study.
Knowledge about the location of a possible progenitor pool is required to correctly target
these cells. Moreover, when targeting a progenitor population, the lineage trace is limited
to cells solely derived from that original cluster. This complicates examining structures
derived from multiple progenitor clusters because non-labelled cell contributions could be
interpreted as inefficient labelling.

Furthermore, physically labelling cells is relatively invasive, and manipulation of the
embryo may induce developmental defects. It is therefore necessary to carefully select
embryos that show no macroscopic abnormalities and to include control embryos. Toxicity
of the dyes itself appears to be negligible [50,51].

With viral labelling, there is random integration of the viral genome in the host cell’s
DNA, which could result in damage or abnormal functioning of the infected cell [52].
Leakage of dye or infection of cells in the vicinity of the designated progenitor pool could
result in incorrect interpretation regarding the fate of the progenitor cell population. It
is therefore essential to evaluate the location of dye directly after administration in great
detail [40,53]. Histological evaluation of embryos directly after labelling is crucial, but
this also terminates lineage tracing in those embryos. Live-imaging of vital dyes [51,54,55]
could help to minimise this limitation. Furthermore, delay in reporter gene expression with
viral labelling omits direct evaluation of the location of labelling. In addition, efficiency of
reporter gene expression in the desired cells has to be tested prior to ascertain activation
of expression in the specific cell type within the animal model (i.e., species differences
in expression levels in specific cell types). Rapid cell division in early embryos results in
dilution of the vital dyes, which complicates long-term follow-up of the labelled cells [56].
The extent of dilution is dependent on the rate of proliferation and the amount of dye
administered, which therefore necessitates titration of the dye with every new experiment.
With retroviral labelling, integration of the reporter gene in the host cell’s DNA results in
stable and high expression of the reporter gene in the daughter cells [57], which overcomes
the problem of dilution. Therefore, a disadvantage of vital dye labelling is dilution, whilst
the possibility of direct evaluation after labelling is an important advantage. The opposite is
true for viral labelling, where direct evaluation is not possible, but dilution of dye does not
occur after stable integration of the viral vector. Therefore, a possible solution to overcome
these limitations is to combine vital dye labelling with viral labelling. Finally, to perform
viral labelling experiments, advanced biosafety laboratories are crucial to safely perform
experiments with potentially hazardous viral constructs.

2.1.4. Vital Dye and Viral Labelling Experiments Aimed at Understanding OFT
Development

Studies performing dye injected lineage tracing have aided in understanding heart
development by carefully fate mapping groups of cardiac precursor cells [58,59]. Prior
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to the concept of vital dye lineage tracing descriptive embryological studies in the early
20th century examining human embryos postulated the concept of the primitive cardiac
cavities [38]. These primitive cardiac cavities where demarcated by local folds. Using these
folds as fixed borders, the outgrowth of cardiac structures such as the development of
the atria and ventricles could be described. The introduction of vital dye injected lineage
tracing pioneered by de la Cruz refuted the concept of primitive cardiac cavities and
showed that structures such as the primordium of the trabeculated portion of the right
ventricle could be determined at the straight heart tube stage prior to the formation of
primitive cardiac cavities [47].

2.2. Lineage Tracing Using the Quail-Chick Chimeric System

The use of chimeric models is an alternative lineage tracing approach as compared
to the previous mentioned vital dye injections. The quail-chick chimeric system proved a
vital tool for understanding cell lineage development.

2.2.1. Basics of the Quail-Chick Chimeric System

The quail chick chimera system was devised in 1969 [60-62]. In the quail-chick chimera
system a subset of cells derived from quail, i.e., cells of the neural fold, are transplanted
in stage-matched chick embryos (or vice versa) (Figure 2). As a result, the quail derived
cells develop into functional tissues resulting in viable chimeric quail-chick offspring. The
quail-chick marker system relies on the differences in heterochromatic DNA in the nuclei of
chick and quail. With the use of a nuclear Feulgen staining or a donor specific antibody [63]
distinction could be made between host and donor cells, allowing researchers to study
embryonic development at later stages as compared to vital dye labelling. In addition to
the quail-chic chimeric system, xenopus hybrids were also used to study early stages of
embryonic development [64].

ov

Chick

Quail
donor

N

Figure 2. The quail-chick chimeric system. A schematic representation of heterospecific transplan-
tation of the neural crest tissue common to chimeric lineage tracing. The dorsal part of the neural
tube of the quail, containing the neural crest cells, is excised and interchanged into a chick host of
a comparable embryonic stage at the same locus. 1: somite 1, 2: somite 2, OV: otic vesicle. Image
obtained with permission from TP Kelder & R Vincente-Steijn et al. [48].
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2.2.2. Advantages of the Quail-Chick Chimeric System

The quail-chick chimera system allows for cell lineage tracing using the genetic
footprint of the host cells. As a result, this method of lineage tracing results in a permanent
change through which chimeric models overcome the limitation of vital dye dilution
mentioned previously. Therefore, chimeric systems allow researchers to examine a specific
cell population for longer time periods as compared to injecting cells with vital dyes.
Moreover, whilst vital dyes may suffer from dye leakage during injection, chimeric models
have no such issues. Another advantage of chimeric models is that it enabled researchers
to perform in-vitro cell manipulation prior to transplantation.

2.2.3. Disadvantages of the Quail-Chick Chimeric System

Similar to vital dyes, chimeric models require physical access to an embryo favouring
oviparous vertebrates over mammalian embryos. Nevertheless, lineage tracing through
cell transplantation has often been applied in mice studies examining multilineage differ-
entiation through bone marrow transplantation in irradiated mice but also to study early
mammalian development through injection of cells in the developing morula [65]. More-
over, with the recent developments in stem cell biology the study of heart development
using mice-rat chimeric models could lead to new insights [66]. In contrast to vital dye
injections, in chimeric models a graft versus host rejection may occur in postnatal studies.
Another challenge when making interspecies grafts is the need to perform microsurgery on
two stage-matched embryos increasing the experimental complexity. Moreover, chimeric
models are generally best used when cells are transplanted superficially, such is the case
with cells of the spinal cord or epicardium. Transplantation of difficult to reach mesodermal
cells is likely to complicate experimental reproducibility.

2.2.4. The Quail-Chick Chimeric System and Insight into OFT Development

Chimeric models like the chick-quail system were paramount for understanding the
role of NCCs in cardiac development. Le Lievre and LeDouarin showed that NCCs formed
the tunica media of the great arteries [67]. Kirby and Steward used quail-chick chimeras to
observe migration of NCCs into the heart, contributing to the aortopulmonary septum and
showed how ablation of the NCC population resulted in persistent truncus arteriosus [34].
Moreover, transplantation studies using chimeric models made the initial observation of
cellular pluripotency because quail NCCs could expand into subsets of totipotent and
pluripotent progenitors [68]. The quail-chick chimera system was also used to determine
that neural crest cells were contributing to the formation of semilunar valves [69] as well as
to elastogenesis in the developing cardiovascular system [70]. A role for NCCs in coronary
artery formation was demonstrated by Arima et al. which found NCCs contributing to
heart development and smooth muscle heterogeneity within a coronary artery using the
quail-chick chimeric model [71].

2.3. Genetic Lineage Tracing

A widely used tool in developmental biology is based on site-specific recombination
within the genome. Most mouse models developed for genetic lineage tracing utilise the P1
Bacteriophage derived enzyme Cre-recombinase, which recognises a 34-bp sequence called
the loxP site, and induces recombination between pairs of these sites [72]. The Cre-loxP
system, combined with the ability to knock-in sequences at specific sites in the genome has
been used to study the origin of the developing OFT.

2.3.1. Basics of Genetic Lineage Tracing

To use the Cre-loxP system for genetic tracing, several steps are necessary (Figure 3).
The basis of the Cre-loxP system is crossing a Cre transgenic mouse strain with a mouse
in which a reporter gene is flanked by LoxP sequences (“floxed”). First, the sequence
coding for Cre-recombinase is knocked into the locus of the gene of interest, for example
Isl1. The next step is crossing the Isl1“™ mouse line with a reporter line (Figure 3A). The
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genetic tracing experiments in this review were mostly performed in reporter lines that
utilise the Rosa26 locus (R26R), but different loci (e.g., Gata4 [73]) have also been used
in other studies. Important characteristics of a potential reporter locus are ubiquitous
expression of the gene and viability and fertility of the mouse strain after homozygous
inactivation of the reporter locus by insertion of a reporter gene, such as LacZ or a single or
multiple fluorescent proteins. To control expression of the reporter gene, a floxed sequence
preventing transcriptional read-through (also referred to as a “stop-cassette”) is placed
before the reporter gene sequence (Figure 3A).
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Figure 3. Genetic lineage tracing. (A) Genetic lineage tracing can be achieved using the Cre-LoxP
system. Upon expression, the Cre recombinase specifically targets LoxP DNA motives and allows for
excision of DNA elements floxed by LoxP sites. The reporter line contains a stop-cassette inhibiting
expression of the reporter gene in the absence of Cre. (B) Crossing the reporter line with the Cre line
results in offspring carrying both constructs. (C) Cells expressing the gene of interest will express the
Cre-recombinase. Cre will then permanently remove the stop-cassette and thus allow expression of
the reporter gene, resulting in cell lineage labelling. (D) Modified Cre-recombinases can be used to
allow for more temporal control in genetic labelling. Cre-ER variants can prevent Cre-recombinase
activity by restricting mobility to the cells cytoplasm in absence of Tamoxifen. Upon stimulation of
Tamoxifen-Cre activity is restored resulting in an inducible system for genetic lineage tracing.
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Crossing the floxed reporter line with the cell type specific Cre line results in offspring
carrying both constructs (Figure 3B). Cells expressing the gene of interest will produce Cre-
recombinase, which will result in permanent deletion of the stop-cassette and expression
of the reporter gene (Figure 3C). Since expression is under control of the ubiquitous
Rosa26 promoter, these cells and their progeny will retain reporter gene expression, thereby
enabling tracing of these cells over a long period of time. The above-described method is
referred to as “constitutive” genetic tracing in this review (Figure 3D).

A variation of genetic tracing, referred to as “inducible” genetic tracing, enables tem-
poral control of recombination (Figure 3D). This system is based on fusion of a mutated
ligand-binding domain (LBD) of the human estrogen receptor (ER) and Cre-recombinase.
The resulting protein is only sensitive to the anti-estrogen Tamoxifen, not to the endoge-
nously present estradiol [74]. The fusion gene is inserted in the locus of the gene of interest,
which results in production of the fusion protein upon expression of the gene of interest.
The Cre fusion protein is located in the cytoplasm and is unable to enter the nucleus, due
to the presence of the mutated LBD. Administration of Tamoxifen results in binding to the
LBD, which enables translocation of Cre-recombinase to the nucleus, where it induces gene
specific recombination [75]. Thus, recombination can only occur after administration of
Tamoxifen, resulting in temporal control of lineage labelling (Figure 3D).

In 2007, multicolour lineage tracing using the Brainbow labelling cassettes was intro-
duced to the genetic lineage tracing toolset [76]. The Brainbow cassettes (Brainbow-1,2 and
3.2) are genetic labelling constructs exploiting the Cre-loxP system to allow for stochastic
recombination events to obtain single cell resolution lineage labelling. This method is
based on combining multiple fluorescent reporter gene sequences in the Brainbow cassettes
flanked by a combination of cis- and trans-loxP sites. Upon Cre expression, driven by the
gene of interest, the fluorescent reporter genes randomly change configuration within the
cassette affecting expression of the cell marker. Because multiple copies of fluorescent
reporters are embedded within the Brainbow cassettes (i.e., CFP, YFP, RFP) it allows for
multiple fluorescent signatures related to the combination of reporters being stochastically
expressed after recombination (i.e., Expression of a CFP-CFP-CFP combination would
allow for a “Blue” signal, whilst a RFP-RFP-CFP combination would result in a “Magenta”
signal). Combining multicolour lineage tracing with tamoxifen induction can result in a
multicolour lineage tracing model with temporal control.

2.3.2. Advantages of Genetic Tracing

The most important advantage of genetic tracing is the ability to visualise the complete
heritage of a progenitor population driven by a single marker gene of interest. Combination
of these results with previous known expression patterns (e.g., based on immunohistochem-
ical staining patterns) allows for the reconstruction a genetic fate map during development
of the OFT.

Furthermore, genetic lineage tracing is non-invasive, as long as insertion of the se-
quence for Cre does not impair normal development of the embryo. This is an important
advantage as compared to performing prospective tracing with microinjection of vital dyes
or viral constructs (see Section 2.1.3).

Inducible genetic tracing has an important advantage over constitutive genetic tracing,
as it allows for temporal control of Cre expression. Constitutive genetic tracing is solely
dependent on the natural timing of Cre expression related to the driving promotor. Expres-
sion of the gene of interest at any given (and frequently unknown) time point will result in
reporter gene expression (if the level of Cre expression is sufficient to induce reporter gene
expression, see below). With inducible tracing, reporter gene expression will only occur in
the presence of Tamoxifen [74].

2.3.3. Disadvantages of Genetic Tracing

Reporter gene expression in the tissue or structure of interest can result from several
scenarios. In the ideal situation, it can show that at time point 0, a certain structure with
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known expression of the gene of interest is a progenitor for the structure with reporter gene
expression at a later time point. However, a possible pitfall can arise from interference
resulting from aspecific lineage markers. In scenarios when a gene of interest gives rise to
multiple progenitor populations of different origin, interpretation of developing structures
would be troubled, which could lead to an inaccurate conclusion regarding the lineage
developmental contribution. This difficulty in interpretation of genetic tracing experiments
was demonstrated by constitutive genetic tracing of Thx18. Tbx18 is commonly used as a
marker for the sinus venosus and epicardium. Constitutive genetic tracing was performed
with a Tbx18" in the R26R"*Z background and reporter gene expression was found in
myocardial cells, which led to the conclusion that these cardiomyocytes derived from
epicardial cells [77]. However, later experiments showed active expression of Thx18 in
cardiomyocytes, which was put forward as an explanation for the observed reporter gene
expression [78]. Using constitutive genetic tracing, reporter gene expression in cells shows
that either these cells have expressed or still actively express the gene of interest.

Even though timing is far more accurately determined using inducible genetic tracing,
exact timing of recombination and reporter gene expression remains difficult. It was shown
that after intraperitoneal injection of Tamoxifen at E8.5 in pregnant dams, the first signs of
LacZ activity in the embryos were seen 6 h after injection, with an increase in expression
at 12, 24 and 48 h [79]. Analysis of reporter gene expression after Tamoxifen injection
therefore is dependent on the duration of Tamoxifen exposure, which complicates exact
timing. Furthermore, the dosage of Tamoxifen has also been shown to influence reporter
gene expression, with higher doses resulting in reporter gene expression in more cells [79].
Recent findings also revealed that the basal activity of Tamoxifen induced Cre (CreERT2)
can be sufficient to induce genetic recombination even in the absence of tamoxifen induc-
tion [80]. Depending on the reporter line this may result in aspecific cell labelling [80]. This
shows that analysis of reporter gene expression and interpretation of these results can be a
challenge and might require further substantiation to guarantee efficacy.

The complete absence of reporter gene expression is also difficult to interpret as this can
be caused by absence of expression of the gene of interest, or absence of recombination due
to sub-threshold levels of Cre expression, not sufficient to induce reporter gene expression.

Recent studies might raise questions regarding the accuracy of using Cre driven genes
as a reliable cell lineage marker. In genetic tracing experiments, interpreting specific gene
expression can be problematic, but a far more complex problem arises in case of lack of
reporter gene expression. A large number of genetic tracing experiments utilise the R26R
locus, which is also the most commonly used reporter locus described in the current review.
Genetic tracing experiments comparing the R26R locus with a Gata4 based reporter system
showed differences in reporter gene expression between the two lines [73]. Constitutive
genetic tracing of Is/T and Nkx2-5 (both genes are discussed in more detail below) showed
more extensive reporter gene expression in the Gata4 reporter line, indicating that the Gata4
locus was more sensitive to recombination then the R26R locus [73]. The difference in
reporter gene expression shows that different reporter strains have different thresholds
for reporter gene expression, resulting in different conclusions based on the reporter
used. An example of the importance of this is shown by reassessment of the fate of Is/1+
progenitors [73]. This gene is commonly used as marker for the SHF [81,82]. However, the
expanded pattern of reporter gene expression in the Gata4 reporter line showed that nearly
all cells (including the LV, which is commonly described as being derived from the FHF) of
the heart derive from progenitor cells that did express Is!1, albeit perhaps at a low level
for a brief period. This suggest that Isl1 is either not specific enough or not reliable as a
SHF marker [73]. In this case, mRNA [83] and protein [40] expression of Isl1 in the cardiac
crescent, classically considered to be a FHF structure, further support these observations.

Therefore, when performing constitutive or inducible genetic tracing experiments,
one should be cautious with interpretation of the results (Figure 4 illustrates this in more
detail). In constitutive genetic tracing, reporter gene expression demonstrates that labelled
cells have expressed or still actively express the promotor driven Cre. It does not provide
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information on the initial source/location of the progenitor cells. With inducible genetic
tracing, temporal control of Cre expression is possible. Expression of the reporter gene
shows that Cre is present in the labelled cell between the time of Tamoxifen administration
and the moment of analysis. Finally, interpretation of negative results in genetic trac-
ing is challenging and results need to be verified by additional tracing techniques and
gene/protein expression experiments at sequential stages of development.

Wnt1;R26R™™C E11.5 Tie2¢;R26R™™¢ E11.5 Mef2cc¢;R26R™™¢ E11.5

Tie2“=* / NKX2.5 / DAPI
Mef2c“* [ NKX2.5 / DAPI

Figure 4. Transversal sections of immunofluorescent outflow tracts show challenges with genetic lineage tracing. (A) A
Wnt1€%¢; R26R"T"G embryo showing neural crest cell derived cells (green). Interestingly, Wnt1 derived cells with NKX2.5
stained nuclei can also be observed at the so-called flow divider [84], in front of the primitive foregut which is the central
part of the second heart filed contribution (white arrowhead) as well as in the atrial myocardium (white arrow). (B) a Tie2Cre;
R26R™TMG embryo showing endothelial derived cells (green). Endothelial cells undergoing epithelial to mesenchymal
transition give rise to cells within the septal and parietal cushions. Cells derived from myeloid lineages also express Tie2
resulting in lineage positive blood cells (yellow arrowhead). (C) A Mef2cC"; R26R” TG embryo showing second heart field
derived cells (green). Cre positive endothelial cells can also be found lining the heart (red arrowhead). Mef2c derived cells
also contribute directly to the septal cushion (red arrow). Ra: Right atrium, Ao: Aorta, PT: Pulmonary trunk, Pc: Parietal
cushion, Sc: Septal cushion. Scalebar: 50 pm.

2.3.4. Using Genetic Lineage Tracing to Study OFT Development

Genetic lineage tracing has been applied extensively to identify cell lineages contribut-
ing to OFT formation. The early observations of neural crest derived cells contributing to
the developing heart were further substantiated using the neural crest specific Wit trans-
genic mouse (Figure 4A) [20]. This model, when crossed with a Cre-specific reporter line,
allowed for lineage tracing of NCCs revealing their role in semilunar valve development as
well as the cardiac conduction system [85]. The appearance of the OFT cushions and a role
for endothelial cells was observed in early studies using electron microscopy [86]. However,
the development of the Tie2“" transgenic model was essential for the study of endothelial
cell lineages in vivo (Figure 4B) [22]. Other genetic markers have been extensively used
to define cell lineages such as the Isl1+ SHF [81,82] and the MechC“’ SHEF lineage model
(Figure 4C) [87]. Table 1 shows an overview of genetic lineage tracing models that are often
used in OFT studies, the morphological structures these lineages contribute to, and the
possible conflicts arising from the genetic lineage interpretations.

Recent developments in genetic lineage tracing have introduced a dual genetic tracing
system to address the dynamic origins of cardiac valve mesenchyme [88]. Dual genetic
tracing allows for the study of multiple cell lineages simultaneously by using multiple
site-specific recombinases such as Nigri-nox to complement the Cre-loxP system [89]. Dual
genetic lineage tracing could aid in addressing the specificity concerns of traditional Cre-
loxP lineage tracing systems.
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Table 1. An overview of common genetic lineage tracing models used in OFT studies.

Transgenic Mouse Lines

Commonly Used as Cell
Lineage Marker for:

Observed Tissue Expression

Possible Lineage Conflicts

Hen 4C re-ert2

First heart field [90]

Cardiac conduction system [90]
Myocardium [90]

Second heart field

Hoxal€"e

Cardiac precursors [91]

Aortopulmonary septum [91]
Cardiac conduction system [91]
Coronary arteries [91]
Endothelial lining [91]
Myocardium [91]

Semilunar valves [91]

Endothelial
Neural Crest
Second heart field

Isl1Cre

Second heart field [81]

Atrioventricular valves [73]
Cardiac conduction System [90]
Cushion mesenchyme [73]
Endocardium [73]
Myocardium [92]
Proepicardium [93]

Semilunar Valves [73]

Endothelial
Epicardial
First heart field
Neural Crest

Krox20€e

Neural Crest [94]

Endocardium [94]
Semilunar valves [94]

Endothelial

MefZ CCre

Second heart field [87]

Ascending aorta [95]
Coronary arteries [96]
Cushion mesenchyme [95]
Endocardium [95]
Myocardium [87,95]
Semilunar valves [95]

Endothelial
Epicardial

Nkx2-5¢"¢

First and Second heart field [97]

Ascending aorta [98]
Coronary artery [98]
Endocardium [73]
Epicardium [93]
Myocardium [97],
Semilunar valves [98]

Endothelial
Epicardial

Pax3€re

Neural Crest [99]

Aortopulmonary septum [100]
Ascending aorta [99]

Cushion mesenchyme [100]
Semilunar valves [100]

Tbx18C"e

Proepicardium/epicardium [77]

Cardiac conduction system [90]
Epicardium [77]
Myocardium [77]

First heart field
Second heart field

Thx2Ce

Proepicardium/epicardium [101]

Cardiac conduction system [102]
Coronary arteries [101]
Epicardium [101]

Myocardium [101,103]

First heart field
Second heart field

Tie2Cre

Endothelium [22]

Atrioventricular valves [22,104]
Coronary arteries [105]
Cushion mesenchyme [22,104]
Endocardium [22,104]
Hematopoietic cells [106]
Semilunar valves [104]

Hematopoietic

Tnnt2Cre

Myocardium [107]

Ascending aorta [25]
Myocardium [25,107]
Semilunar valves [25]




J. Cardiovasc. Dev. Dis. 2021, 8, 47

Table 1. Cont.

Transgenic Mouse Lines

Commonly Used as Cell Observed Tissue Expression Possible Lineage Conflicts
Lineage Marker for:

Wnt11CTeER Cardiac precursors [108] Endocardium [108] First heart field
Epicardium [108] Endothelial
Myocardium [108] Epicardial
Semilunar valves [108] Second heart field
Wnt1¢7e Neural Crest [20] Aortopulmonary septum [20] Epicardial
Ascending aorta [20] Second heart field
Cardiac conduction system [109]
Coronary arteries [71]
Cushion mesenchyme [20]
Epicardium [110]
Myocardium [110,111]
Semilunar valves [20]
WT1C"e Proepicardium/epicardium [112] ~ Coronary arteries [112] Endothelial lineage
Epicardium [93] First heart field
Myocardium [93] Second heart field

2.4. Retrospective Clonal Analysis

The aforementioned techniques can all be described as prospective fate mapping
techniques. Knowledge on gene and protein expression profile, timing of expression
and/or location of progenitors is essential to perform subsequent prospective labelling of
this progenitor pool [52]. The following section focuses on retrospective clonal analysis.

2.4.1. Basics of Retrospective Clonal Analysis

Retrospective clonal analysis is based on infrequent and spontaneous recombination
of the nlLaacZ reporter [113]. This reporter gene encodes the LacZ gene, with an inactivating
duplication inserted in the reading frame, thereby inhibiting transcription of functional
[3-galactosidase. A spontaneous and rare recombination event can result in removal of the
duplication and subsequent production of 3-galactosidase (Figure 5A) [113]. Reporter gene
expression can be followed in progeny of cells in which spontaneous recombination of the
nLaacZ construct occurred [113]. Targeting of this construct to an allele which is highly
expressed in cardiac muscle, (e.g., x-cardiac-actin) enables retrospective clonal analysis of
cardiac cells, irrespective of gene expression [114-116].

Clonal analysis is based on statistical evaluation of the chance that reporter gene
expression in different cells is based on separate spontaneous recombination events, or that
these different cells are progeny of one recombination event (and thus share a common
progenitor during development). A statistical method commonly used is the fluctuation
test of Luria and Delbriick [117]. This famous experiment showed that mutations in bacteria
occur spontaneously (not induced by selection) and at a constant rate, which was used
to formulate a probability distribution [117]. This distribution is used to calculate the
probability of one or more recombination events, and will therefore determine whether
cells showing reporter gene expression are most likely clonally related or are derived
from different recombination events (Figure 5B) [113-115,118]. Early recombination (i.e.,
during early stages of development) will give large clusters of cells with reporter gene
expression (Figure 5C), while late spontaneous recombination will give smaller clusters of
LacZ positive cells (Figure 5D).
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Figure 5. Retrospective lineage tracing. (A,B) Traditional retrospective lineage tracing exploits
spontaneous and rare recombination events. The nlaacZ sequence was designed to be inactive
by default but increase the odds of recombination events within the region. Upon spontaneous
recombination, 3-galactosidase is expressed resulting in a lineage label. (C,D) Early recombination
(i.e., during early stages of development) will give large clusters of cells with reporter gene expression,
whilst late spontaneous recombination results in smaller clusters of LacZ positive cells. (E) Modern
retrospective lineage tracing derives lineage hierarchy from single cell transcriptomics data. Principle
component analysis (PC) aids in clustering groups of cells based on similarity in gene expression
profiles. Follow up algorithms can then produce a phylogenetic lineage tree derived from expressional
gradients among cell clusters to reconstruct cell lineage development.

Recent studies performing retrospective clonal analysis have been adopting next-
generation sequencing techniques to study lineage tracing. Recent advances in single
cell sequencing technologies allow transcriptome profiling of thousands of single cells.
This allowed for the collection of large datasets detailing cellular expression profiles with
unprecedented resolution. Alongside advances in sequencing technologies, computational
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methods designed to examine lineage trajectory reconstruction based on single-cell tran-
scriptomics data have also evolved [119,120]. Single-cell transcriptomics allows for the
investigation of the transcriptional state of thousands of individual single cells. As a result,
cell-type diversity in heterogeneous samples can be reliably captured. As cells transition
between different states during embryologic development, their expression profiles give
insight into their lineage fate and cellular identity.

If sufficient amounts of cells in these transition states are captured, differentiation
trajectories through which tissues are derived can be reconstructed through hierarchical
clustering of cells based on the gradient in expressional similarities (Figure 5E).

2.4.2. Advantages of Retrospective Clonal Analysis

To perform prospective lineage tracing, some basic knowledge on the progenitor pop-
ulation that will be traced is required. This information is not necessary when performing
retrospective clonal analysis. Studying whether certain structures or clusters of cells are
clonally related is done independent of gene expression or any other preconceived idea
of a possible progenitor pool. Retrospective clonal analysis can therefore establish clonal
relationships that are less apparent at first sight, such as the clonal relationship between
head musculature and cardiomyocytes from the outflow tract and right ventricle [121,122].

Furthermore, as described previously, prospective genetic tracing is hampered by
the difficulty to draw conclusions from the absence of reporter gene expression. With the
retrospective clonal approach, analysis is based on LacZ positive cells. LacZ expression in
different structures or tissues is mapped and statistical analysis is performed to calculate
whether these different tissues or structures are clonally related [113]. Moreover, as with
genetic tracing, retrospective clonal analysis is non-invasive.

When performing retrospective lineage tracing using single-cell sequencing, an advan-
tage is the ability to perform lineage tracing using naturally occurring somatic mutations
or copy number variations (CNVs). CNVs can be used as genetic markers to link clones of
cells to a common progenitor. This approach allows for lineage tracing without manual
labelling or genetic modification. Even though CNVs are relatively uncommon in healthy
tissue, they are highly abundant in cancerous tissue and have been used to study tumour
evolution [123,124]. Alternative to CNVs is lineage tracing using single-nucleotide varia-
tions (SNVs) and genomic insertion/deletions (indels). Both SNVs and Indels are often
present in non-coding regions of the genome and have been used for the reconstruction
of phylogenetic trees of tumours from bulk DNA [125]. This technique, however, is not
limited to tumour lineage analysis as lineage tracing using somatic SNVs in mitochon-
drial DNA can be performed with any eukaryotic cell [126]. Moreover, combining the
genetic variation in non-coding regions of DNA with the RNA expression profiles when
performing lineage tracing has recently been successfully demonstrated [127].

2.4.3. Limitations of Retrospective Clonal Analysis

The retrospective approach has several drawbacks. Since data is analysed retrospec-
tively, it is not possible to locate the common progenitor, either in time or space. Therefore, it
is not possible to perform further experiments with these progenitors (e.g., characterisation
or ablation). Retrospective clonal analysis has to be performed in conjunction with other
fate mapping techniques to build the complete lineage tree of a structure or organ. In this
sense, the most important advantage of this technique is also its most important drawback.
Starting with a certain progenitor pool based on timing, location and/or gene/protein
expression profile excludes contributions from other (sometimes unexpected) progenitors
but does directly pinpoint a possibly important progenitor pool for the structure/tissue
of interest. Furthermore, spontaneous recombination of the nlaacZ gene is rare and it is
therefore necessary to obtain a large library of embryos with LacZ positive clones and as a
result, large quantities of embryos or adult mice will have to be analysed. A challenge when
performing single cell sequencing for lineage tracing lies in the sparse distribution of SNVs
and CNVs within the genome. To achieve confident detection of SNVs, large quantities
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of reads will have to be generated to achieve adequate sequencing depth. A large portion
of the generated data is unsuitable for lineage tracing as these would contain identical
sequences. However, enrichment of regions of DNA with greater odds of developing
nucleotide variations such as microsatellites could apprehend these challenges.

2.4.4. Retrospective Clonal Analysis Aimed at the Development of the OFT

Many of the cardiac lineages contributing to OFT development have been found using
prospective lineage tracing techniques (Table 1). However, a recent study examining cell
populations at the aortic root and pulmonary trunk determined a novel SHF derived cell
population called arterial mesothelial cells (AMC) populating a local niche at the base of the
great arteries [128]. Whilst AMCs have first been observed as a distinctive cell type using
chick-quail chimera’s [129], the study of Lioux et al. used a clonal analysis strategy based
on the ubiquitous, low-frequency random recombination of two independent reporters to
distinguish this population from the frequency of colour matching between labelled cells in
different clusters or different cell types within single clusters [130].This approach allowed
for an unbiased characterisation of the fate of SHF precursors at the base of the great arteries
and detailed the contribution of SHF to the coronary lymphatic vasculature [128]. Moreover,
another study examining the cardiac outflow tract using single cell RNA sequencing
(scRNA-seq) found convergent development of the vascular smooth muscle cell lineage
suggesting a method of myocardial-to-VSMC differentiation or mesenchymal-to-VSMC
differentiation [131].

3. New Technologies for Lineage Tracing in OFT Development

Lineage tracing has contributed greatly to our understanding of OFT development.
Nevertheless, there is still much to be learned regarding multifactorial CHDs. To advance
our understanding of phenotypical variation, research efforts should be aimed at under-
standing the relation between cell lineage and cellular identity. The methods previously
described in this review are inadequate to address such issues, as this would require
detailed description of the variation among single cells within a lineage population. The
introduction of novel analysis methods which combine lineage tracing and single cell anal-
ysis could provide new opportunities to examine cell lineage plasticity and phenotypical
variation in CHD. These methods will be discussed in the following section.

3.1. Spatially Resolved Transcriptomics

Current lineage tracing techniques, such as genetic lineage tracing, rely primarily on
spatial information to reconstruct OFT development over multiple embryonic stages. The
tracking of cell lineage movements can give insight into the environment in which these
cells function. However, evaluating the internal cellular state of these cells within such
environments can be challenging. Single cell RNA sequencing (scRNA-seq) is a technique
which can be used to examine a cell’s innerworkings because it allows for quantification
of all the RNA molecules within a single cell. This cellular transcriptome can be used
to examine gene expression patterns and to make cell type specific expression profiles.
By collecting expression profiles of multiple cells of the same cell type, it is possible to
examine the cellular variation in gene expression within a specific cell population. This
allows researchers to evaluate the variation in cell states within a particular cell lineage,
and reconstruct subclusters structural to a cell lineage population. Whilst scRNA-seq can
be used to obtain genome-wide expression data of cells allowing for unprecedented cell
type identification, it does not provide any spatial resolution to determine where these
cells were located within the embryo. As a result, experiments using scRNA-seq to iden-
tify new cell types and cell states still require the use of visualisation techniques such as
in-situ hybridisation using the genetic markers found during sequencing. However, in-situ
hybridisation can only provide spatial information regarding a few genes at any given mo-
ment. Tomo-seq is a technique which combines genome-wide expression data with spatial
information [132,133]. This is achieved by performing RNA-seq on individual cryosections
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of an embryo or tissue allowing the generation of genome-wide spatial expression maps
in 3D. By sequencing sequential tissue sections, spatial information regarding the head to
tail axis can be maintained. As a result, gene expression data can be projected with respect
to the head to tail axis. Performing this approach using multiple axis (dorsal-ventral,
right-left) allows for the reconstruction of gene expression patterns in 3D in the developing
embryo [133]. Although Tomo-seq allows for 3D expression pattern analysis, one limi-
tation is that it is unable to provide single cell resolution in 3D. An alternative method
called transcriptome in vivo analysis (TIVA) does allow for single cell sequencing whilst
maintaining single cell spatial resolution. TIVA is a noninvasive tool enabling capture
of mRNA from single spatially defined cells in living and intact tissue for transcriptome
analysis [134]. This is achieved by addition of a cell permeable TIVA tag to the tissue
sample which upon photo activation is able to capture cellular mRNA. This technique is an
excellent advance over more traditional laser capture techniques or pipette cell isolation
adapted for scRNA-seq due to the non-invasive design. The limited throughput, however,
might restrict explorative research to specific cases in which the number of cells of interest
might be relatively low. A practical example in which TIVA might prove very valuable for
OFT studies, is to examine the properties of valvular interstitial cells (VICs) contributing to
the aortic and pulmonary valves. VICs may derive from multiple cell lineages such as SHF,
NCC or endothelial lineages and VIC dysfunction has been suggested to underly valvular
diseases such as calcification [135]. TIVA could enable researchers to examine how cell
lineage background influence VIC formation and how cell lineage deficiencies could relate
to valvular disease by assigning a spatial criterium to scRNA-seq.

3.2. Lineage Tracing through DNA Barcoding

DNA-barcoding technologies are another potential tool for lineage tracing. Lineage
tracing using DNA barcoding is a technique that combines aspects of both prospective and
retrospective lineage tracing. Similar to genetic lineage tracing using fluorescent reporters,
DNA-barcoding technologies introduce genetic modifications into progenitor cells to study
cell lineage development. However, whilst lineage tracing using fluorescent reporters is
limited to only a number of reporter genes, DNA barcodes allow for more complex labelling
methods. Techniques such as scGESTALT [136], ScarTrace [137] and LINNAEUS [138] have
demonstrated how the CRISPR-Cas9 system could be used to generate genetic barcodes to
perform whole-organism lineage tracing in zebrafish embryos. The CRISPR-Cas9 system
allows genomic editing on a specific DNA locus determined by the supplied guide RNA. In
the absence of a template for homologous repair, Cas9 may introduce short DNA insertions
or deletions at the targeted site [139]. These genetic aberrations, which vary in size and
position, can then be used as a genetic barcoded label to evaluate a cell’s offspring. If the
guide RNA was designed specific to a region within a constitutive expressed gene, then
scRNA-seq can capture the barcode within the transcriptome of a cell. Since the process
of barcoding is randomly determined, a cell’s lineage can only be evaluated after single
cell sequencing. This can be achieved through computational reconstruction of full lineage
trees from the single cell level. Even though these methods still rely on microinjection
of Cas9 and guide RNAs in an early stage zebrafish embryos, DNA-barcoding has also
been achieved using retroviral integration [140] or polylox recombination [141] in mice.
For an in dept comparison of barcoding techniques, the reader is referred to a recent
review of Wagner and Klein [142]. Lineage tracing using barcodes could be an excellent
method to examine cell lineage commitment because it allows to retrospectively evaluate
cell lineage branching events. The differences in lineage trajectories among FHF and SHF
lineages would be an interesting topic to be evaluated using such methods. Moreover, if
barcoding events are temporally restricted and multiple stages of embryonic development
are analysed, then it could enable reconstruction of all cell lineage trajectories contributing
to heart development simultaneously. Genetic mutations or epigenetic influences affecting
cellular identity could also be examined as these would influence the relative distributions
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among (sub)populations of cell lineages. As such, these methods could aim to elucidate
the relationship between phenotypical variation and cell lineage variation.

3.3. Multi-Omics Lineage Tracing

Whilst barcoding techniques for lineage tracing require aspects of a prospective ap-
proach to lineage tracing, recent technological developments using a multi-omics sequenc-
ing approach for lineage tracing could allow for complete retrospective lineage tracing.
RETrace is an example of a recent lineage tracing technique which captures both DNA
microsatellite loci and methylation-informative cytosines from a single cell in order to
simultaneously characterise both lineage and cell type [143]. The utilisation of microsatel-
lite regions as markers for retrospective lineage tracing was successfully demonstrated
at single cell level [144]. However, enabling DNA methylation profiling of the same cell
allows for better cell characterisation than either method alone. Even though still in early
development, a multi-omics approach to lineage tracing would ideally combine the cell
lineage identification capability using natural occurring CNV and SNVs captured using
whole genome sequencing whilst allowing for accurate cell type identification through
gene expression analysis using scRNA-seq and also include epigenetic profiling techniques
such as methylome analysis [145] or include histone signatures [146] to investigate cellular
identity and cell lineage dynamics. Multi-omics lineage tracing would enable researchers
to investigate the relations between cellular variation, epigenetic modification and disease
susceptibility related to CHD. This knowledge could potentially translate to novel methods
of treatment and therapy aimed at influencing the epigenome of patients.

3.4. Reference Maps for Lineage Tracing

The large amounts of data derived from lineage tracing using transcriptomics are
likely to extent the depth at which sub-lineages and cell states will be defined. To facilitate
accurate definitions of such sub lineages and intermediate cell states, large quantities of
single cell data could be combined. A project called the Human Cell Atlas (HCA) aims to
characterise all human cell types using scRNA-seq and single cell transposase accessible
chromatin sequencing (scATAC-seq), and combine it with data regarding cell lineage,
location and cell states [147]. The scope extents to unify single cell sequencing data towards
common reference models similar to the efforts of the Human Genome Project [148].
Having the infrastructure to navigate cell lineage development will greatly contribute
to the understanding of human health and treatment of disease. (For more information
regarding the HCA project, the reader is referred to the HCA white paper [149]). Initiatives
such as these could allow for the comparison of many cell lineage populations among
the various types of CHD to determine key processes critical to human cardiovascular
development.

4. Future Perspectives, Combining Old Strengths with New Technologies

With the advances in lineage tracing, new insights regarding cell fate came forth and
the role of prospective lineage tracing paved the way for modern developmental biology.
In this review we describe the use of lineage tracing techniques and their limitations with
respect to OFT development. The recent technological methods described in the final
section of this review have the potential to allow more fateful reconstruction of lineage
dynamics than previous methods.

The development of next-generation sequencing technology has enabled new and
exciting research opportunities for lineage tracing experiments. From our perspective we
expect that results obtained from retrospective lineage tracing using naturally occurring
mutations and single cell transcriptomics will challenge our current definitions of cell
lineages and advance our understanding of cellular dynamics and lineage plasticity. As-
suming technological improvements will continue to be developed in the coming years, we
can expect an integration of (epi)genetics signatures with single cell sequencing to aid with
tracing cellular heritage. Continued development and a multi-omics approach will allow
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future research to expand the scope of cellular identity and resolve the mechanisms ex-
plaining congenital variation in more detail and with better accuracy than current available
methods. As a result, a multi-omics approach will help to elucidate the mechanisms for
normal OFT development and aid in understanding the pathophysiological pathways lead-
ing to the multivariate phenotypes common to OFT diseases. As sequencing techniques
become more and more accessible, multi-omics sequencing approaches combined with
single cell resolution will become the new frontier for future lineage tracing studies.
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AVC atrioventricular canal

SNV single nucleotide variation
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VIC valvular interstitial cell
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ER estrogen receptor

FHF first heart field
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scRNA-seq  single cell RNA sequencing
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Abstract: Anomalies in the cardiac outflow tract (OFT) are among the most frequent congenital heart
defects (CHDs). During embryogenesis, the cardiac OFT is a dynamic structure at the arterial pole of
the heart. Heart tube elongation occurs by addition of cells from pharyngeal, splanchnic mesoderm
to both ends. These progenitor cells, termed the second heart field (SHF), were first identified
twenty years ago as essential to the growth of the forming heart tube and major contributors to the
OFT. Perturbation of SHF development results in common forms of CHDs, including anomalies of
the great arteries. OFT development also depends on paracrine interactions between multiple cell
types, including myocardial, endocardial and neural crest lineages. In this publication, dedicated to
Professor Andriana Gittenberger-De Groot and her contributions to the field of cardiac development
and CHDs, we review some of her pioneering studies of OFT development with particular interest
in the diverse origins of the many cell types that contribute to the OFT. We also discuss the clinical
implications of selected key findings for our understanding of the etiology of CHDs and particularly
OFT malformations.

Keywords: congenital heart defects; cardiac progenitor cells; outflow tract; second heart field; neural
crest; endocardium; cushion; valve

1. Introduction

Congenital heart defects (CHDs) are the most common form of birth defect, affecting
up to 1 in every 100 live births. Anomalies in cardiac outflow tract (OFT) are among the
most frequent CHDs, with a prevalence of 30%, likely reflecting the complex morphogenetic
events underlying heart development [1,2]. The cardiac OFT, comprised of the conus or
bulbus cordis and the truncus arteriosus (together called the conotruncal region), is a rapidly
remodeling structure during embryogenesis at the arterial pole of the heart, as it connects
the embryonic ventricles to the aortic sac [3]. The OFT forms during heart looping from
progenitor cells in splanchnic pharyngeal mesoderm. At its maximal extension, the OFT is
a torsioned myocardial cylinder lined with endocardial cells. Septation of the OFT, to give
rise to the base (trunk) of the aorta and pulmonary arteries, involves interactions between
multiple cell types, including myocardial, endocardial and neural crest cells. During this
process, the myocardial wall of the OFT rotates prior to and during the septation of this
region [4]. Two opposing endocardial cushions swell into the extracellular matrix (ECM)
composing the cardiac jelly between the myocardial sleeve and the endocardial lining.
These will form the major septal OFT cushions, designated as inferior or superior, at the
origin of the semilunar (aortic and pulmonary) valves and the transition from heart to great
arteries. OFT remodeling is associated with formation of an outlet septum, semilunar valve
morphogenesis, coronary arteriogenesis and maturation of the myocardial and smooth
muscle components at the base of the great arteries.

The septation of the OFT is established first by the fusion of the superior and inferior
cushions at their distal end and proceeds proximally in the direction of the ventricles.
Absence of OFT septation leads to persistent truncus arteriosus (PTA), while an unbalanced
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septation of the OFT can induce double outlet right ventricle (DORV), overriding aorta
(OA), ventricular septal defect (VSD), or other anomalies such as tetralogy of Fallot (ToF).
In addition, anomalies may be associated with abnormal rotation of the OFT, leading to
a lack of alignment of the aorta or pulmonary artery with their respective ventricles [4].
These CHDs are frequently diagnosed in newborns with cyanosis. Here, we will discuss
the embryological mechanisms of CHDs associated with OFT defects.

2. Embryonic Origins of the OFT
2.1. Myocardial Progenitors

Distinct sets of cardiac progenitors differentiate in a coordinated manner to form the
different parts of the heart. Embryonic heart development starts from the earliest stages of
gastrulation, around embryonic day (E) 6.5 in the mouse or within a few hours” incubation
of the chicken egg, with the specification of an initial pool of cardiac progenitors expressing
the transcription factor Mesp1 [5,6]. These cells ingress and migrate from the primitive
streak to the anterior part of the embryo, where within a few (chick) to 24 h (mouse), they
form a “first heart field” (FHF) known as the cardiac crescent in mouse or a bilateral pair
of primary heart fields in chick [7]. By E7.5-8.0, during folding of the mouse embryo and
formation of the foregut, the two sides of the cardiac crescent are brought together to form
the linear heart tube.

The embryonic myocardium of this initial tube is characterized by lower prolifer-
ation, a poorly developed contractile apparatus and slow conduction relative to later
stages [8]. Rapid growth of the heart is driven by progressive addition of progenitor cells
from adjacent pharyngeal mesoderm to its arterial and venous poles. These cells, collec-
tively known as the second heart field (SHF), were first identified in the mouse and chick
models [9,10] but appear to be present in all vertebrate embryos examined to date. SHF
progenitors, located in a dorsomedial position relative to the linear heart tube, are kept in
an undifferentiated and rapidly proliferating state. The SHF gives rise to right ventricular
and OFT myocardium at the arterial pole, and to atrial myocardium including the dorsal
mesenchymal protrusion (DMP) at the venous pole [10]. Perturbation of the SHF during
elongation of the forming heart results in a spectrum of OFT defects associated with early
embryonic lethality [11-13]. Lineage tracing analysis in mice has revealed that the SHF is
sub-divided into distinct anterior and posterior regions (aSHF and pSHF) [14,15] (Figure 1).
Indeed, aSHF progenitors engender the right ventricular and proximal OFT myocardium,
while progenitor cells located in the pSHF contribute to the formation of the atrial and
atrioventricular septation through development of the dorsal mesenchymal protrusion
(DMP) that forms the muscular base of the primary atrial septum [16]. In addition, a subset
of SHF cells form the myocardium at the base of the pulmonary artery [14]. Specific regions
in the embryonic heart tube acquire a chamber-specific gene program, and from E8.5 on,
differentiate and expand or “balloon” by rapid proliferation to form the ventricular and
atrial chamber myocardium. In contrast, the regions between these differentiating cham-
bers, such as the sinus venosus, the atrioventricular canal (AVC) and the OFT, either do not
differentiate or expand during this temporal window, and consequently form constrictions.
The inflow tract cells of the heart tube then develop into atrial cells, pulmonary myocardial
cells and myocardial cells of the proximal superior caval veins.

The relevance of the SHF to congenital malformations has stimulated research into
the mechanisms regulating the process of cardiac tube elongation. A complex network
of signaling inputs and transcriptional regulators controls the elevated proliferation and
differentiation delay relative to FHF cells. Identification of SHF-restricted regulatory
elements has provided evidence that different transcriptional programs operate in distinct
SHF sub-populations, giving rise to specific subregions of the definitive heart. Cells
expressing Cre recombinase under the control of a SHF-restricted regulatory element from
the Mef2c transcription factor gene contribute widely to the OFT and right ventricle, as well
as to a population of cells at the venous pole of the heart giving rise to the primary atrial
septum and the DMP [17-20]. Expression of the LIM homeodomain transcription factor
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Islet-1 (Isl1) in SHEF cells showed that these progenitors contribute to the venous, as well
as the arterial pole of the heart [13]. The secreted fibroblast growth factor 10, encoded by
Fgf10, is also a marker of the murine aSHF and subsequent arterial pole myocardium [21].
The cardiac ISL1 expression domain is conserved during human embryonic development;
in early heart tissue, ISL1 binds a FGF10 enhancer element [22]. Retinoic acid (RA) has
been shown to pattern the SHF [23,24]. Genetic lineage analysis in the mouse has shown
that combinatorial expression of anterior Homeobox (Hox) genes Hoxal, Hoxa3 and Hoxb1
defines distinct sub-domains within the posterior domain of the SHF that contribute to most
of the atrial and sub-pulmonary myocardium [14,25]. Thus, animal models are relevant to
studying conserved molecular circuitry in regions prone to human CHDs.

A Hoxb157;Mef2c-Cre;Rosa*" ﬂ\\ O)

\/ PA
aSHFOﬂ |

Heart
tube

v J‘\‘ \v RV

E8 E10.5 E145

[ Hoxb1-Cre contribution [ ¥12c-cre contribution

Figure 1. Subdomains within the SHF. (A) Whole-mount fluorescence microscopy of triple transgenic Mef2c-Cre;Hoxb1-
GFP;Rosa'T embryos at stage E9.5. (B) Diagram showing stages of heart development and contribution of the anterior
second heart field (red) and the posterior second heart field (green) to the heart. Frontal view is shown for embryonic day
7.5 (E7.5), E10.5, E14.5 and lateral view for E8. Genetic lineage analysis of Hoxbl-expressing cells using the Hoxb1-IRES-Cre
mouse line showed that Hoxb1+ progenitors contribute to both atria, the DMP and the myocardium at the base of the
pulmonary trunk. Genetic lineage analysis of Mef2c-Cre-labelled cells using the Mef2c-Cre;RosatdT
Tomato-positive (Tomato+) cells are detected in the DMP, the great arteries (aorta and pulmonary trunk) and the right

mouse line showed that

ventricle. The left ventricle is derived exclusively from the first heart field, which also contributes to atria formation. SHEF,
second heart field; Ao, aorta; CC, cardiac crescent; cNCC, cardiac neural crest cells; Epi, epicardium; LA, left atrium; LV,
left ventricle; PA, pharyngeal arch; Pt, pulmonary trunk; RA, right atrium; RV, right ventricle; a/pSHF, anterior /posterior
second heart field. Scale bar: 500 um.

Recently, we have used chromatin accessibility analysis with ATAC-seq (Assay of
Transposase Accessible Chromatin sequencing) to define accessible sites for transcriptional
regulation in SHF subpopulations [26]. The ATAC-seq method utilizes a transposase, which
preferentially integrates sequencing adapters in regions of open chromatin such as active
promoter regions, enhancers, and insulators, and can be performed on relatively small
amounts of cells. Such datasets are important to understand the tightly regulated genetic
networks governing heart development and to determine how these networks become
deregulated in CHD. Integration with transcriptomes of sorted cardiac progenitor cells led
to the discovery of novel pSHF markers (Aldhla2, Bmp4, Gata4, Nr2f2, etc.) that contribute
to the formation of the OFT and venous pole of the heart, illustrating how these datasets
provide multiple new avenues of investigation for the future [26].

2.2. Endocardial Cushions

The heart tube is formed by both future ventricular and atrial myocardium and a
non-chamber myocardial phenotype in the AVC, OFT and inner curvature [27]. This
myocardium signals to underlying AVC and OFT endocardium to activate an endocardial-
to-mesenchymal transition (EndMT), in which a subset of endocardial cells migrates into
the underlying ECM to give rise to the mesenchyme of the valves and the septa [28].
Reciprocal signals between the endocardium and the myocardium have been shown
to induce EndMT, mediated by the transforming growth factor 3, bone morphogenetic
protein (BMP) and Notch signaling pathways, among others [29,30]. Primary myocardium
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of the AVC and OFT is normally characterized by Bmp2 and Bmp4 expression [31,32],
while Bmp2-deficient hearts lack AVC and OFT cushions [32-34]. Studies in mice have
revealed that the AVC T-box transcription factors, Tbx2 and Tbx3, repress chamber-specific
gene expression [32,33] and that Bmp?2 directly regulates Tbhx2 expression in the cushion
regions [35]. Notch signaling is crucial to patterning the forming heart and presumptive
chamber and valve tissues by restricting Bmp2 and Tbx2 expression to the cushions [29].
Notch is activated throughout the endocardium of the AVC and OFT regions. Ectopic
activation of Notch2, or the Notch target genes Heyl and Hey?2 in the chicken heart, results
in downregulation of Bmp2 in the AVC [36], suggesting that the Notch pathway suppresses
Bmp2 expression in chamber myocardium. However, Bmp and Notch signals cooperate to
induce EndMT in the AVC and OFT regions in mouse embryos [37]. Alterations of AVC
and OFT cushion architecture result from ligation-induced changes in blood flow in the
chicken embryo model, highlighting additional interactions with shear stress-responsive
signaling pathways during the EndMT process [30].

EndMT in the AVC and OFT regions is essential for generating a pool of mesenchymal
cells that subsequently become valvular interstitial cells during cardiac valve maturation.
However, other cell lineages contribute to endocardial cushions. In the AVC, lineage
analysis using Tie2-Cre;Rosa26R mice has shown that the majority of mesenchymal cells
are derived from endocardial cells following EndMT [38]. In contrast, lineage tracing
studies of the OFT using quail-chick chimeras and, later, Wnt1-Cre-expressing mice, have
demonstrated that cardiac neural crest cells (CNCC) contribute significantly to both arterial
valves and the aorticopulmonary septum [38-40] (Figure 2). These respond directly to Bmp
signaling. Cre-mediated Bmprla deletion in the CNCC lineage alone leads to hypoplasia of
the early OFT cushions and retrograde, often lethal, diastolic arterial flow at E10.5-11.5. By
E12.5, surviving mouse embryos also develop a persistent truncus arteriosus (PTA) [41].
Two recent studies have reported that the intercalated leaflets of the semilunar valves arise
directly from aSHF progenitors of the outflow wall rather than indirectly after EndMT or
from CNCC [42,43]. Thus, the mesenchymal cell populations forming the cushions come
from multiple sources and coordinately direct blood outflow from the heart into the aorta
and pulmonary trunk.

Recently, single-cell transcriptomic analysis generated a reference of cell transcriptomic
states in OFT development [44]. This study identified convergent development of the
vascular smooth muscle cell (vSMC) lineage, where intermediate cell populations were
found to be involved in either myocardial-to-vSMC trans-differentiation or a mesenchymal-
to-vSMC transition. The OFT myocardium derives from the SHF [45], so the vSMC derived
from myocardial trans-differentiation are actually a small portion of SHE-derived vSMC,
whereas most are derived from either SHF or CNCC-mesenchyme (see below). Transitions
between cell lineages during OFT development are thus more complicated than previously
appreciated.

2.3. Cardiac Neural Crest

The CNCC is a subpopulation of neural crest cells that contributes most cells of
the perivascular walls of the posterior pharyngeal (aortic) arteries [46,47] and is also
indispensable for septation of the more proximal OFT, as described briefly above. CNCC
originate from dorsal neural folds corresponding to the prospective posterior hindbrain
and first vertebral segments of spinal cord, at the boundary with non-neural ectoderm
and at the head-neck interface. A broader term that includes the CNCC is the “vagal”
neural crest, since these also provide glial and perineural support cells accompanying
the vagal nerve to all its targets, many neurons of the corresponding cranial ganglia, and
the autonomic enteric nervous system innervating the fore- and mid-gut (reviewed in
Reference [48]).

CNCC migrate circumpharyngeally around the endoderm [49] in a dorsal-to-ventral
manner, reflecting their temporal order of arrival rather than inherent differences in com-
petence [50]. They also mix to a lesser extent along the rostro-caudal axis to adjacent
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pharyngeal arches [51,52] and do the same at the level of adjacent rostral somitic segments
corresponding to the first vertebrae [53]. These dynamic scenarios were deduced from
fate maps of painstaking quail-chick chimeras using microsurgery and experimental em-
bryology, stemming from the first demonstrations fifty years ago that neural crest gives
rise to mesenchyme (“mesectoderm”) responsible for a broad array of diverse cephalic,
pharyngeal and cardiac connective tissues and organs in amniotes [54]. The predominant
contributions of CNCC to pericytes and smooth muscle of the aortic sac, pharyngeal ar-
teries, aorticopulmonary septum and OFT valves, as well as to the anterior cardinal veins
and venous pole, were determined by these means [51,55] (Figure 2B,C). Cardiac parasym-
pathetic ganglia are likewise derived from vagal CNCC [56,57]. Quail-chick chimeras
allowed the more recent demonstration that vSMC of the coronary arteries and of the
smaller vessels of the upper interventricular septum are derived from pre-otic hindbrain
neural crest, although some of these also originate from the proepicardium [58].

Additional appreciation for these migratory pathways and the molecularly controlled
extent of cellular admixture came from the contributions of tools in mouse genetics to
lineage-trace NCC subsets. Wnt1-Cre-driven conditional recombination of a floxed cassette
that lifted the transgenic brake for transcription of beta-galactosidase, or later of fluorescent
protein transgenes, validated the participation of CNCC derivatives to the composition
of the cardiac OFT, tricuspid valves, the vascular smooth muscle of proximal coronary
arteries and their septal branches and many surrounding tissues [38,39,58-61] (Figure 2A,
D-F). Tracing lineage analysis using Krox20-Cre mice has revealed that a subset of CNCC
migrated from rhombomere 5-6 region contributes to semilunar valve development [40].
Furthermore, it became possible to examine how the cells were organized in genetic
backgrounds that induce OFT malformations, such as the “rescued” Raldh2~/~ mutant,
where judiciously administered maternal RA can prolong fetal life into mid-gestation as a
model of PTA or vitamin A deficiency syndrome [62]. In this example, CNCC are present
and viable, but more haphazardly oriented and in an inappropriate location within mutant
OFT cushions; subsequently, endocardial contact alone is not enough to ensure fusion
and septation but requires close proximity of functionally organized CNCC derivatives
(Figure 2B).

Like the pSHEF, it is less recognized that a subpopulation of CNCC simultaneously
invests the venous pole of the heart when shaping the OFT. This was demonstrated
by Poelmann and Gittenberger-de Groot [55] in chicken embryos using a replication-
incompetent retrovirus expressing LacZ to infect pre-migratory CNCC and trace their
cellular progeny to the dorsal mesocardium, the inter-atrial septum, and the presumptive
cardiac conduction system and semilunar valves. Lineage tracing in mice confirmed that
multipotent CNCC also contribute directly to some proximal conduction system elements
of the posterior inter-nodal tract, His bundle and bundle branches [61]. Subsequent studies
by independent authors using lineage tracing or single-cell transcriptomics have validated
the differentiation of CNCC into some cells of the conduction system or even proximal IVS
and OFT myocardial cells [63—65].

That CNCC can differentiate into some cardiomyocytes in the mammalian heart is
less surprising in light of its substantial contributions to this lineage in the zebrafish OFT
but also in its atrium, AV junction and ventricle [66,67]. Only pre-somitic neural crest
differentiates into myocardium in this animal that lacks a divided systemic and pulmonary
circulation [67]. By contrast, in the amphibian Xenopus laevis, the SHF provides OFT
cells and presumably also its incomplete septum; CNCC, as defined by the experimental
techniques used, seemed to not be required for septal cushion formation [68]. However,
after CNCC ablation or labeling, the residual Xenopus OFT septum expresses the Sox8
transcription factor in common with facial neural crest-derived mesenchyme, and recently,
Sox8 has been shown in the chick to be a specific core member of the gene regulatory
network (GRN) of CNCC [69]. It therefore is possible that the authors examining this
question in the amphibian model missed a distinct CNCC contribution to its proximal
heart, or that the GRN was co-opted by mesenchyme of SHF origin to accomplish an
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analogous purpose. CNCC are present in all vertebrate models that have been examined
to date, but their precise roles and contributions are organism-specific, reflecting their
remarkable plasticity. An interesting example is the crocodile, one of the few reptiles
examined with a nearly complete separation of the systemic from the pulmonary circulation.
A large septal cushion provides valvular leaflets to each of the three arterial trunks—the
right aorta is systemic and has a bicuspid valve, while the left aorta, which irrigates the
viscera, and the pulmonary artery have tricuspid valves. Leaflets also serve to block
a foramen between the two aortae during systole, reducing pulmonary pressure and
favoring blood flow to the brain, even under prolonged diving conditions, Remarkably,
the interventricular septum between the left and right OFT remains incomplete until at
least birth and shows chondrification within the condensed mesenchyme closest to the
OFT, considered by the authors to be most likely of CNCC origin [70]. Enabling new
capacities for tissue differentiation and patterning has conferred an obvious evolutionary
advantage for adaptation of the head, heart and lungs to a wide range of aqueous or
terrestrial environments, from benthic pressures to high-altitude hypoxia. It is important
to keep such species-specific adaptations in mind when extrapolating the findings from
experimentally tractable models like chick and mouse to human cardiac development.

Orofacial, ear and neck and cardiac OFT anomalies are all heavily reliant on cephalic
and vagal neural crest cell influx and remodeling and can be phenocopied in animal
models [46], and they are often associated with birth defects in humans. Characteristic
signs of genetic conditions such as chromosome 21 trisomy or 22q11.2 microdeletion, they
are also frequently induced by the environment during pregnancy (for example, fetal
alcohol spectrum disorders and vitamin A or folic acid deficiencies). Both thymic and
cardiac OFT malformations such as PTA in the 22q11 microdeletion syndromic spectrum
can be reproduced by the ablation of the posterior hindbrain neural folds that would
have given rise to CNCC [71], the first major demonstration that paracrine signaling to or
from this mesenchymal lineage is critical for the development of organs not themselves
primarily constructed from NCC (reviewed in Reference [46]). Severe craniofacial and
cardiac malformations are also associated in mice with ectopic expression of Hoxbl in
Wnt1-Cre-recombined CNCC, leading to combinations of hypoplastic posterior pharyngeal
arches, interrupted aortic arch (IAA) type B, DORV or OA in addition to cleft palate. CNCC
rostrocaudal identity, as determined in part by Hox gene expression combinations, impacts
its competence to pattern the distal branches of the aortic arches and to influence the
rotation of the OFT during its septation [72,73].

As CNCC migrate through the ventral mesenchyme of the posterior pharyngeal arches
and the mesoderm of the SHF in order to partition, shape and align the great arteries of the
OFT, they interact with all three germ layers through both direct cell contact and through
paracrine signaling. One such factor needed to maintain CNCC in this area (and elsewhere
in the head) is Fgf8, of both ectodermal and endodermal origin. Like Tbx1 and Raldh2
mutants, hypomorphic murine Fgf8 mutants also phenocopy multiple symptoms of human
22q11.2 microdeletion, including PTA, IAA type B, VSD and patent ductus arteriosus (see
below). Insufficient Fgf8 leads to massive circumpharyngeal CNCC apoptosis, as shown by
co-labeling neural crest by TUNEL to detect apoptotic cells and anti-AP-2« as they migrate
from the post-otic hindbrain into the lateral developing fourth and sixth arches [74].

Failure of normal rotation of OFT myocardium may underlie major forms of CHDs.
Rotation of the myocardial wall of the OFT is intimately linked to the influx of CNCC.
Mammalian embryos undergo a counterclockwise rotation of the OFT [4,75]. The continued
addition of right-sided myocardium during normal development results in movement
without spiralization of the OFT, in which the pulmonary trunk orifice is pushed in a
rightward and anterior direction, a mechanism referred to as “pulmonary push” [76]. In
Lrp2 knockout embryos, the bulk of the SHF population remains in a mid-sagittal position
after insufficient pulmonary push [77]. Lrp2 encodes megalin, a multiligand endocytic
co-receptor that is necessary to transduce retinol, Shh and Fgf8, among other environ-
mental signals. Its full knockout leads to PTA in mice, and occasionally in humans, by
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exhausting the pool of OFT myocardial progenitors through premature differentiation [78].
However, compound heterozygous LRP2 missense variants have also been associated with
hypoplastic left heart syndrome in humans [79], implying that other factors also mediate
lateralized SHF contributions to the myocardial base of the truncal arteries.

3. Retinoic Acid Signaling
3.1. RA Is Required for the Differentiation of Heart Progenitors into the Myocardium of the OFT

Several conotruncal heart defects have been reported in fetal vitamin A deficiency
syndrome. Either an excess or lack of retinoic acid (RA), the most active derivative of
Vitamin A, causes conotruncal heart defects, indicating that properly controlled RA dosage
and signaling is required for normal OFT development [80,81]. This is corroborated by the
frequent OFT and aortic arch malformations associated with the complex Matthew-Wood
syndrome (also termed Microphthalmia, syndrome 9, Online Catalog of Human Genes
and Genetic Disorders (OMIM) 601186), due to inactivating mutations of the STRA6 gene,
which encodes a transmembrane receptor allowing vitamin A cellular uptake [82-85].
Many heart phenotypes that occur in either fetal vitamin A deficiency syndrome or in
excessive maternal exposure to vitamin A or its analog, isotretinoin, are recapitulated in
animal models that are mutant for RA nuclear receptors [86]. Conotruncal defects are
observed in retinoid acid receptors RARa/RARP and RARx/RARy double-mutant hearts
and also in hearts with double null alleles in one RXR («, 3, or y) and one RAR [87-91].
In RA receptor mutant mice (RARx1/RARp double mutant), the OFT is shortened and
misaligned [91]. PTA occurs with high incidence in RARx1/RARB double mutant mice.
In these mutants, truncated OFT and abnormal conotruncal cushion ridges are observed.
In RXR«-deficient hearts, OFT septation defects are observed, but there are no apparent
defects in RXRf or RXRy single mutants [87-90,92,93]. Therefore, RXR« is the major RXR
regulating OFT development.

RA mediates SHF patterning in part through the generation and maintenance of heart
progenitors in the aSHF [23,24]. The SHF deficiency in RA receptor-null embryos results in
a shortened OFT and thereby in alignment defects. As a related consequence, the tissue
of the shortened OFT is mis-specified when septation is initiated [91]. Raldh2, a critical
enzyme for the synthesis of endogenous RA in the early embryo, is expressed in caudal
pharyngeal mesoderm. Analysis of aSHF marker gene expression, including Fgf8 and Tbx1,
in Raldh2-mutant embryos shows that RA signaling defines both the posterior boundary
of the aSHF [94,95] and its anteromedial boundary with the FHF in the zebrafish [96].
Consistent with these observations, an excess of RA, cardioteratogenic in humans, results
in downregulation of Thx1 expression in avian embryos [97]. Expression of Raldh2 and
one or more of the Cyp26 genes, encoding a RA degradation enzyme, is often comple-
mentary within a tissue. This establishes a RA gradient between adjacent high and low
RA-expressing regions [98-100].

3.2. Cell-Autonomous RA Signaling Is Dispensable for the Migration and Fate Differentiation of
CNCC

Experimental ablation of sources of CNCC induces many of the cardiac and extracar-
diac malformations found in vitamin A deficiency [69,96]. However, neural crest-targeted
deletion of Rxra/Raral leads to normal cardiovascular morphology, indicating that cell-
autonomous RA signaling through this specific combination is dispensable for CNCC
migration and differentiation [101]. Excess RA signaling, on the other hand, blocks both
CNCC migration and proliferation by preventing c-Jun N-terminal kinase (JNK) phos-
phorylation in response to such growth factors as Platelet Derived Growth Factor-AA
(PDGF-AA) and antagonizing subsequent activation of the transcriptional regulator c-Jun
in the AP-1 transcriptional complex [102]. Knockout mice for c-jun invariably develop PTA
and abnormal aortic arch remodeling [103]. This AP-1 component is also necessary in all
other Is/1-expressing OFT cell lineages to prevent less penetrant aortic or pulmonary valve
defects, VSD or DORV [104].
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3.3. RA Signaling Defects Are Associated with DiGeorge Syndrome

TBX1 is within the most candidate gene-relevant interval in human 22q11.2 deletion
syndrome (DiGeorge/velocardiofacial syndrome), and ThxI-mutant mice show similar
phenotypes to those of human 22q11.2, in particular TOF [105]. Studies have shown the
importance of the Tbx1-Fgf8-Isll network in the regulation of OFT development [106].
Conditional deletion of Fgf8-in the Nkx2.5-Cre lineage results in truncated OFT, suggesting
that Fgf8 plays a role in the proliferation and differentiation of heart progenitors [106].
Mutant mice with a hypomorphic allele of Raldh2 die perinatally because of cardiovascular
defects, similar to those observed in human 22q11.2 deletion syndrome. In this RA-deficient
model, anterior pharyngeal arches develop normally, whereas the absence of hypoplastic
posterior pharyngeal arches leads to impaired development of the distal OFT and thereby
to TOF, DORV and PTA. CNCC migrate toward the posterior pharyngeal arches but fail
to invest them [95,107]. In the Raldh2 mutant, the expression of Thx1 is not altered, but
the expression levels of its targets Fgf8, Isl1, Hoxal and Hoxbl are downregulated in the
posterior pharyngeal endoderm/ectoderm, showing RA’s central role in coordinating
aSHF development [95,107]. Raldh2 SHF expression is expanded anteriorly (cranially)
in Thx1 mutant embryos, whereas the expression of the three Cyp26s is downregulated;
consequently, RA signaling is increased and expanded in the anterior SHF [108]. In a
compound mutant (Raldh2*/~; Tbx1*/~), in which RA synthesis is decreased in the Tbx1*/~
state, conotruncal heart defects/aortic arch anomalies are partially rescued. Therefore,
when RA signaling is upregulated in the SHF of patients with 22q11.2 syndrome or of
Tbx1-deletion mutant mice, it can exacerbate the phenotype. Likewise, decreased levels of
embryonic RA synthesis accelerate recovery from arterial growth delay in a mouse model of
DiGeorge syndrome [109]. Differences in perceived levels of embryonic RA may contribute
to the variability of great artery anomalies observed in DGS/VCEFS patients [109].

4. Hox Transcription Factors

Homeobox-containing Hox genes are known RA signaling targets that play critical
roles in patterning all bilaterian embryos [110]. Raldh2-null mice showed that RA regulates
not only the expression pattern of Hox genes but also thereby the fate differentiation of
Hox-expressing domains [14]. Anterior Hox genes Hoxal, Hoxa3 and Hoxbl expression
define distinct sub-domains within the pSHF that contribute to a large part of the atrial
and sub-pulmonary myocardium [14,25]. This indicates that Hox-expressing progenitor
cells of the pSHF contribute to both poles of the heart tube. Fate mapping and clonal
analysis experiments have confirmed that pSHF cells contribute to the OFT, and that sub-
pulmonary and inflow tract myocardial cells are clonally related [111,112]. Hoxal, Hoxa3
and Hoxb1 are expressed in overlapping sub-populations of cardiac progenitor cells in
the pSHF and downregulated prior to differentiation [14]. Hoxb1- and Hoxal-expressing
progenitor cells located in the pSHF segregate to both cardiac poles, contributing to the
inflow tract and the inferior wall of the OFT [14]. Furthermore, a RA-responsive Hoxa3
enhancer has recently been shown to be expressed in progenitor cells of a subset of OFT
myocardium [25]. Interestingly, a Mespl+ subpopulation co-expresses the anterior Hox
genes Hoxal, Hoxa2, Hoxbl and Hoxb2. This Hox-positive subpopulation of cardiovascular
progenitors is located at E7.25, close to the primitive streak, suggesting that it corresponds
to the last cardiovascular progenitor population to emerge from it [113].

Hoxb1 plays a key role in patterning those cardiac progenitor cells that contribute
to both cardiac poles [15]. Progenitor cells expressing Hoxb1 alone or concomitantly with
Hoxal contribute to the proximal dorsal OFT or distal OFT, respectively (Figure 1). In
contrast, cardiac progenitors that contribute to the superior wall of the OFT and right
ventricle do not transcribe Hox genes. Genetic tracing of Hoxb1+ lineages in Tbx1-deficient
embryos showed that the deployment of Hoxb1-positive cells during OFT formation is
regulated by Tbx1 [114]. A double deletion mutant of Hoxal and Hoxb1 shows conotruncal
heart defects as well as aortic arch anomalies due to both impaired SHF development and
CNCC defects [73,115]. A spatially patterned pharyngeal region is necessary for CNCC to
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complete their migration and differentiation, borne out by many other studies documenting
the upstream signals and early impact of pharyngeal mesoderm and endoderm on neural
crest fate [116,117].

Spatial mis-expression of Hoxb1 in the anterior SHF results in hypoplastic right ven-
tricle. Activation of Hoxb1 in embryonic stem cells arrests cardiac differentiation in vitro,
whereas Hoxb1-deficient embryos display premature cardiac differentiation [15]. Moreover,
ectopic differentiation in the pSHF of embryos lacking both Hoxb1 and its paralog Hoxal
induces atrioventricular septal defects [15]. Hoxb1 is thus required for normal deployment
of SHF cells during OFT development [115].

A RA-responsive enhancer of Hoxa3 induces reporter (LacZ) expression in the murine
pharyngeal endoderm as well as a subpopulation of CNCC [25]. Indeed, Hoxa3-knockout
mice show a constellation of symptoms overlapping that induced by experimental CNCC
ablation: missing aortic arteries and thymus, hypoplastic thyroid glands, aortic stenosis,
hypoplastic right ventricle, bicuspid pulmonary valve and persistent patent ductus arterio-
sus (PDA) with atrial dilation [118]. Like SHF progenitors, the rostrocaudal identity and
competence of CNCC is largely determined before EMT, as experimental substitution of
pre-migratory neural crest expressing additional (trunk) or no (cephalic) Hox genes in place
of avian CNCC can induce PTA, DORV and VSD, although their competence to differentiate
into cardiac ganglionic cells is less origin-restricted [119]. It is possible to confer CNCC and
mesectodermal competence on trunk-level neural crest by the ectopic expression of the Sox8,
Tgifl and Ets1 transcription factors from the newly identified CNCC-specific GRN [69].
Single-cell transcriptomic studies have found that the post-otic CNCC in mouse embryos
is uniquely characterized by Hoxd3, Pax3 and Nkx1-2 expression, while both Hoxb1+ and
Hoxd3+ CNCC subpopulations co-express Hoxb2, Hoxb3 and Meis1 [64]. TALE-superclass
transcription factors (three-amino acid length extension) such as Pbx1/2/3 or Meis1/2,
which are co-factors of anterior Hox proteins, are also expressed in cardiac progenitors,
implying a wider role for HOX/TALE complexes during SHF development [120-122].

5. Other Signaling Pathways

The Fgf, Bmp, Shh, Wnt, Pdgf, endothelin, nitric oxide, planar cell polarity and other
signaling cascades have been implicated in the direct or indirect maintenance of CNCC and
their subsequent influence on the other cell lineages of the OFT, but a complete discussion
of their roles is beyond the scope of this review. However, a general theme appears to be
that the molecular signals we identify as important in the specification and function of any
given lineage in the cardiac OFT usually have a direct role to play in derivatives of the
other lineages as well.

6. Future Direction and Clinical Implications

How environmental influences impact the molecular mediators of cardiac OFT de-
velopment has immediate clinical repercussions. Diabetes mellitus during pregnancy, a
frequent condition, increases the risk for congenital heart disease in the offspring, primarily
affecting OFT and pharyngeal arch arteries. Cardiac anomalies are often observed in fetuses
of diabetic animal models, including rightward displacement of the aorta, DORV and PTA
combined with VSD due to a misaligned outlet septum [123]. These defects are strikingly
like the DiGeorge syndrome in humans, which has indeed occurred in children of diabetic
mothers together with overrepresentation of PTA and DORV. Multiple malformations asso-
ciated with defective CNCC development in the offspring of diabetic animal models show
morphological similarities to those seen in humans [123]. In chicken embryos, exposure of
CNCC to elevated D-glucose before their emigration reproducibly induces congenital heart
malformations in the OFT and pharyngeal arch arteries, mediated in part by oxidative
stress [124]. Mammalian maternal diabetes results in transient and localized alterations in
glycation products, VEGF expression and Smad2 phosphorylation, overlapping with those
regions of the developing heart that are most sensitive to diabetes-induced CHD [125].

63



J. Cardiovasc. Dev. Dis. 2021, 8, 42

Interaction between genetic and non-genetic factors in epigenetic modifications including
DNA methylation and histone modification are likely involved.

Single-cell RNA sequencing has been applied to study the cellular diversity of heart
progenitors [126,127] or embryonic or adult hearts at the whole-organ level [128-131],
allowing efficient examination of developmental lineage trajectories [44]. For example, this
type of analysis has identified the transcription factor Hand?2 as a specifier of OFT cells,
where examining Hand2-null embryos at multiple time points demonstrated failure of OFT
myocardial cell specification. Loss of Hand2 in mouse embryos also leads to dysregulation
of RA signaling and disruption of cardiac progenitor patterning [126]. To date, there
are few examples of such population analyses of cell states and regulatory networks in
diseases with OFT malformations. The near future will certainly supply multi-omics
studies to complement the experimental embryology work of the last few decades, to not
only know the many lineages and molecular influences needed to shape the vulnerable
conotruncal region of the human heart but to enable promising perspectives in prevention,

early diagnosis and increasingly effective surgical reconstructions.

Figure 2. Lineage-tracing of neural crest cells in the cardiac outflow tract. (A) Wnt1-Cre-mediated recombination induces
Tomato red fluorescent protein expression in neural crest-derived cells (NCC) of PA2 as well as in those (arrow) migrating
caudally into the outflow tract, along the endothelial abluminal surface on embryonic day (E)10 in mouse. Blue, DAPI-
stained nuclei. (B,C) Quail-chick chimeras with a unilateral isotopic and isochronic substitution of a rhombomere 8
neural fold at the level of somites 1-3 at the 5-somite stage. By embryonic day 8.5 (Hamburger-Hamilton stage 33), these
demonstrate permanent immunoreactivity for the QCPN antibody, brown, in many of the NCC within the (B) proximal
pulmonary trunk and (C) aortic valve leaflets. Hematoxylin counterstain. (D-F) Wnt1-Cre-mediated recombination induces
b-galactosidase activity in the presence of Xgal substrate in NCC of the adult murine heart on postnatal day 50. (D) Ventral
view. (E) After removing the atria, one observes labeled great artery smooth muscle as well as at the base of the coronary
arteries, the large branches of autonomic nerves and numerous melanocytes lining the right interatrial septum around the
foramen ovale, all of NCC origin. Melanocytes are also frequently seen along valve leaflets, chordae tendinae, on and within the
interventricular septum and within the proximal great arteries [132-136]. Anterior view, ventral to top. (F) A slightly more
ventral view of the same heart shows labeled cells within the tunica media of the murine ascending aorta and pulmonary trunk
base, as well as in leaflets and mesenchyme of the pulmonary valve. All photos courtesy of the authors. (B) and (C) have
been previously published as Figure 5K,L in Reference [52]. Asterisks: nucleated primitive erythroblasts. Abbreviations:
AO, ascending aorta; CA, coronary artery; CJ, cardiac jelly; LA, left atrium; LV, left ventricle; PA2, pharyngeal arch 2; PT,
pulmonary (arterial) trunk; RA, right atrium; RV, right ventricle; Xgal, 5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside.
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Abstract: Congenital cardiovascular malformation is a common birth defect incorporating
abnormalities of the outflow tract and aortic arch arteries, and mice deficient in the transcription
factor AP-2a (Tcfap2a) present with complex defects affecting these structures. AP-2a is expressed
in the pharyngeal surface ectoderm and neural crest at mid-embryogenesis in the mouse, but the
precise tissue compartment in which AP-2« is required for cardiovascular development has not been
identified. In this study we describe the fully penetrant AP-2«a deficient cardiovascular phenotype
on a C57Bl/6] genetic background and show that this is associated with increased apoptosis in
the pharyngeal ectoderm. Neural crest cell migration into the pharyngeal arches was not affected.
Cre-expressing transgenic mice were used in conjunction with an AP-2a conditional allele to examine
the effect of deleting AP-2a from the pharyngeal surface ectoderm and the neural crest, either
individually or in combination, as well as the second heart field. This, surprisingly, was unable to
fully recapitulate the global AP-2a deficient cardiovascular phenotype. The outflow tract and arch
artery phenotype was, however, recapitulated through early embryonic Cre-mediated recombination.
These findings indicate that AP-2a has a complex influence on cardiovascular development either
being required very early in embryogenesis and/or having a redundant function in many tissue layers.

Keywords: transcription factor AP-2«; cardiovascular development; outflow tract; pharyngeal arch
artery; neural crest cell; pharyngeal ectoderm

1. Introduction

Congenital cardiovascular malformation is a major cause of morbidity and death in childhood,
with an incidence of 1% in live-born infants [1,2]. A significant proportion of these malformations
affect the outflow tract (OFT) and aortic arch arteries, resulting in the mixing of oxygenated and
deoxygenated blood and the inefficient systemic delivery of blood to the body. The mammalian
OFT develops to separate the common trunk exiting the heart into the aorta and pulmonary trunk,
and this process begins at embryonic day (E) 10.5 in the mouse. Cardiac jelly in the OFT is invaded
by neural crest cells (NCC), forming the two major OFT cushions which spiral around each other
with one positioned septally and caudally, and the other parietally and cranially [3]. By E11.5 the
aortopulmonary septum, which is comprised of second heart field (SHF) cells and NCC [4], protrudes
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into the OFT cavity and separates the future aorta and pulmonary trunk vessels by fusing with the
distal ends of the OFT cushions. The proximal intra-pericardial components of the aorta and the
pulmonary trunk are separated from the ventricular outflow tracts by the aortopulmonary septal
complex, comprising of neural crest-derived mesenchyme. After E12.5 the major and intercalated OFT
cushions remodel to form the tricuspid arterial valves and subsequently the aortic root is transferred to
the left ventricle, with the pulmonary trunk remaining as the sole outlet from the right ventricle [3].

The great arteries of the mammalian heart are derived from the pharyngeal arch arteries (PAAs)
which form within the pharyngeal arches. These are temporary embryological structures that develop
as a series of repeated protuberances on either side of the developing pharynx [5]. The pharyngeal
arches consist of paraxial mesoderm- and NCC-derived mesenchyme, enclosed by two epithelial
layers—the pharyngeal ectoderm and endoderm. The PAAs form symmetrically and sequentially
during early embryogenesis in a cranial to caudal sequence and are rapidly remodelled to form the
asymmetric aortic arch arteries seen in the adult [6,7]. The first two pairs of PAAs degenerate early
and contribute to the vascular plexus within the forming jaw, and the third PAAs, on both the right
and the left, form the common carotid arteries. The fourth PAA persists on the right as the proximal
region of the subclavian artery, whilst on the left it contributes to the section of the mature aortic arch
between the origins of the left common carotid artery and the left subclavian artery. The right sixth
PAA regresses, while the left sixth PAA forms the arterial duct. The development of the PAAs appears
to be particularly sensitive to insult during embryonic life, and a variety of teratogens, (e.g., retinoic
acid [8,9]), blood flow perturbations [10,11] and gene mutations in mouse models [12] result in defects
of the cardiovascular system. Additionally, neural crest ablation in the mouse gives rise to a wide
spectrum of OFT and aortic arch patterning defects [13,14]. Moreover, gene interactions within the
pharyngeal epithelia are crucial for PAA development [15-17].

Mice lacking the non-DNA binding transcription factor, Cited2, die in utero with complex
cardiovascular and neural tube malformations [18-21] and CITED2 has been shown to physically
interact with, and co-activate, AP-2a (TFAP2A in humans) [20]. AP-2a, similar to Cited2, is necessary
for cardiovascular and neural tube development [22-24]. Mutations in TEAP2A have been identified
in patients with Peters’ anomaly [25], which frequently has comorbidities with congenital heart
defects [26,27], and cause branchio-oculo-facial syndrome, a disease characterised by a branchial
(or cutaneous) defect, abnormalities of the eyes and a distinct facial phenotype [28]. These patients
may also present with cardiovascular defects, such as atrial septal defect and Tetralogy of Fallot [29,30].
Additionally, TEAP2A has been associated with the negative regulation of the T-box gene, TBX20,
the expression of which is increased in atrial and ventricular biopsies of patients with Tetralogy
of Fallot [31]. Other AP-2 family members have been implicated in congenital heart defects, with
mutations in TFAP2B, causing Char syndrome, where patients present with persistent arterial duct [32],
and decreased TFAP2C levels have been identified in cardiac biopsies of Tetralogy of Fallot patients [31].

In the mouse, AP-2« is expressed in the surface ectoderm and lateral edge of the neural plate at
the 3-somite stage (~E8.0) [33], and in the neural crest cells migrating from the hindbrain region at
the 5-somite stage [34]. By E9.5, AP-2« is expressed in the neural crest derived mesenchyme of the
pharyngeal arches, and the pharyngeal ectoderm, and this expression extends into the mesenchyme
and ectoderm of pharyngeal arches four and six by E10.5 [24]. The cardiovascular defects observed
in AP-2a-null mice affect the OFT (e.g., common arterial trunk) and the aortic arch arteries (e.g.,
interrupted aortic arch) but these present differently depending on the genetic background used [22-24].
Although the OFT and arch artery defects are characteristic of a NCC phenotype [35], published
genetic evidence using Cre-lox techniques suggests that NCC deletion of AP-2a does not result in
cardiovascular malformations although there is perinatal lethality associated with neural tube defects
and cleft palate [36]. This raises important questions as to how cardiovascular defects arise that appear
to be NCC-related, but which have been shown not to be caused by a cell-autonomous NCC phenotype.

In this study we describe the fully penetrant AP-2a-null cardiovascular phenotype on an enriched
C57Bl/6] genetic background. We also sought to identify the tissue-specific requirement of AP-2«
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in cardiovascular development using null and conditional alleles of AP-2a and Cre recombinase
expressing transgenic mice. We demonstrate that an early embryonic deletion of AP-2« is required to
recapitulate the cardiovascular defects seen in the constitutive knockout.

2. Materials and Methods

2.1. Mice

All mice used in this study have been described elsewhere: Tcfap2a'®?K! (referred to as
AP-2at/ 7) [24], a floxed allele of Tcfap2a (referred to as AP—Zaﬂ”x) [36]; Foxg1Cre [37]; Nkx2-5Cre [38];
Wnt1Cre [39]; Isl1Cre [40]; PGKCre [41]; R26R! [42]; R26R®YP [43]. All mice used in this study were
backcrossed using a traditional congenic breeding strategy [44] for sufficient generations onto C57Bl/6]
to give an average contribution of >90% C57Bl/6] genomic DNA, and were genotyped by standard
PCR using allele-specific primers (sequences available on request). All studies involving animals were
performed in accordance with the UK Home Office Animals (Scientific Procedures) Act 1986.

2.2. Breeding

Stud male mice were produced by crossing AP-2a*/~ with each Cre strain. The AP-2a* mice
were crossed with R26R®? to produce double homozygous females. Male and female mice were mated
and the detection of a vaginal plug the next morning was considered to be embryonic day (E) 0.5.
Pregnant females were culled on the required day and embryos collected. Embryos at E9.5-E11.5 were
staged by somite counting.

2.3. Imaging

The magnetic resonance imaging (MRI) of E15.5 embryos was performed on a 9.4T MR system
and analysed and segmented as described [45]. Following MRI, selected embryos were processed for
standard histology and haematoxylin and eosin staining. Mid-gestation embryos (E10.5 and E11.5)
were analysed by High Resolution Episcopic Microscopy (HREM) as described [46,47]. To create
the 3-dimensional (3D) reconstructions of the heart and arch arteries, MRI and HREM images were
converted into volume datasets and segmented using Amira software (Thermo Fisher Scientific,
Waltham, MA, USA). Structures were manually outlined using the label field function of Amira and
surface rendered to produce the 3D images [45]. X-Gal staining to reveal lacZ activity was performed
using standard procedures. To visualise the patency of pharyngeal arch arteries at E10.5, embryos
were injected with India ink via the left ventricle with pulled Pasteur pipettes.

2.4. Immunohistochemistry

Embryos were embedded in paraffin wax and sectioned. Slides were dewaxed, rehydrated
and immunostained with the following primary antibodies: mouse anti-AP-2cc (3B5, Santa Cruz
Biotechnology, Dallas, TX, USA; Catalogue number: sc-12726); rat anti-mouse CD-31 (BD Biosciences,
San Jose, CA, USA; Catalogue number: 550274); chicken anti-GFP (Abcam, Cambridge, UK; Catalogue
number: ab13970); anti-cleaved caspase3 (Cell Signalling Technology, Danvers, MA, USA; Catalogue
number: 9661); anti-phospho-histone H3 (Millipore, Watford, UK; Catalogue number: 06-570). For cell
fate analysis, three embryos for each genotype (11 > 3 sections per embryo) were assessed and the number
of positively stained cells divided by the total number of cells to give an apoptotic or proliferative
index. NCC were labelled genetically with eYFP using the Wnt1Cre allele, and sections immunostained
with the anti-GFP antibody, and the NCC counted (n = 3 embryos per genotype; 1 > 3 sections per
embryo). Cell counting was performed using Image] software (National Institutes of Health, Bethesda,
MD, USA) using the cell counter feature.
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2.5. RT-PCR

Embryos were collected at E9.5 and the pharyngeal arch region dissected free in ice-cold PBS.
Total RNA was extracted using TRIzol and a PureLink™ RNA mini spin column kit, and cDNA synthesis
was carried out using the High Capacity cDNA reverse transcription kit (all from ThermoFisher
Scientific, Waltham, MA, USA). Oligonucleotides were designed to identify the AP-2a wild-type
(5’-TTAAGAAAGGCCCCGTGTCCCTG and 5-CGTTGGGGTTTACCACGCCAC), floxed and
recombined alleles (5'-TTAAGAAAGGCCCCGTGTCCCTG and 5'-TAACCGCTGCACACACCGCC),
and Gapdh (5-TGTGCAGTGCCAGCCTCGTC and 5'-TGACCAGGCGCCCAATACGG).

2.6. Western Blotting

Embryos were collected at E10.5, dissected in ice-cold PBS and lysed in 300 pL Laemmli buffer.
Lysates were electrophoresed through a 10% polyacrylamide gel and subsequently transferred to PVDF
membrane. The membrane was blocked in 5% milk solution and incubated with AP-2« antibody,
diluted 1:1000. Secondary antibody was a polyclonal goat anti-mouse HRP (Agilent, Santa Clara, CA,
USA) diluted 1:10,000.

2.7. Statistical Analysis

Cell counts were analysed using a two-tailed unpaired t-test (Prism 8.01 software, GraphPad,
San Diego, CA USA). Fisher’s exact test was used to compare defect frequencies between different
genotypes (SPSS). Groups were considered significantly different when p < 0.05.

3. Results

3.1. Cardiovascular Phenotype in C57Bl/6] AP-2a™/~ Embryos

In this study we wanted to identify the tissue in which AP-2« is required to control normal
cardiovascular development. Firstly, however, we analysed the developing cardiovascular system in
embryos deficient for AP-2a (AP-2a/~) on an enriched C57BI/6] genetic background using histology,
magnetic resonance imaging (MRI) and high-resolution episcopic microscopy (HREM). AP-2a*/~ mice,
which have an IRES-lacZ sequence inserted to disrupt the dimerization and DNA binding domains of
the AP-2ax protein [24], were intercrossed and embryos collected at E15.5 for analysis. This revealed
that all AP-2a~/~ embryos (1 = 10) analysed had a ventricular septal defect (VSD) or an interventricular
communication with an OFT defect (10/10), as shown in Figure 1 and Table 1, with six embryos showing
a double outlet right ventricle, as shown in Figure 1D,E 1], two showing an over-riding aorta, as shown
in Figure 1C,H, and two exhibiting transposition of the great arteries (TGA). One embryo with TGA
also had an aberrant right subclavian artery (A-RSA), a right-sided aortic arch and an isolated left
subclavian artery, as shown in Figure 1B,G. Although TGA is a hallmark of heterotaxy [48,49], we did
not observe any other left-right patterning defects in AP-2a™/~ embryos. Other aortic arch artery
defects were also observed, including interrupted aortic arch (n = 3/10), as shown in Figure 1H, cervical
origin of the aortic arch (n = 2/10), as shown in Figure 11, and A-RSA (1 = 3/10 retro-oesophageal
and n = 6/10 with a cervical origin), as shown in Figure 1H-J. All AP-2a7~ embryos, except one, also
presented with the previously reported craniofacial and ventral body wall defects [22,23]. One embryo,
with a closed ventral body wall, had less severe craniofacial abnormalities, presenting only with a cleft
palate and abnormal eyes. This embryo displayed a VSD, TGA and A-RSA, as shown in Figure 10,PQ.
This suggests that the cardiovascular defects seen in AP-2a/~ embryos are not secondary to the
craniofacial and ventral body wall abnormalities. In comparison to the published data [22,24], the mice
used in this study presented with a significantly increased prevalence of aortic arch artery defects,
as shown in Figure 1R,S. This, therefore, demonstrates that AP-2a7~ embryos on an enriched C57Bl/6]
genetic background have fully penetrant cardiovascular defects affecting the aortic arch arteries, as well
as the OFT.
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Figure 1. Defects in AP-2a~/~ embryos. Images were created from haematoxylin and eosin stained
transverse sections (A-E) and MRI datasets (F-P) from E15.5 embryos. Control AP-2a* embryos
had normal cardiovascular structures (A,F), bodies (K) and palates (L). AP-207- embryos show a
range of defects including transposition of the great arteries (TGA; B,G,Q), right-sided aortic arch
(RAA) and arterial duct (R-AD), with an isolated left subclavian artery (I-LSA; B,G), interruption of
the aortic arch (IAA; H), over-riding aorta (O-Ao; C,H), and cervical origin of the right subclavian
artery (cRSA; H,I), cervical origin of the aortic arch (c-AoA; I) and double-outlet right ventricle (DORV;
D,E 1)), and retro-oesophageal right subclavian artery (A-RSA; E,J,Q). All outflow tract defects were
associated with a ventricular septal defect (VSD) or an interventricular communication (IVC; C,G-J,Q).
AP-2a7/~ embryos usually also present with severe ventral body wall (M) and craniofacial defects (M,N).
One AP-2a7/~ embryo presented with a mild external phenotype (O) and minor craniofacial defects
consisting of abnormal eyes (E) and cleft palate (CP; P), although this was accompanied by a severe
cardiovascular abnormality (Q). (R,S) Effect of genetic background on the AP-2a-null cardiovascular
phenotype. Data for Black Swiss (BS) and 129/Black Swiss (129/BS) genetic backgrounds reproduced
from [24]; C57Bl/6] (B6) data from this study (red font). There is a significant increase in the number
of AP-2a7/~ aortic arch artery defects on the B6 background. *** p < 0.005, Fisher’s exact test (R).
Abbreviations: AD, arterial duct; Ao, aorta; LCC, left common carotid; LSA, left subclavian artery; LV,
left ventricle; OFT, outflow tract; P, palate; PT, pulmonary trunk; RCC, right common carotid; RSA,
right subclavian artery; RV, right ventricle. Scale, 500 um.
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Table 1. Cardiovascular defects observed in AP-2ae mutant embryos.

T1AA cAoA RAA

Genotype n Abnormal VSD DORV  O-Ao TGA +/— +/— +/— A-RSA
A-RSA A-RSA A-SA
AP-2a7- 10 10 (100%) 4 6 2 24 3 2 1 4
AP-2a7, ;Foxg1Cre 9 0 - - - - - - - -
AP-2afNkx2-5Cre 14 2 (14%) 0 0 0 0 0 1 1 0
AP-2a7;Wnt1Cre 250 3 (12%) 1 0 0 0 0 0 1 1
AP-2071; 6 0 ) ) ) ) ) ) ) )
Foxg1Cre;Wnt1Cre
kaZ-Iglé:rzef‘szf/fétICre 9 1(11%) 1 0 0 0 0 0 0 1
AP-2a7/Isl1Cre 11 4 (36%) © 2 1 0 0 2 0 0 1
AP-2a7;PGKCre 10 10 (100%) 1 74 0 0 1 4 1 4

7 One AP-2a7~ embryo with TGA also had a right-sided arterial duct. b AP-2a7:Wnt1Cre embryos from AP-2a and
Wnt1Cre breeding (n = 19) and complex Foxg1Cre;Wnt1Cre breeding (1 = 6). © One AP-2a7Is11Cre embryo also had
a hypoplastic aorta. All OFT defects (i.e., DORV, O-Ao and TGA) were associated with a VSD or an interventricular
communication. ¢ The number of OFT defects in AP-2a~/;PGKCre embryos (7/10) is not significantly different to
AP-2a7/~ embryos (10/10; p = 0.211, Fisher’s exact test). Abbreviations: A-RSA, anomalous right subclavian artery
(i.e., retro-esophageal, cervical or isolated); A-SA; aberrant right or left subclavian (as A-RSA but also includes
isolated left subclavian artery); cAoA, cervical aortic arch; DORV, double outlet right ventricle; IAA, interrupted
aortic arch; O-Ao, overriding aorta; OFT, outflow tract; RAA, right-sided aortic arch; TGA, transposition of the great
arteries; VSD, ventricular septal defect.

As the aortic arch arteries were found to be 100% affected in AP-2a~/~ embryos on a C57Bl/6]
genetic background we next examined whether the PAAs forming during E10.5-E11.5 developed
abnormally using HREM (E10.5 to E11.5; 35-47 somites; n = 9) and intracardial ink injection (E10.5;
34-39 somites; n = 10). By HREM, four AP-2a7/ embryos examined at E10.5-E11.0 (3543 somites),
prior to remodelling of the third and fourth PAAs and the OFT, the fourth pharyngeal arch was
observed to be smaller than in wild-type embryos, as shown in Figure 2B,C. The second PAA was
abnormally persistent in two embryos, the fourth PAAs bilaterally absent or hypoplastic in all four
embryos, and the sixth PAAs not yet formed in two embryos, as shown in Figure 2E,F and Table 2.
By ink injection at E10.5, control embryos (3442 somites; 1 = 7) had a symmetrical third, fourth
and sixth PAAs that were patent to ink, and the first and second PAAs had regressed, as shown in
Figure 2G. In AP-2a™/~ embryos, 8/10 had a fourth PAA defect where this vessel was either unilaterally
(n =3/10) or bilaterally (1 = 5/10) not patent to ink or hypoplastic in appearance, as shown in Figure 2H,I
and Table 2. Moreover, 4/10 embryos also presented with a unilateral abnormally persisting second
PAA patent to ink, and delayed formation of the sixth PAAs, as shown in Figure 2H,I and Table 2.
At the E11.5 stage in wild-type embryos, the OFT was septated and the right sixth PAA had begun
to regress, although the third and fourth PAAs remained symmetrical, as shown in Figure 2J. Of the
five E11.5 AP-2a/~ embryos examined (45-47 somites), the second PAA was unilaterally persistent
in four embryos and the fourth PAAs were either absent or hypoplastic in four embryos, as shown
in Figure 2K,L and Table 2. The majority of the unilateral second PAA defects in AP-2a™/~ embryos
at E10.5-E11.5 affected the right second PAA (in 8/9 cases) whereas the fourth PAAs were affected
bilaterally in 10/19 cases, with the right fourth PAA affected unilaterally in 4/19, and the left in 2/19 cases.
In all AP-2a™/~ embryos examined by HREM at E11.5 the OFT remained unseptated and the sixth
PAAs were bilaterally present, as shown in Figure 2K,L.
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Figure 2. Pharyngeal arch artery patterning defects in AP-2a™/~ embryos. Images were created from
3-D reconstructions of HREM datasets (A-F, J-L) and from ink injections (G-I). (A,D) Control AP-2a*1*
embryos display normal development of the pharyngeal arches (A) and PAA (D) at E10.5. In AP-2a7/~,
the embryos, the caudal pharyngeal arch can appear hypoplastic (B) or normal (C), and the PAAs are
frequently abnormal showing persistence of the second and absence of the fourth (E) or a hypoplastic
fourth PAA (F). The sixth PAA formation was observed to be delayed in some embryos (E,F). (G-I) Ink
injection shows that the third, fourth and sixth PAAs are symmetrical and patent to ink in control
embryos (G). In AP-2a71- embryos the second PAA was patent (H) and the fourth hypoplastic (H,I) or
absent (not shown). (J-L) By E11.5 the outflow tract is septated in control embryos (J). In AP-2a7=
embryos, the septation of the outflow tract is delayed, and the second PAA is persistent and the
fourth PAA is unilaterally (K) or bilaterally (L) absent. Pharyngeal arches (A-C) and PAAs (D-L) are
numbered. Somite numbers (s) are given. Abbreviations: at, aortic trunk; as, aortic sac; pa, pulmonary
artery; pt, pulmonary trunk. Scale, 100 pm.
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Table 2. Pharyngeal arch artery defects in AP-2a™/~ embryos.

Unilateral  Bilateral

Genotype n PAA  Abnormal Defect Defect Present Hypo/Int/Absent  Absent
2 11 (58%) 10 1 1 0 0
AP-2a71- 19 4 16 (84%) 6 10 - 8 2
6 11 (58%) 5 6 - 4 2

Embryos were collected and assessed for PAA defects. AP-2a~/~ mutants were either injected intracardially with ink
(E10.5; n = 10) or imaged using HREM (E10.5-E11.5; n = 9) to visualise the PAA. Data are combined. For each embryo,
left and right PAA 1-6 was scored as having a unilateral or bilateral defect, and the bilateral defects categorised
as either present, a combination of hypoplastic, interrupted and/or absent (Hypo/Int/Abs), and bilaterally absent.
The first and third PAA were unaffected in all embryos examined. All control AP-2a*!~ embryos (1 = 9) were normal.

To investigate the endothelial cells lining the developing fourth PAA, we immunostained embryo
sections with anti-PECAM-1 antibody to label endothelial cells. Embryos were collected at the stages
when the fourth PAAa are beginning to form (late E9.5) and have formed (mid E10.5), and five
embryos for each genotype (somite range 26-34) were examined. During E9.5, the fourth pharyngeal
arch becomes apparent, with PECAM-1 stained endothelial cells of the forming fourth PAA visible
close to the dorsal aorta in control (AP-2a*/~) and AP-2a7/~ embryos, as shown in Figure 3A-D.
In control embryos with 30 to 34 somites, the fourth pharyngeal arch is well defined with the fourth
PAA displaying a similar diameter to the third PAAs, surrounded by positively stained PECAM-1
endothelium, as shown in Figure 3E,F. However, in AP-2a~/~ embryos of an equivalent stage, PECAM-1
positive cells were either clustered and disorganised or had formed a vessel of small diameter, as shown
in Figure 3G,H. It therefore appears that the fourth PAA in the AP-2a™/~ embryos are failing to
form correctly.

AP-2a7/~ embryos at E15.5 displayed OFT defects, such as double outlet right ventricle, over-riding
aorta and TGA, as shown in Figure 1. We therefore examined the HREM datasets of AP-2a~/~ embryos
at E11.5 to see if malrotation of the OFT cushions could explain these phenotypes. During mid-E11.5,
the major septal and parietal cushions are positioned side-by-side, as shown in Figure 4A-C. In AP-2a/~
embryos, however, the OFT cushions were mal-positioned with the parietal cushion more anterior to
the septal cushion, as shown in Figure 4D-F, reminiscent of the orientation of the cushions at the early
E11.5 stage [16].

These results demonstrate that the cardiovascular phenotype of AP-2a~/~ embryos on an enriched
C57Bl/6] genetic background, as assessed by histology, imaging, ink injections and immunostaining,
is caused primarily by the fourth PAA not forming correctly, and aberrant OFT alignment with
the ventricles.
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E9.5

E10.5

Figure 3. Pharyngeal archartery development in AP-2a~/~ embryos. Coronal sections were immunostained
with anti-PECAM1 antibody to label endothelial cells of the PAA. (A-D) During the E9.5 stage the fourth
pharyngeal arch is forming but the fourth PAA itself is only beginning to appear in the control and
AP-2a71 embryos. PECAMI positive endothelial cells can be seen budding from the dorsal aorta (dAo;
arrows). (EF) In control embryos at E10.5 the fourth PAAs have formed, have a diameter similar to the
third PAAs, and are lined with PECAMI positive endothelial cells. (G H) In AP-2a7~ embryos at E10.5
the third PAAs have formed normally but the fourth PAAs are much smaller and appear more irregular in
shape (arrows). Each PAA is numbered, and somite numbers (s) are given. Scales: (A-G), 100 um; (A’-G’),
50 pum.
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control

AP-20"

Figure 4. AP-2a™/~ embryos display aberrant rotation of the outflow tract. Image datasets were
acquired by high-resolution episcopic microscopy. (A-F) Outflow tract rotation during E11.5 (45-49 s).
(A—C) In control embryos, the major outflow tract cushions (parietal in green; septal in yellow) have
rotated in an anti-clockwise direction, resulting in the cushions being aligned side by side. (D-F) In
AP-2a7/ embryos, the cushions have not rotated correctly resulting in the parietal cushion lying
anterior to the septal cushion. Somite (s) counts indicated. Scale bars: 100 pum.

3.2. Cell Fates in AP-2a™/~ Embryos

NCC are important for PAA remodelling [35]. We therefore investigated whether the NCC
migrating into the pharyngeal arches were affected in AP-2a™/~ embryos compared to the controls
using Wnt1Cre and eYFP transgenic mice to lineage trace the NCC and maintain a high percentage of
C57Bl/6] genetic background. Immunostaining was performed for NCC using an anti-GFP antibody,
and cellular apoptosis and proliferation assessed. Embryos were collected at early E10.5 (somite range
32-34), a stage when the fourth PAAs have formed (1 = 3 of each genotype). Firstly, apoptosis was
assessed in all the cells within the fourth pharyngeal arch by immunostaining for cleaved caspase-3
activity and a significant two-fold increase in the number of apoptotic cells was identified throughout
the fourth pharyngeal arch in AP-2a™/~ embryos compared with control (p = 0.023), as shown in
Figure 5A-C. When NCC, endoderm and ectoderm pharyngeal arch tissue were analysed separately,
we identified a significant 7.7-fold increase in the number of apoptotic cells in the pharyngeal ectoderm
compared to control ectoderm (p = 0.021), as shown in Figure 5C. The levels of apoptosis in the
endoderm and NCC were unchanged compared to the controls. For proliferation, the sections were
immunostained for phosphohistone H3 activity. The levels of proliferation within the fourth pharyngeal
arches of the control and AP-2a~/~ embryos were not significantly different, either in total or when
each pharyngeal arch tissue was analysed separately, as shown in Figure 5D-F.

As cell death and proliferation within NCC was unaffected we next investigated whether the
number and density of NCC present in the pharyngeal arches was altered in AP-2a~/~ embryos using
lineage traced NCC (1 = 3 of each genotype at E10.5). We found no statistically significant difference in
the number or density of NCC within the fourth pharyngeal arches between control and AP-2a7/~
embryos, as shown in Figure 5G,H.
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Figure 5. Increased apoptosis in the pharyngeal ectoderm of AP-2a~/~ embryos. Sections from E10.5
control (AP-2a*/~; A,D) and AP-2a7/~ (B,E) embryos were immunostained with cleaved anti-caspase3
(red; A,B), anti-phosphohistone H3 (red; D,E) and anti-GFP (green; A,B,D,E) antibodies to detect
apoptosis and proliferating cells within the fourth pharyngeal arch. The number of apoptotic (C) and
proliferating (F) cells were counted and expressed as an index. (G,H), Neural crest cells (NCC) within
the fourth pharyngeal arches of control and AP-2a~/~ embryos were counted and expressed as the total
number (G) and the number per 100um? (H). Abbreviations: ec/ecto, ectoderm; en/endo, endoderm.
* p < 0.05 (two-tailed unpaired t-test). Somite (s) counts indicated. Scale, 20 pm.

NCC number and density within the pharyngeal arches were, therefore, not affected in AP-2a~/~
embryos, nor was cellular proliferation. Increased levels of apoptosis, however, were observed
in the pharyngeal ectoderm of AP-2a™/~ embryos at a critical time of fourth PAA development.
This indicates that the cardiovascular defects observed may be derived from increased apoptosis within
the pharyngeal ectoderm that consequently affects normal development.

3.3. Conditional Deletion of AP-2c from the Pharyngeal Surface Ectoderm

Previous work has demonstrated that, although AP-2a is expressed in NCC, conditional deletion
using neural crest-specific Cre recombinase transgenic mice, Wnt1Cre and PO-Cre, in conjunction with
the AP-20/% allele, does not result in cardiovascular defects [36]. As apoptosis was significantly
increased in the pharyngeal ectoderm, we next explored the possibility that AP-2a expression in this
tissue may be critical for cardiovascular development, as this is the only other domain in which AP-2«
is expressed during PAA formation, as shown in Figure S1A,B,K. All control embryos analysed with
an AP-2a/"*;Cre genotype were normal, as shown in Figure 6A-D.

FoxgICre is expressed in the pharyngeal ectoderm, endoderm and mesoderm from E8.5, but not
in NCC, as shown in Figure S1C,D [37,50]. Mutant E15.5 embryos conditionally lacking AP-2a from
the pharyngeal ectoderm (AP-2a/~;Foxg1Cre) presented with a clefting of the face, and compared
to control embryos, the thymus was not observed in its normal position above the heart, or only
one lobe was seen in this position (n = 7/9), as shown in Figure S2 and Table 3. No cardiovascular
defects, however, were observed, as shown in Table 1. This therefore suggests that conditionally
deleting AP-2a from the pharyngeal surface ectoderm, in combination with endoderm and mesoderm,
at least with Foxg1Cre, does not give rise to cardiovascular defects. Due to the complex expression
pattern of Foxg1Cre in the head [37], and to maintain our focus on the cardiovascular system, we did
not assess the impact on craniofacial defects further. As this result was unexpected, we employed a
second Cre transgenic line, Nkx2-5Cre, that has been described to be active in the pharyngeal surface

81



J. Cardiovasc. Dev. Dis. 2020, 7, 27

ectoderm (and pharyngeal mesoderm and endoderm) from E8.0, but is also not expressed in NCC,
as shown in Figure S1E,F [38,50]. Mutant AP-2a/°~;Nkx2-5Cre embryos at E15.5 (1 = 14) presented
with a craniofacial defect consisting of a midline cleft of the mandible, as shown in Figure 6E,F and
Table 3. The thymus was affected in 5/14 embryos, being either bilaterally or unilaterally absent from
the normal position or reduced in size and split asymmetrically, as shown in Figure 6G and Table 3.
One AP-2af19%~Nkx2-5Cre embryo presented with a right-sided aortic arch forming a vascular ring that
looped around the back of the trachea and joined the descending aorta (therefore interrupted on the
left), as shown in Figure 6H and Table 1, and one embryo showed cervical origin of the aortic arch.

[ craniofacial Il thymus Il cardiac |

[ Wnt1Cre [ Nkx2-5Cre || control |

Isl1Cre

Figure 6. Defects following conditional deletion of AP-2a. (A-D) Control (AP-20lox) embryo with
normal craniofacial appearance (A,B), thymus (C), heart and aortic arch arteries (D). (E-H) Mutant
embryo with AP-2a conditionally deleted using Nkx2-5Cre showing craniofacial (E,F), thymus (G)
and a right-sided aortic arch (RAA) and an aberrant right subclavian artery (A-RSA; H). (I-L) Mutant
embryo with AP-2a conditionally deleted using Wnt1Cre showing exencephaly (I), cleft palate (CP;
J), normal thymus (K), A-RSA and a ventricular septal defect (VSD; L). (M—P) Mutant embryo with
AP-2a conditionally deleted using Is/1Cre showing craniofacial (M,N), thymus absent from its normal
position (asterisk; O), an interrupted aortic arch (IAA) and VSD (P). Abbreviations: AD, arterial duct;
Ao, aorta; LCC, left common carotid; LSA, left subclavian artery; LV, left ventricle; P, palate; RCC, right
common carotid; RSA, right subclavian artery; RV, right ventricle. Scale, 500 um.
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Table 3. Extra-cardiovascular defects in conditionally deleted AP-2ae embryos.

Genotype

Thymus

Craniofacial

AP-2a~/;Foxg1Cre

Bilaterally or unilaterally absent
from normal position, reduced in
size and/or split (7/9)

Upper facial cleft (7/9)

AP-207/;Nkx2-5Cre

Bilaterally or unilaterally absent
from normal position, reduced in
size and/or split (5/14)

Midline cleft mandible (14/14)

_ Cleft palate (5/19);

20/, p

AP-2a77;Wnt1Cre Not affected exencephaly (1/19)
AP-2a7; Bilaterally or unilaterally absent Upper facial cleft (6/6);

Foxg1Cre;Wnt1Cre from normal position (6/6) exencephaly (2/6)
AP-2a7F,;

Small, split (1/9)

Midline cleft mandible (9/9)

Nkx2-5Cre;Wnt1Cre

Midline cleft mandible and upper
facial cleft (8/11); cleft palate (6/11);
exencephaly (1/11)

AP-2a7Isl1Cre Absent from normal position (9/11)

The selective deletion of AP-2a from the pharyngeal ectoderm using either Foxg1Cre or Nkx2-5Cre
transgenic mice did not, therefore, recapitulate the cardiovascular malformations seen in the global
AP-2a-null embryos.

3.4. Conditional Deletion of AP-2« from the Neural Crest

The possibility that genetic background may have influenced the penetrance of a cardiovascular
phenotype in the previously published work raised the question that perhaps the role of AP-2a in the
neural crest should be re-examined on the inbred C57Bl/6] background. To do this, mice carrying the
Wnt1Cre transgene were used to conditionally delete AP-2a from all NCC [39]. AP-20/"%= -Wnt1Cre
embryos were examined for cardiovascular defects at E15.5 (n = 19). One embryo presented with
exencephaly, as shown in Figure 6I, five had a cleft palate, as shown in Figure 6], and the thymus was
unaffected, as shown in Figure 6K and Table 3. Two embryos had cardiovascular defects: one had
a perimembranous VSD with A-RSA, as shown in Figure 6L and Table 1, and one had a vascular
ring, as described above. We therefore identified a very low incidence (10%) of cardiovascular
abnormalities in embryos with a neural crest cell-specific deletion of AP-2a on an enriched C57Bl/6]
genetic background.

3.5. Simultaneous Deletion of AP-2« from the Surface Ectoderm and the Neural Crest

AP-2ais expressed in both NCCs and the pharyngeal surface ectoderm, as shown in Figure S1A,B K.
As deletion from either tissue individually did not recapitulate the level of cardiovascular defects
seen in the global mutants, we next investigated the possibility that AP-2« is required in both tissues
simultaneously for correct cardiovascular development. We therefore created mutant mice that would
delete AP-2ar from the pharyngeal ectoderm and NCC simultaneously. Male mice heterozygous for
AP-2a and transgenic for both Wnt1Cre and Foxg1Cre were crossed to AP-2a/10%1%% females, and embryos
collected at E15.5 for analysis. A craniofacial defect was observed in all embryos of the genotype
AP-20/%~; Wnt1Cre;Foxg1Cre (n = 6) similar to that seen in Figure S2. In addition, exencephaly was
observed (2/6) as well as thymus defects, as shown in Table 3. By histology, no cardiovascular defects
were observed, although an A-RSA was identified in one AP-2a/%~;Wnt1Cre embryo from this cohort,
as shown in Table 1. From these data, it appears that the simultaneous deletion of AP-2a from the
NCC and surface ectoderm using Wnt1Cre and Foxg1Cre is unable to cause cardiovascular defects in
mutant embryos. We therefore employed Nkx2-5Cre in conjunction with Wnt1Cre to delete AP-2ar from
the surface ectoderm and NCC together. All AP-2a/°%~;Wnt1Cre;Nkx2-5Cre mutant embryos (1 = 9)
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showed a facial cleft similar to that shown in Figure 6E,F, and one had a thymus defect, as shown in
Table 3. One AP-2a/1%~;Wnt1Cre;Nkx2-5Cre mutant embryo had a perimembranous VSD and cervical
origin of the right subclavian artery, as shown in Table 1.

In an attempt to delete AP-2a from the pharyngeal ectoderm at a slightly earlier time than with
Nkx2-5Cre and Foxg1Cre, we used IsI1Cre mice [40]. Isl1 is expressed in the SHF as early as E7.0 [51] and
throughout the developing pharyngeal arches in the pharyngeal endoderm, ectoderm and mesoderm,
and in NCC, as shown in Figure S11] [43,52,53]. The Isl1Cre transgenic line will therefore delete AP-2«
from the surface ectoderm and NCC component of its expression domain. Mutant AP-2a/°IsI1Cre
embryos (n = 11) at E15.5 were analysed and showed craniofacial and thymus defects, as shown
in Figure 6M-O and Table 3, and four mutants presented with a cardiovascular defect, displaying
perimembranous VSD with either interrupted aortic arch or A-RSA, and a hypoplastic aorta, as shown
in Figure 6P and Table 1.

Taken together, the conditional, and simultaneous deletion, of AP-2a from the pharyngeal
ectoderm and/or NCC, somewhat unexpectedly, did not fully recapitulate the cardiovascular defects
seen in the global AP-2a null embryos. These results indicate that the simultaneous conditional deletion
of AP-2a from the NCC and the surface ectoderm does not result in highly penetrant cardiovascular
malformations, at least not with the Cre lines employed here.

3.6. Early Embryonic Recombination of the AP-20/"°% Allele

Because of the unexpected lack of a penetrant cardiovascular phenotype with any of the Cre
lines used in this study, we decided to closely analyse the cardiovascular phenotype produced by a
global deletion of the AP-2a/°* allele and compare this to the phenotype seen in the constitutive AP-2a
deficient embryos.

To achieve the recombination of the AP-2/° allele at an early embryonic stage, we used PGKCre
transgenic mice, which have been reported to express Cre recombinase in all tissues from E3.5 [41].
To confirm that the AP-2a/°* allele, as shown in Figure 7A, was being fully recombined we performed
RT-PCR on ¢cDNA made from E10.5 embryo RNA. This demonstrated that the AP-2a/° allele was
correctly recombined in the presence of PGKCre, as shown in Figure 7B. We also showed thatno truncated
AP-2« protein was made by Western blotting, as shown in Figure 7C. These data demonstrated that the
AP-20/% allele was completely recombined and created a null allele. To investigate the cardiovascular
system, stud males of the genotype AP-2a*/~;PGKCre were created, and crossed to AP-2afo¥flox
females to generate mutant (AP-2a/1%~;PGKCre) and control (AP-2a/*;PGKCre) embryos at E15.5 for
analysis. The external phenotype clearly recapitulated the AP-2a/~ external phenotype, as shown in
Figure 7G [22-24]. All AP-2a/"%~;PGKCre mutant embryos presented with an aortic arch artery defect
and 70% with an OFT defect, which was not significantly different from the fully penetrant OFT defects
seen in the global AP-2a deficient embryos, as shown in Figure 7H, I and Table 1.

These data indicate that cardiovascular defects equalling the prevalence seen in AP-2a~/~ embryos
can only be recapitulated conditionally with an early recombination of the AP-2/*** allele throughout
the embryo in conjunction with the AP-2a null allele.
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Figure 7. Defects following global conditional deletion of AP-2a. (A) Cartoon of the AP-20/10% allele [36]
with the functional domains, loxP sites (black triangles) and genotyping primers indicated. (B) RT-PCR
analysis demonstrates that the AP-22/ allele is fully recombined with PGKCre. (C) No AP-2« protein
is produced following the PGKCre-mediated recombination of the AP-2a/* allele. y-tubulin antibody
was used as a loading control. (D-F) Control (AP-2a*/10%;,PGKCre) embryos were externally normal (D)
and had a normal heart, outflow tract and aortic arch arteries (E,F). (G-I) Conditional deletion of AP-2«
using PGKCre (AP-2a~19%;PGKCre) produced embryos with the typical AP-2a-null external phenotype
(G) and cardiovascular defects, including interruption of the aortic arch (IAA), cervical origin of
the right subclavian artery (cRSA) and double-outlet right ventricle (DORV) with interventricular
communication (IVC; H,I). Abbreviations: AD, arterial duct; Ao, aorta; dAo, dorsal aorta; LCC, left
common carotid; LSA, left subclavian artery; LV, left ventricle; H, heart; RCC, right common carotid;
RSA, right subclavian artery; RV, right ventricle; Tr, trachea. Scale, 500 um.

4. Discussion

In this study we have defined the cardiovascular phenotype in mice lacking AP-2a on a C57BI/6]
genetic background, although we were unable to fully recapitulate the cardiovascular phenotype
seen in AP-2a deficient embryos using a conditional deletion strategy from the neural crest and/or
pharyngeal surface ectoderm. The complete AP-2« deficient phenotype, was, however, achieved
through very early embryonic recombination of the AP-2a conditional allele.

AP-2« is expressed in the NCC and the pharyngeal ectoderm of the pharyngeal arches that
house the PAAs that will form and remodel to create the aortic arch arteries that take blood away
from the heart [24,33,34]. Conditional deletion of AP-2a from the NCC and/or the pharyngeal surface
ectoderm, failed to recapitulate the AP-2a-null cardiovascular phenotype, although a small percentage
displayed an arch artery defect. The conditional deletion of AP-2a using Isl1Cre did produce the
highest number of embryos with a cardiovascular malformation (36%) of all the Cre combinations
used. Isl1Cre is expressed throughout the SHF including the pharyngeal epithelia [43,52], but it has
also been reported to be active in the cardiac neural crest [53]. It could therefore be speculated that the
earlier onset of Is/1Cre expression [51], combined with activity in the pharyngeal surface ectoderm
and NCC, could have sufficiently recombined the AP-2a/°* allele to produce a limited cardiovascular
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phenotype. The overall timing of the expression of the Cre transgenes used in this study, however,
may therefore be too late to successfully fully recombine the AP-2¢/** allele. By employing PGKCre
mutant mice to conditionally delete AP-2a before gastrulation, the full AP-2a-deficient phenotype was
successfully recapitulated. This is analogous to the Cited2 knockout mouse, where the full heterogenous
cardiovascular and laterality phenotype could only be realized conditionally through deletion at
gastrulation [54]. Each Cre line used in this study, however, was able to produce mutant embryos with
craniofacial defects, demonstrating that these lines functioned correctly and were able to recombine
the AP-20/"% allele and impact the formation of these structures later in development. Foxg1Cre,
for example, has a complex expression pattern in the head itself [37], but we have not assessed how
this pattern might cause the observed craniofacial defects, nor with the other Cre strains used in
this study. Nevertheless, the high incidence of craniofacial and thymus defects in the conditional
mutants reflects the efficacy of AP-2a deletion resulting from the Cre transgenes and supports our
conclusions concerning the lack of defects caused by loss of AP-2« in relation to the cardiovascular
system. A recent study has demonstrated that biallelic deletion of AP-2a and AP-2f from NCC results
in more severe craniofacial defects than seen in single NCC mutants [55], indicating that functional
redundancy occurs between these two genes. It is possible, therefore, that cardiovascular development
may also be affected more severely in these mutants, providing an alternative explanation as to why so
few AP-20/1%~;Wnt1Cre mutant embryos presented with cardiovascular defects here, or not at all in the
earlier report [36]. Recently it has been recognized that the Wnt1Cre line has ectopic overexpression of
Wntl in the midbrain, which increases Wnt/$3-catenin signalling, and a new allele has been developed,
Wnt1Cre2, to overcome this issue [56]. This line, however, has been reported to alter NCC-related
phenotypes compared to Wnt1Cre [57]. Although we do not predict that ectopic midbrain Wntl
overexpression using the Wnt1Cre allele would affect the cardiovascular system in our study; it is
feasible that we may have achieved a different result using the Wnt1Cre2 allele.

Previous studies have described the cardiovascular defects in AP-2a-null embryos and
demonstrated a cardiovascular phenotype consisting of a fully penetrant OFT malformation and a
partially penetrant arch artery phenotype [24]. Here, using mice on an enriched C57Bl/6] genetic
background, we have described the fully penetrant OFT and arch artery defects in AP-2a-null embryos,
demonstrating that AP-2a is critical for the correct development of the cardiovascular system. We did
not, however, find any embryos with a common arterial trunk, as previously reported [24], but did
identify other OFT defects of over-riding aorta and TGA, with the latter not previously described
in AP-2a™/~ mutant embryos. This difference in the penetrance of arch artery defects, and the range
in OFT abnormalities observed, may be attributed to the different genetic backgrounds of the mice
used in the various published studies. In our study, all the mice used were calculated to be >90%
C57BJ/6] for each line used, whereas the mice in the previous work were on a Black Swiss [22] or a
mixed genetic background [24]. The AP-2a-null alleles were constructed differently, with the former
using a neomycin cassette to replace exon 6, and the latter having an IRES-lacZ cassette inserted into
exon 7 of the AP-2a gene (also used in this study). Although the presence of a neomycin cassette may
influence neighbouring gene expression that could impact any observed phenotype [58], it is more
likely that the increased penetrance of arch artery defects observed in our study are due to changes in
genetic background that are influencing the presentation of specific phenotypes, as previously shown
for Cited2 and Gbx2, among other genes involved in cardiovascular development [15,21].

The PAA defects observed between E10.5 and E11.5 in AP-2a-null embryos were predominantly
affecting the fourth PAAs, either unilaterally or bilaterally, with the development of this artery
appearing to be arrested between E9.5 and E10.5, as shown by PECAMI1 staining. Failure of the
left fourth PAA to form will result in the interruption of the aortic arch and cervical origin of the
aorta, and failure of the right fourth PAA will lead to A-RSA, either retro-oesophageal or with a
cervical origin [59]. The destiny of the persistent second PAA is more difficult to ascertain; it may
regress at a later time in development or may even contribute to the mature aortic arch topology as a
replacement vessel for an absent or aberrantly remodelled one, as is seen in Pax9-null embryos [16].
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Interestingly, the right fourth PAA appeared to be more susceptible to the deletion of AP-2a with 100%
of the constitutive and the conditional mutants by the foetal stage displaying a defect affecting the
right fourth PAA derived vessel (e.g., retro-oesophageal and cervical origin of the right subclavian
artery). Moreover, almost half of the embryos at E10.5-E11.5 had an abnormal right second PAA.
Mouse embryos, heterozygous for Thx1, present more frequently with A-RSA than interruption of the
aortic arch [16,60], indicating that a right-sided bias does occur in other mouse models of cardiovascular
malformation. Although it has been described that the Tbx1*/~ fourth PAA phenotype does partially
recover during development [16,17,61], this does not seem to be the case in AP-2a-deficient mice, as the
incidence of right fourth PAA derived defects is fully penetrant.

AP-2a-null embryos display severe neural tube and ventral body wall closure defects (primary
thoracoabdominoschisis) [22,23] that may occasionally affect the pericardium [24]. Neural tube defects,
such as spina bifida, and foetal thoracoabdominal anomalies, such as gastroschisis and omphalocele,
occur concomitantly with CHD [62-64]. It is therefore possible that the AP-2a-null cardiovascular
phenotype occurs concomitantly, or even secondarily, to the body wall closure defects. This is, however,
unlikely, as we identified one AP-2a-null embryo with an intact ventral body wall and only a mild
craniofacial defect that presented with complex OFT and arch artery defects. Although all AP-2a-null
embryos present with cardiovascular defects incompatible with post-natal life, they are sufficient to
support a circulation in the foetus. Following birth, the closure of the duct would result in the rapid
demise of the neonate and death within 48 h. However, given the severity of the other defects, it is
highly likely that these would independently result in a more immediate post-natal death. For example,
the severe craniofacial, body wall, cranial nerve and skeletal defects would prevent feeding and
breathing [22,23]. By E10.5, AP-2a is no longer expressed in NCCs, but continues to be expressed within
the pharyngeal ectoderm [24]. NCC migration is unaffected in AP-2a-null embryos [23] and we did
not see any defects in NCC apoptosis, proliferation, number or density within the pharyngeal arches,
but did observe a significant increase in the number of apoptotic cells in the fourth pharyngeal arch
ectoderm of AP-2a-null embryos. Increased apoptosis has also been observed in the third and fourth
pharyngeal arch ectoderm of Eya-null embryos [65], and these mice also display complex cardiovascular
defects, such as interruption of the aortic arch and A-RSA that are seen in AP-2a71- embryos [66].
Interestingly, a role for apoptosis in other tissue compartments has been described in animal models
of cardiovascular developmental defects. Within the pharyngeal mesenchyme of Tgfb2-null mouse
embryos at E11.5, apoptotic cells have been observed surrounding the PAAs just before they begin
to regress [67]. At later stages, aberrant apoptotic cells were located in the fourth PAAs leading to
arch artery defects, such as interrupted aortic arch. Aberrant apoptosis within the tunica media of
the arteries has also been implicated in the development of arch artery defects in diabetic rats [68].
To see if a second wave of apoptosis is contributing to the AP-2a-null cardiovascular phenotype,
the examination of embryos at later stages when the PAA are remodelling (i.e., E11.5-E13.5) would
need to be undertaken. At the stage of development analysed in our study, it is not possible to identify
the apoptotic ectodermal cells beyond that of a monolayer of columnar, polarised epithelial cells, joined
by tight and adherens junctions. The pharyngeal surface ectoderm, however, has been implicated as
an important signalling centre for PAA morphogenesis [17,69], so it is possible that AP-2c expression
in the ectoderm plays a critical role in mammalian PAA development, akin to the role of ectodermal
tfap2a in controlling zebrafish skeletogenesis and the promotion of pharyngeal ectoderm survival [70].
Moreover, for the process of ventral body wall closure during development, AP-2¢ is required for
signalling from the surface ectoderm to the underlying mesoderm [71]. As NCC are sensitive to
external signals as they migrate [72] we speculate that aberrant signals from the affected pharyngeal
ectoderm may alter their behaviour and ability to properly orchestrate the process of OFT septation
and ventriculo-arterial connections in AP-2a~/~ embryos, leading to delayed OFT septation, aberrant
endocardial cushion rotation and subsequently giving rise to the observed OFT defects. Septation does
finally occur in the AP-2a-null embryos as no case of common arterial trunk was observed in our
mutants. The OFT cushions in the AP-2a-null embryos were aberrantly positioned with the parietal
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cushion more caudal to the septal cushion, an organisation seen at an earlier stage in development in
control embryos [16]. The OFT phenotypes observed, therefore, could be attributed to an alteration in
the aortic to pulmonary valve axis angle, following an arrest in normal OFT rotation [73,74]. It should
be noted, however, that the aberrant positioning of the OFT cushions in AP-2a-null embryos may not
represent how the observed defects occur. An alternative mechanism for the correct positioning of the
aorta and pulmonary trunk over the correct ventricles is through an asymmetrical lengthening of the
right ventricular OFT, which causes the pulmonary trunk to be pushed towards its definitive position
in front of the aorta by an asymmetric population of SHF cells [75]. In Lrp2-null mice, for example,
the abnormal migration of this SHF population, along with defective NCC migration, results in common
arterial trunk [76]. Further studies will be required to see if the SHF pulmonary push population has
been affected in AP-2a-null embryos.

5. Conclusions

In this study we have shown that the complex cardiovascular defects in embryos deficient in
AP-2a are fully penetrant on a C57Bl/6] genetic background. Conditional deletion experiments suggest
that AP-2a has a complex influence on cardiovascular development by being required very early in
embryogenesis, having a redundant function in multiple tissue layers, or a combination of both factors.
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Abstract: Congenital heart defects (CHDs) are the most common birth defect in human with anincidence
of almost 1% of all live births. Most cases have a multifactorial origin with both genetics and
the environment playing a role in its development and progression. Adding an epigenetic component
to this aspect is exemplified by monozygotic twins which share the same genetic background but
have a different disease status. As a result, the interplay between the genetic, epigenetic and
the environmental conditions might contribute to the etiology and phenotype. To date, the underlying
causes of the majority of CHDs remain poorly understood. In this study, we performed genome-wide
high-throughput sequencing to examine the genetic, structural genomic and epigenetic differences
of two identical twin pairs discordant for Tetralogy of Fallot (TOF), representing the most common
cyanotic form of CHDs. Our results show the almost identical genetic and structural genomic identity
of the twins. In contrast, several epigenetic alterations could be observed given by DNA methylation
changes in regulatory regions of known cardiac-relevant genes. Overall, this study provides first
insights into the impact of genetic and especially epigenetic factors underlying monozygotic twins
discordant for CHD like TOF.

Keywords: congenital heart disease; Tetralogy of Fallot; monozygotic twins; discordant phenotype;
genetics; variations; epigenetics; DNA methylation; candidate genes

1. Introduction

The heart is the first functional organ during embryogenesis, and congenital heart disease
(CHD) represents the most common birth defect in humans, affecting about 1% of all newborns [1].
Despite improvements in recognition and therapeutic opportunities based on anatomical, physiological
and surgical considerations, CHD remains a leading cause of infant and child mortality. The majority of
CHDs are most likely caused be the interplay of multiple subtle genetic, structural genomic or epigenetic
alterations [2,3]. In addition, most of them are modulated by gen-environment interactions [2], of which
epigenetic alterations are proposed to represent an important transmitter. The symptoms of CHD may
vary from none to severe, which attests to its complex nature. This spread is well illustrated in Tetralogy
of Fallot (TOF), the most common cyanotic form of CHDs. TOF is characterized by a ventricular septal
defect (VSD) with an overriding aorta as well as an obstruction of the right ventricular outflow tract
(pulmonary stenosis) and right ventricular hypertrophy. These four anatomical features can all exhibit
variable levels of severity.
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Over recent decades and in particular with the advent of high-throughput DNA sequencing,
several CHD-associated sequence variations have been identified by genetic studies of affected
individuals and families [3-8]. Using a homogeneous TOF cohort with well-defined features, we recently
identified a multigenic background of rare deleterious mutations in several genes, which discriminate
TOF cases from controls and which are essential for apoptosis and cell growth, the assembly of the
sarcomere as well as for the neural crest and secondary heart field [9]. One central mechanism of
epigenetic control is DNA methylation. Thus, we also performed a genome-wide DNA methylation
study on myocardial biopsies of TOF and VSD patients [10]. We found clear methylation differences
between patients and controls and moreover, between patient groups. However, the underlying specific
causes for the majority of CHDs including complex forms such as TOF remain poorly understood.

Monozygotic twins are also known as identical twins because they share nearly 100% of their
genetic information stored in DNA. However, they are often discordant for complex diseases such as
diabetes, neurodevelopmental disorders, cancer as well as CHD [11-14]. Considering that monozygotic
twins are genetically identical, epigenetic mechanisms like DNA methylation might be modulators of
the phenotypic discordance by mediating between the environment and phenotypic expression [13].
For CHD for example, Lyu et al. showed, in the case of an identical twin pair discordant for double
outlet right ventricle, a high correlation between hypermethylated promoters based on reduced
representation bisulfite sequencing and down-regulated gene expression levels in the patient compared
to the healthy twin [14]. In this study, we will investigate for the first-time genome-wide genetic and
epigenetic differences between two monozygotic twin pairs discordant for TOF, providing a deeper
understanding of the interplay between genetic, structural genomic and epigenetic alterations involved
in the etiology of this complex disease.

2. Materials and Methods

2.1. Study Participants and Ethics Statement

To obtain genomic DNA (gDNA) for whole genome sequencing (WGS) and whole genome
bisulfite sequencing (WGBS), blood samples were taken from four individuals (two identical twins
discordant for TOF, i.e., one affected case each (i.e., Twinl_TOF and Twin2_TOF) and one healthy
monozygotic sibling each (i.e., Twinl_H and Twin2_H)). The first pair of twins are male individuals
(i.e., Twinl) and the second pair are female individuals (i.e., Twin2) (Figure 1). Since a healthy co-twin
in a discordant twin pair serves as a well-matched control with the same genetic background, no further
controls were included in this study. The local institutional review board of University of California
San Diego approved the study (UCSD IRB protocol #111523) and informed consent was obtained
from all participants or guardians. The study protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki.

2.2. Whole Genome Sequencing (WGS)

Genomic DNA from blood of TOF patients and healthy siblings was extracted using Puregene DNA
purification kit (Gentra). DNA degradation and contamination were monitored on 1% agarose gels.
Moreover, DNA concentration was measured using Qubit DNA Assay Kit in Qubit 2.0 Flurometer (Life
Technologies, Carlsbad, CA, USA). Library preparation and sequencing (2 X 150 bp paired-end Illumina
sequencing; NextSeq PE150 with Q30 > 80%) was performed by Novogene. Briefly, a total amount of
1 ug DNA per sample was used as input material for the DNA sample preparations. Sequencing libraries
were generated using NEBNext DNA Library Prep Kit following manufacturer’s recommendations
and indices were added to each sample. The genomic DNA was randomly fragmented to a size of
350 bp by shearing, then DNA fragments were end polished, A-tailed, and ligated with the NEBNext
adapter for [llumina sequencing, and further PCR enriched by P5 and indexed P7 oligos. The PCR
products were purified (AMPure XP system) and resulting libraries were analyzed for size distribution
by Agilent 2100 Bioanalyzer and quantified using real-time PCR.
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Figure 1. Filtering of local variations and candidate genes identified in affected Tetralogy of
Fallot (TOF) twins using whole genome sequencing. Variant positions are based human reference
genome (GRCh38.p13/hg38). AD, allelic depth; CADD, combined annotation dependent depletion;
CMs, cardiomyocytes; DP, read depth; GT, genotype; GQ, genotype quality; H, healthy; INDEL,
insertion and deletion; MAF, minor allele frequency; NH, normal heart; PL = Phred-scaled genotype
likelihoods; Qual, base quality (Phred score); RV, right ventricle; SNV, single nucleotide variations;
TOF, Tetralogy of Fallot; VAF, variant allele frequency.

Each sample was sequenced on four sequencing lanes (Table S1). On average, sequencing
resulted in approximately 332 million read pairs per sample (Table S1). The quality of the sequencing
samples was checked using FASTQC v1.7 [15] and Qualimap v2.2.1 [16]. All samples passed sequence
quality. On average, a duplication rate of 10.4%, a GC content of 40.4% and mean base quality of
37.9 (Phred score) were observed over all samples (Table S1 and Figure S1A). After initial quality
check, the reads were mapped to the human reference genome (GRCh38.p13/hg38) using Bowtie2
v2.4.1 with the “very-sensitive” parameter setting, which is more sensitive and more accurate [17].
On average, 98.8% of the reads per sample could be mapped. The average sequencing read depth
over the human reference genome is 30.1x with a coverage of 99.5% (Table S2 and Figure S1B).
Duplicate reads were marked using Picard tools v1.140 (http://broadinstitute.github.io/picard, v1.140).

Calling of local variations (single nucleotide variations (SNVs) as well as insertions and deletions;
INDELs) was performed using DeepVariant v0.10.0 with default parameters [18]. Variants that passed
DeepVariant default quality filters and with a genotype quality greater than or equal to 20 and a
read depth greater than or equal to 10 were annotated using Ensembl Variant Effect Predictor (VEP;
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release 100) [19]. Local variations with a minor allele frequency greater or equal than 0.01 (1%) in
the 1000 Genomes or Genome Aggregation Database (gnomAD) global populations [20] as well as
variations with low functional impact based on Ensembl calculated variant consequences were filtered
out [19]. Non-synonymous variants must be predicted to be damaging by either PolyPhen-2 [21],
SIFT [22] or MutationTaster2 [23]. Moreover, variants in the non-coding region were filtered for those
with a CADD (Combined Annotation Dependent Depletion) score greater than 15 (Phred-scaled) [24],
a cutoff on deleteriousness. Structural variations (5Vs) were called using Manta v1.6.0 with default
parameters [25]. Moreover, common SVs based on gnomAD-SV were filtered out [20]. Copy number
variations (CNVs) were called using Control-FREEC v11.5 with default parameters [26]. Both SVs and
CNVs were further overlapped with genomic features obtained from VEP.

2.3. Whole Genome Bisulfite Sequencing (WGBS)

For WGBS, gDNA obtained from blood of the two twin pairs (in total four individuals) was
extracted using Puregene DNA purification kit (Gentra) and further used to create bisulfite-treated
DNA libraries. Library preparation and sequencing was performed by Novogene using EZ DNA
Methylation Gold Kit from Zymo Research and 150 bp paired-end Illumina-Kit. Briefly, unmethylated
cl857 Sam7 Lambda DNA (48,502 bp, Promega D1521) was combined with gDNA to act as an internal
control to monitor the bisulfite conversion rate. Afterwards, DNA was sheared into 200-400 bp
fragments, sequence ends were repaired and 3’ ends were adenylated. Next, methylation sequencing
adapters were added and DNA was treated with bisulfite. Treatment of DNA with sodium bisulfite
deaminates unmethylated cytosines to uracil while methylated cytosines are resistant to this conversion,
allowing therefore for the discrimination between methylated and unmethylated CpG sites. Finally,
bisulfite treated library was subjected to PCR amplification followed by standard DNA paired-end
[lumina sequencing (HiSeq PE150 with Q30 > 80%). In general, sodium bisulfite pre-treatment of
DNA coupled with high-throughput sequencing allows us to study DNA methylation quantitatively
and genome-wide at single cytosine site resolution.

Each sample was sequenced on six sequencing lanes (Table S3). On average, sequencing resulted in
approximately 344 million read pairs per sample (Table S3). The quality of the sequencing samples was
checked using FASTQC v1.7 and Qualimap v2.2.1. All samples passed sequence quality. On average,
a duplication rate of 10%, a GC content of 21.1% and mean base quality of 36.95 (Phred score) were
observed over all samples (Table S3 and Figure S2). The bisulfite conversation was efficient based on
the base composition (<1-2% of C in the forward strand and G in the reverse strand) (Figure S3A) and
based on the bisulfite conversion rate (>99.7%) (Figure S3B). The bisulfite conversion efficiency was
calculated for each sample based on unmethylated control sequences (spike-ins) added to the library
prior to fragmentation (i.e., 100—percentage of C methylated in CpG context when mapping against
the control genome Enterobacteria phage lambda). After initial quality assessment, adapter trimming
was performed by Trim Galore v0.4.4 [27]. Afterwards, sequencing reads were mapped to the human
reference genome (GRCh38.p3) using Bismark v0.18.2 [28]. On average, 75% of the ~344 million reads
per sample could be mapped (Table S4). After mapping, reads of all sequencing lanes were merged for
each sample using SAMtools v1.2 [29] and subjected to deduplication using Bismark. Out of ~258 million
mapped reads per sample, ~229 million left after deduplication (Tables S4 and S5). All mapped reads
have a high mean base quality of ~35.7 (Phred score) with a GC content of ~21.3% (Figure S4A and
Table S5). The average sequencing depth is 21.1X per base (Figure S4B and Table S5). To correct for
methylation bias at 3’ and 5" end of each read, MethylDackel v0.3.0 was used [30]. For forward reads,
no cutoffs were suggested; however, there are clear drops in the methylation level at the beginning
(15-18 bp) and end (149 bp) of the reads for which cutoffs were suggested by MethylDackel (Figure S5A)
and incorporated during methylation level extraction using Bismark. As expected, the samples have,
on average, a CpG methylation rate of 82.5%. CHG and CHH methylation rates are very low at under
1% each (Figure S5B and Table S5). Differential methylation analyses of CpG sites between two samples
are performed using methylSig v0.4.4 [31]. As methylSig only allows comparisons with at least two
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samples per group, each sample was duplicated. Furthermore, CpGs were filtered by coverage with
a minimum coverage of 10 and a maximum of 500 (default values). Differential methylation is defined
by a methylation difference of at least 25%. Differential methylated CpGs are further overlapped
(at least 1 bp) or associated (i.e., nearest gene approach) with hg38 annotated genomic features as
described in detail elsewhere [10]. Briefly, the overlap includes 50,497 promoters of UCSC RefSeq
genes (=500 bp/+2 kb to TSS); 30,477 CpG islands (CGlIs) based on UCSC track “cpglslandsExt”;
promoter CGls (i.e., overlap of promoter and CGIs with at least 1 bp), CGI shores (i.e., regions outside
CpG islands but within 2 kb of any CpG island), transcription factor binding sites (TFBS) predicted
by the Transfac Matrix Database and conserved in the multiple alignment of human, mouse and rat,
including cardiac transcription factors (TFs); and cardiac enhancers (p300 ChIP-seq data of human
adult and fetal hearts [32]).

2.4. Filtering for Disease-Relevant Genetic and Epigenetic Alterations

Candidate genes with genetic, structural genomic or epigenetic alterations were overlapped with
various datasets to filter for known or possible disease-relevant genes. This includes heart- and muscle
relevant genes (865 genes based on several resources) [9]; cardiovascular-associated genes (list of
4275 genes created by the Cardiovascular Gene Annotation Initiative in collaboration with EMBL-EBI);
genes which are differentially expressed in CHD patients (in particular TOF, VSD, atrial septal defect
(ASD), hypoplastic left heart syndrome (HLHS), transposition of the great arteries combined with
pulmonary artery (TGA-PS)) [9,33-37]; genes which are differentially methylated in the promoter,
gene body or related enhancer of CHD patients (in particular TOF, VSD, LS-CHD) [10,38-41];
genes which overlap CNVs associated with CHD (including TOF, LS-CHD, HLHS and conotruncal
defects) [42-56]; known human CHD genes [3,6,54]; and genes which are differentially expressed and
targeted by differentially expressed microRNAs in CHD patients (TOF and HLHS) [57-59]. Moreover,
candidate genes must be expressed (RPKM (reads per kilo base per million mapped reads) or TPM
(transcript per million) value > 1) in the right ventricular tissue of normal or TOF hearts [9], or during
cardiac differentiation (i.e., in cardiomyocytes of day 15 and/or day 60 derived from induced pluripotent
stem cells of healthy, unaffected individuals and TOF patients) [60].

2.5. Statistics

General bioinformatics and statistical analyses were conducted using R (including Bioconductor
packages) and Perl.

3. Results

3.1. Genomic Variations in Affected Twins

Whole genome sequencing of monozygotic twins resulted in approximately 4.4-4.6 million local
variations (i.e., SNVs and INDELSs) for each twin, with SNVs constituting the largest class of called
genomic variations. Out of these raw variants, up to 6% are unique for either twin. Considering that
monozygotic twins are genetically identical, this number seems very high; however, there are differences
in terms of sequencing depth and quality, which may result in different calling results. Using a minimum
sequencing depth of 10x and a genotype quality of at least 20, the number of local variants drops in
Twinl_TOF from 4,167,698 to 19,220 (0.46%) and in Twin2_TOF from 4,331,595 to 17,087 (0.39%) unique
ones compared to the respective unaffected twin (Figure 1). To identify possible disease-associated
alterations, these unique variants were further annotated and filtered for rare variants (MAF < 1%) with
functional impact on the coding or non-coding genomic sequence. For the coding part, this resulted in
no single INDEL and only one missense SNV for each affected twin, which are further predicted to
be tolerated (Figure 1). For the non-coding sequence of Twinl_TOF, there is a homozygous INDEL
(i.e., insertion) in the promoter region of Ubiquitin Specific Peptidase 9 X-Linked (USP9X). The promoter
also represents a CpG island (CGI). In Twin2_TOF, we also identified no SNV but one INDEL in
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the promoter of SLIT and NTRK Like Family Member 5 (SLITRKS5). Both non-coding variants are
potentially pathogenic with a CADD score greater than 15. The related genes were further checked for
being expressed in the human heart. Moreover, considering that TOF is a developmental disorder,
these genes should be expressed during development. Thus, we examined their expression in the
right ventricular tissue of normal and TOF hearts [9] as well as during cardiac differentiation using
cardiomyocytes derived from induced pluripotent stem cells of healthy, unaffected individuals and TOF
patients [60]. Out of these two genes, SLITRKS5 is not expressed in the heart or during cardiomyocyte
differentiation (Figure 1). We further overlapped the two genes with known cardiovascular-associated
genes and several CHD-related datasets, but without any overlap for both genes. In addition to unique
variants in the two affected TOF twins (i.e., variants that do not occur in the healthy sibling), we also
searched for variations with zygosity differences between the healthy and affected siblings. However,
after filtering there is no SNV or INDEL in the coding and non-coding sequence of both twin pairs,
which can explain the phenotype differences (Figure S6).

3.2. Structural Genomic Variations in Affected Twins

Besides local variations, we are interested in copy number variations as well as structural variations,
which are unique for the affected TOF twins. For Twinl_TOF, we identified 11 CNVs, which are
associated with 9 genes (Table S6). The majority of these CNVs are copy number gains (i.e., 9 out of 11)
and only two represent a copy number loss. For Twin2_TOF, we found four CNVs (two gains and two
losses), of which only one copy number gain affects a genomic feature, namely the rRNA RNA5SP19.
The very few genomic features affected by CNVs in Twinl_TOF are either protein-coding or T cell
receptors, where the latter represent an adaptive immune response (Table S6). The protein-coding genes
were checked for cardiac expression and further overlapped with a list of cardiovascular-associated
genes and other CHD-related datasets. The latter revealed only for UDP Glucuronosyltransferase Family
2 Member B17 (UGT2B17) an overlap with cardiovascular-associated genes and known CNVs in CHD
patients; however, the gene is not expressed in the normal or TOF heart or during cardiomyocyte
differentiation. The only expressed gene associated with a CNV in twinl_TOF is Fc Fragment of IgA
Receptor (FCAR), but without any overlap to other cardiac-related annotations or datasets. In summary,
there is no real candidate gene with a CNV in both affected twins.

To find possible disease-relevant SVs, we filtered for unique ones in the affected twins, which are
rare and have a high or modifier functional impact. In total, we found 30 rare SVs in Twin1_TOF and
20 rare SVs in Twin2_TOF with modifier impact only, affecting 20 and 13 genes, respectively (Tables S7
and S8 and Figure S7). Both affected twins share five SVs. Overall, 83% of the genes associated with SVs
are expressed in the normal or TOF heart or during cardiac differentiation. Moreover, the majority of
these expressed genes overlap with several cardiac related genes or datasets. For example, ANTXR Cell
Adhesion Molecule 1 (ANTXR1) and L3MBTL Histone Methyl-Lysine Binding Protein 4 (L3MBTL4) with
SVs in Twinl_TOF are also differentially expressed (significantly up-regulated) in right ventricle of
TOF patients compared to normal hearts [9]. Moreover, both are differentially methylated in VSD
patients compared to normal hearts (i.e., significantly hypermethylated cardiac enhancer near ANTXR1
and hypermethylated gene body of L3MBTL4) [10]. The genes with SVs in Twin2_TOEF, encoding for
Bardet-Biedl Syndrome 2 (BBS2) and Teneurin Transmembrane Protein 4 (TENM4), are also associated with
differential DNA methylation in VSD cases versus normal hearts (i.e., significantly hypermethylated
gene body of BBS2 and hypermethylated promoter of TENM4) [10].

3.3. DNA Methylation Differences between Discordant Twins

To investigate the impact of DNA methylation changes between discordant twins, we performed
WGBS and studied the methylation level of approximately 28 million CpG sites in the human genome.
In general, the global CpG methylation shows no obvious differences between each affected and healthy
twin (Figures S8 and S9A), with a somewhat higher coverage in Twinl_TOF compared to Twinl_H
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and a similar one for Twin2_TOF and Twin2_H (Figure S9B). Moreover, genomic features associated to
genes have a higher methylation level (Figure 2A).

Next, we searched for differentially methylated CpG sites (DMCs) with at least 25% differences
between the discordant twins. We found 299,643 DMCs in Twin1 and ~150,000 more DMCs (in total
457,108) in Twin2 (Table 1). For Twinl, there are more hypomethylated CpGs, while Twin2 is more
balanced regarding hypo- and hyper-methylation (Figure 2B,C, left each). However, the overlap of
DMCs with genomic features is similar for both twin pairs, with the majority of DMCs in non-coding
regions (intergenic and intronic; Figure 2B,C, right each). Nevertheless, there are DMCs in coding and
even more interestingly in regulatory regions such as promoters, CGIs, promoter CGIs, CGI shores,
TEBS (cardiac and/or located in promoters) and cardiac enhancers (Table 1).

Table 1. Differentially methylated CpG sites with >25% methylation difference between the healthy
and affected twin and their overlap (>1 bp) or association (i.e., nearest gene approach) with different
genomic features. CGls, CpG islands; DMCs, differentially methylated CpGs; H, healthy; TFBS,
transcription factor binding site; TOF, Tetralogy of Fallot.

Twin1_TOF vs. Twinl_H Twin2_TOF vs. Twin2_H

Differentially methylated CpGs (DMCs) with

>25% methylation difference 299,643 457,108
DMCs in promoters 18,052 22,537
DMCs in CpG islands (CGIs) 397 713
DMCs in promoter CGIs 131 429
DMCs in CGI shores 17,337 21,455
DMCs at TFBS 23,716 31,789
DMCs at cardiac TFBS 2066 2751
DMCs at TFBS in promoters 2125 2929
DMCs at cardiac TFBS in promoters 215 264
DMCs in cardiac enhancers (p300) 2042 2518

Of particular interest is the methylation pattern of dense regions of CpGs, the CGIs. For Twinl,
we found 397 DMCs in CGIs and 131 of these are located in promoters. For Twin2, there are 713 DMCs
in CGIs and the majority (in total 429) overlap promoter regions. Next, we overlapped (promoter)
CGl-associated genes with cardiovascular-associated genes including known CHD genes and found
several cardiac-related genes (Figure 3A,B). In total, there are 4 and 20 genes with DMCs in promoter
CGlIs for Twinl and Twin2, respectively. Interestingly, 3 out 4 genes in Twin1 also harbors DMCs in
Twin2. These genes are BARX Homeobox 2 (BARX2), Kinesin Family Member C3 (KIFC3) and Nuclear Factor
of Activated T Cells 1 (NFATC1). The latter is a transcription factor required for valve formation [61] and
thus, a known CHD gene. In addition to NFACT]1, there is another transcription factor and well-known
CHD gene in Twin2 with DMCs in its promoter CGI, namely T-Box Transcription Factor 20 (TBX20) [62,63].
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Figure 2. DNA methylation levels and differences of CpG sites in twins and their genomic locations.
(A) Overview of methylation levels of CpGs at genomic locations. Proportions of CpG are given
over the total count for each feature (no pairwise comparison of single CpG sites). (B) Differentially
methylated (hypo- and hyper-methylated) CpG sites in Twinl_TOF compared to Twinl_H and their
genomic locations. (C) Differentially methylated (hypo- and hyper-methylated) CpG sites in Twin2_TOF
compared to Twin2_H and their genomic locations. Differentially methylated CpGs with at least 25%
methylation difference between affected (*_TOF) and healthy (*_H) twin.

Besides the regulatory impact of CpG Islands, we also examined genes that have DMCs at TBFS
in their promoter. In total, 27 and 45 genes in Twinl and Twin2, respectively, harbor such DMCs and
overlap with cardiovascular-associated genes (Figure 3C,D). Four of these genes were found between
both twin pairs (i.e,, CPNE1, NEDD4L, PPFIA2, RBM12). Moreover, there are four different known
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CHD genes with DMCs at TBFS in their promoter in Twin1 (i.e., DNAH5, FOXP1, LAMA4, NIPBL) and
Twin2 (i.e., CACNA1D, CBL, DMD, NSD1).

B
Genes associated with DMCs in CGls Genes associated with DMCs in CGls
(Twin1) (Twin2)

List of cardiovascular- List of cardiovascular-

associated genes & associated genes &

known CHD genes known CHD genes
AACS, BARX2, FANCC, FCGR2A, AACS,ADCYAP1,ADRA2A, BARX2,BCL11A, BCOR, CCKBR, CCND1,

FOXC1,FOXG1,FRZB, GATA4,IRX3, CILP2, DRD5, DUSP5, EBP, FCGR2A, FOXC1, FOXK1, FRZB, GATA2,
KIFC3, MSX1, MYOM2, NFATC1, GATAS, GK, GLRA1,HDACG6, KIFC3, LAMA1, LPIN1, LTB, MC5R, MMP9,
PHOX2B, PITX2, RYR1, UMODL1 MYH3, MYOM2, NCOA6, NCOR2, NDUFA1, NFATC1, NKX2-6, PCSK2, PIGA,
PMPCA, PYGO1, SATB2, SKI, SLC25A5, SLC9A3, SLC9A6, TBX20, TBX3,
l TMSB4X, WNK3, WNT5A, ZBTB33
promoter CGls: l
promoter CGls:
BARX2, FOXG1,KIFC3, NFATC1
BARX2, CCND1, CILP2, EBP, GK, GLRA1, HDAC6, KIFC3,
LPIN1,NDUFA1, NFATC1, PCSK2, PIGA, PMPCA, PYGO1,
SATB2, SLC9A6, TBX20, WNK3, ZBTB33
(o D
Genes with DMCs at cardiac TFBS Genes with DMCs at cardiac TFBS
in promoter (Twin1) in promoters (Twin2)

List of cardiovascular-
associated genes &
known CHD genes

List of cardiovascular-
associated genes &
known CHD genes

BCL2L2,CCR1,CCR3, CPNE1, DNAHS5, ESR1, AFF3,ALDH7A1, ALOX12B, B3GNT5,BCL11A, BCL6, BMI1,
FOXP1,HDAC9,HTRA2, LAMA4, MTCH1, CACNA1D, CADM1, CBL, CD40LG, CDH2, CDS2, CPB2, CPNET,
NEDDA4L, NFE2L2, NIPBL, PLCH1, PPFIA2, DDAH1,DMD, EBP, ERN1, FADS2, FOXM1, FSHR, GABRA3, GDNF,
PRKG1,RBM12, SERPINF1, SMADS, TCF7L2, GLRA1,HOXB4,HYLS1,IGF1,IRS4, LTBP1, MBNL1, MFAP3, MYB,
TFRC, TGFBR1, TOP1MT, VEGFC, WARS, NDN, NEDD4L, NSD1, PAK2, PER2, PIP4K2A, PORCN, PPFIA2,
ZRANB1 PRKACB, RBM12, SOX2, TNFSF4

Figure 3. Overlap of protein-coding genes associated with differentially methylated CpGs in CGIs and
promoter CGlIs or at cardiac TFBS in promoters with cardiovascular-associated genes and known CHD
genes. Known CHD genes are marked in bold. (A) Genes associated with DMCs of Twin1_TOF versus
Twinl_H (i.e., Twinl) in CGIs or promoter CGIs. (B) Genes associated with DMCs of Twin2_TOF versus
Twin2_H (i.e., Twin2) in CGIs or promoter CGls. (C) Genes with DMCs of Twin1 at cardiac TFBS in
their promoter. (D) Genes with DMCs of Twin2 at cardiac TFBS in their promoter. CGls; CpG islands;
CHD, congenital heart disease; DMCs, differentially methylated CpG sites; TFBS, transcription factor
binding sites.

Figure 4 shows the difference in the methylation level of both twins at the promoter of four
selected known CHD genes, including TFBS in these regions. In addition, the mean methylation level
obtained from methyl-CpG binding domain (MBD) protein-enriched genome sequencing (MBD-seq)
of tissues from normal hearts as well as from a homogenous group of TOF and VSD patients is
provided [10]. Figure 4 above shows the methylation level at the promoter CGI of NFATCI and TBX20.
The methylation level at the promoter of two essential cardiac transcription factors, NKX2-5 and GATA4,
which both harbor single DMCs in their promoter region with more than 25% methylation difference
between healthy and affected twin, is shown in the bottom of Figure 4. In general, the observations
in WGBS partially differ with the methylation pattern observed in MBD-seq, which may be due to
the resolution (1 bp in WGBS vs. ~150 bp in MDB-seq) and coverage (i.e., single CpGs in WGBS > 5x)
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or simply based on the homogeneity of the affected twin compared to other TOF and VSD patients.
However, for both WGBS and MBD-seq one can observe methylation alterations in the promoter of
these selected genes.
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Figure 4. DNA methylation level at promoter regions of NFATC1, TBX20, NKX2-5 and GATA4 in
healthy and affected twins obtained by WGBS (1 = 1 each; coverage at CpGs > 5x) as well as in right
ventricular or atrial tissue of normal hearts and patients with TOF or VSD obtained by methyl-CpG
binding domain protein-enriched genome sequencing (MBD-seq) (1 = 7 for TOF-rv; n = 8 for VSD-ra;
n =3 for NH-rv; n = 4 for NH-ra). Promoters are defined as —2 kb/+500 bp of transcriptional start
site. CGIs and CGI shores are indicated by orange line at the bottom. Moreover, binding sites
of transcription factors (obtained from UCSC) are provided in gray or for cardiac factors in red.
For WGBS, methylation at single CpG is provided. CGIs, CpG islands; NH, normal heart; H, healthy;
RA, right atrium; RV, right ventricle; TFBS, transcription factor binding site; TOF, Tetralogy of Fallot;
VSD, ventricular septal defect; WGBS, whole genome bisulfite sequencing.

4. Discussion

Out of millions of unique local variations (i.e., SNVs and INDELSs) for each affected twin obtained
from WGS, we identified no single candidate gene in one of the two monozygotic discordant twin
pairs, which might explain the difference regarding TOF (Figure 1). Searching for candidate genes
affected by structural genomic variations, we observed in both TOF twins several SV candidates but no
relevant CNVs. For SVs, there are several candidates in both affected twins who are also expressed in
the adult heart and during cardiac differentiation (Table S9). Moreover, most of these expressed genes
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also overlap with cardiovascular-associated genes and CHD-related datasets. Most interestingly for
Twinl_TOF, the affected genes ANTXR and L3MBTL are also found to be differentially expressed in
right ventricle of TOF versus normal hearts [9] and in addition, differentially methylated in right atrium
of VSD versus normal hearts [10]. L3MBTL is involved in transcriptional repression [64]. Its MBT
domain binds to methylated histone residues, which is linked to the formation and maintenance of
heterochromatin [65]. For Twin2_TOF, the affected genes BBS2 and TENM4 are also differentially
methylated in VSD versus normal hearts [10]. However, none of the affected genes is known to be
involved in TOF or CHD in general so far. Moreover, since we do not have any tissue available from
the twins (only blood samples), we unfortunately cannot make any statement regarding the regulatory
impact of these SVs on the expression of related genes. Due to ethical restrictions, it is further practically
impossible to obtain such tissue from the healthy, unaffected twin; however, follow-up studies based on
induced pluripotent stem cells and derived cardiomyocytes might be an option to verify the evidence
for their causative impact.

As mentioned above, some of the genes with SVs in the TOF twins are already known to
be associated with differential DNA methylation in cardiac tissue of patients with TOF and in its
sub-feature, VSD [10]. To study the epigenetic differences based on DNA methylation between
the monozygotic discordant twin pairs, we used blood sample for WGBS as for WES analysis of
genetic and structural genomic alteration. CpG methylation can persist in steady-state from early
embryonic development throughout a lifetime, and only a fraction of 22% of autosomal CpGs shows
dynamic methylation in the normal developmental context [66,67]. With respect to the study of
altered DNA methylation pattern, this enables the analysis of up to 80% of CpG methylations in cells
independent from the affected cell type. Overall, we observed no differences based on the global
CpG methylation between each of the two twin pairs. However, we found numerous single CpGs
differentially methylated with more than 25% difference between the twins (Table 1). Most interesting
are those DMCs in promoters that also overlap with CGIs or TFBS (Figure 3). Usually, CGIs are largely
unmethylated [68] and frequently located in promoters [69]. Multiple methylated CpGs in promoter
CGls cause stable silencing of genes and thus, hypermethylated promoter CGIs are often known to be
disease-related [70]. For both affected twins, we found DMCs in the promoter CGI of a gene encoding
for the TF NFATCI (top left of Figure 4), which is required for normal valve formation [61]. Moreover,
genetic and structural genomic alterations in NFATCT have already been identified in patients with CHD
such as VSD or tricuspid atresia [71,72]. For Twin2_TOF, we identified several DMCs in the promoter
CGI of TBX20 (top right of Figure 4), a cardiac TF [63]. Mutations in TBX20 have been identified
in different types of cardiac defects regarding septation, chamber growth, and valvulogenesis [62].
Tbx20 interacts with the TF Gata4 to active both Mef2c and Nkx2-5 enhancers [73], which all are core
cardiac TFs [63]. These factors regulate each other’s expression, partly with combinatorial impact of
downstream targets. Disturbances of their associated cardiac regulatory network have been associated
with various congenital heart malformations [63]. For both cardiac TFs GATA4 and NKX2-5, we found
DMCs in the promoter region of both affected twins, who further represent CGI shores (bottom of
Figure 4). These regions are within 2 kb of a CGI and they are known to occur most of the tissue-specific
methylation [74].

There are many other candidate genes associated or overlapping DMCs with different regulatory
features (Table 1); however, it clearly shows that the difference between the two monozygotic discordant
twin pairs is rather observed in epigenetic alterations than on the genetic or structural genomic level.
Nevertheless, the impact of these epigenetic variations on candidate gene expression and thus,
their causality for the phenotypic discordance needs to be verified by further studies, in functional
respect but also in terms of cases and comparisons (i.e., this study comprises just two cases with
each one affected vs. one healthy twin comparison). However, our study confirms other studies on
identical twins that discordances in a disease such as CHD cannot be explained by genetic or structural
genomic differences [14,75-79]. Moreover, blood-derived DNA might be chimeric between the identical
twins and as shared blood circulations have been found during embryogenesis in most monozygotic
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twin pregnancies [80], hematopoietic stem cells can be transferred between twins. Such a created
hematopoietic system might mask the underlying genetic, structural genomic and also epigenetic
differences between the monozygotic twin discordant for a disease like TOF [75].

Recent large-scale studies with up to thousands of CHD cases and of controls only show
possible genetic or structural genomic causes for a minority of cases [4,7,44,53,81]. The reasons for
this might be found in the multifactoriality paired with complex inheritance patterns and low
prevalence [82]. Moreover, the majority of cases occur sporadic, possibly triggered by stochastic or
environmental events during maternal pregnancy [83,84]. The latter is accompanied by epigenetic
changes such as those related to histone modifications and DNA methylation, important modulators
of gene—environment interactions. Moreover, deregulated microRNA abundance levels also seem to
play a role in the development of CHD in twins [85]. Stochastic events such as an unequal division
of the inner mass cells during twinning or an unequal allocation of developmental markers and
precursor cells might be responsible for a discordance in monozygotic twins [86], which might be
of interest with respect to a possible premature stop of cellular growth in TOF. Moreover, this may
result, for example, in altered sub-populations of ventricular and atrial cardiomyocytes [87], which in
turn might be disease-causing. In general, monozygotic twins are up to seven times more likely to
develop a congenital heart malformation, which further usually occurs in just one of the twins [86,88].
Reasons for this increased risk include the twin—twin competition for maternal resources resulting
in, for example, unequal placental sharing, unequal sharing of the vascular system or other placental
mechanisms like diffusion and endocrine function, which increases the probability of a skewed in
utero environment affecting the twins [86,89-91]. Interestingly, a study based on the Danish Twin
Registry showed (unlike several other studies) that there is no higher risk of CHD in monozygotic twins
compared to dizygotic ones [92]. This indicates that the intrauterine environment of twin gestation is
predisposed to the development of CHD in a certain way. Moreover, it is suggested that twin gestation
changes maternal nutrition to the fetus and nutritional deficiencies might increase the sensitivity of
the fetus to other teratogenic factors such as prenatal exposure or poor maternal health [92].

The search for the underlying mechanisms of CHD in twins is like searching for the needle in
the haystack. The four pieces of the TOF pathology can all exhibit variable levels of severity and as
a result, no two TOF cases are the same. However, studying the genetic and epigenetic mechanisms in
identical discordant twins can provide important insights into complex diseases such as congenital heart
malformations. Therefore, we studied here the genetic, structural genomic and epigenetic differences
of two identical twin pairs discordant for TOFE. The two cases show common and unique patterns of
epigenetic modifications, which might also be related to a common and unique level of pathological
features. Understanding the mechanisms that trigger the molecular plasticity, namely the underlying
genetic composition, the epigenetic make-up and environmental insults, is quite challenging but will
enhance our current knowledge of CHD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2308-3425/7/4/55/s1,
Figure S1: Statistics of reads obtained from whole genome sequencing. Figure S2: Statistics of input reads
obtained from whole genome bisulfite sequencing. Figure S3: Bisulfite conversion efficiency. Figure S4: Quality
measurements of deduplicated mapped reads obtained from whole genome bisulfite sequencing. Figure S5:
Methylation bias and rates. Figure S6: Filtering of possible disease-relevant local variations identified in affected
TOF twins based on zygosity differences between healthy and affected sibling. Figure S7: Filtering of possible
disease-relevant structural variations (SVs) identified in affected TOF twins using whole genome sequencing.
Figure S8: Global DNA methylation levels of twins. Line plots show the DNA methylation along the chromosomal
length (GRCh38.p13/hg38). Figure S9: DNA methylation rate and coverage of CpGs. Table S1: Overview of
sequencing reads obtained from whole genome sequencing. Table S2: Statistics of read mapping, coverage and
read depth in each sample obtained from whole genome sequencing. Table S3: Overview of sequencing reads
obtained from whole genome bisulfite sequencing. Table S4: Mapping result of reads obtained from whole genome
bisulfite sequencing. Table S5: Read statistics after mapping and deduplication as well as methylation rates over
CpGs, CHGs and CHHs in each sample obtained from whole genome bisulfite sequencing. Table S6: Copy number
variations identified in Twinl_TOF and Twin2_TOF based on whole genome sequencing data. Table S7: Structural
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variations uniquely identified in Twin2_TOF based on whole genome sequencing data. Table S9: Candidate genes
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Abstract: Transforming growth factor beta3 (TGFB3) gene mutations in patients of arrhythmogenic
right ventricular dysplasia/cardiomyopathy (ARVD1) and Loeys-Dietz syndrome-5 (LDS5)/Rienhoff
syndrome are associated with cardiomyopathy, cardiac arrhythmia, cardiac fibrosis, cleft palate,
aortic aneurysms, and valvular heart disease. Although the developing heart of embryos express
Tgfb3, its overarching role remains unclear in cardiovascular development and disease. We used
histological, immunohistochemical, and molecular analyses of Tgfb37/~ fetuses and compared them
to wildtype littermate controls. The cardiovascular phenotypes were diverse with approximately two
thirds of the Tgfb37/~ fetuses having one or more cardiovascular malformations, including abnormal
ventricular myocardium (particularly of the right ventricle), outflow tract septal and alignment defects,
abnormal aortic and pulmonary trunk walls, and thickening of semilunar and/or atrioventricular
valves. Ventricular septal defects (VSD) including the perimembranous VSDs were observed in
Tgfb37/~ fetuses with myocardial defects often accompanied by the muscular type VSD. In vitro
studies using TGF33-deficient fibroblasts in 3-D collagen lattice formation assays indicated that TGF33
was required for collagen matrix reorganization. Biochemical studies indicated the ‘paradoxically”
increased activation of canonical (SMAD-dependent) and noncanonical (MAP kinase-dependent)
pathways. TGF[33 is required for cardiovascular development to maintain a balance of canonical and
noncanonical TGFf signaling pathways.

Keywords: transforming growth factor beta-3; cardiac development; loeys dietz syndrome-5;
arrhythmogenic right ventricular dysplasia; rienhoff syndrome; cleft palate; congenital heart disease;
outflow tract septation; signaling networks

1. Introduction

Transforming growth factor beta3 (TGF33) is a multifunctional growth factor and cytokine
well-known for its involvement in craniofacial development [1-5]. In humans, the TGFB3 gene is
involved in arrhythmogenic right ventricular dysplasia (ARVD) familial 1 (ARVD1) (OMIM#107970) [6,
7], now being referred to as arrhythmogenic right ventricular cardiomyopathy (ARVC). ARVC involves
progressive fibrofatty replacement of the myocardium, resulting in ventricular tachycardia and sudden
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death in young athletes and patients. The ARVC primarily affects the right ventricle (RV) but emerging
evidence suggests that it may also affect the left too (LV) [6,8]. Overall, presentation of the disease is
highly variable among affected individuals. Furthermore, TGFB3 mutations in Loeys-Dietz Syndrome
5 (LDS5)/Rienhoff syndrome (RNHF) (OMIM#615582) are associated with connective tissue disorders
and Marfan syndrome (MFS)-like features, including congenital heart defects (CHD), aortic aneurysms,
and valvular disease [9-11]. For instance, aorta from LDS5 patients exhibit paradoxically increased
TGEFp signaling, which is thought to be involved in the diverse aortopathies [9]. Other features of
these patients overlap clinically with Shprintzen-Goldberg syndrome (SGS) (OMIM#182212) and
Marfan syndrome (MFS) (OMIM#154700), including cleft palate. De novo TGFB3 mutations also cause
congenital syndromes characterized by a combination of clinical features of Beals-Hecht syndrome
(CCA) (OMIM#121050), RNHE, MFS, and Loeys-Dietz syndrome (LDS) [12-14].

TGFp3 has been implicated in several cellular processes in a context-dependent and tissue-specific
fashion, including epithelial-mesenchymal transition (EMT), cell growth, apoptosis, differentiation,
extracellular matrix (ECM) production and remodelling, all of which are critical processes involved
in both the development and homeostasis of cardiovascular tissues [15-19]. TGFp3 interacts with
the heteromeric TGFR2 and TGFBR1 receptor complex, which results in the phosphorylation and
activation of SMAD2 and SMAD3 [20]. In association with SMAD4, the phosphorylated SMAD2/3
molecules migrate to the nucleus [21]. TGFf ligands can induce SMAD1/5/9, so-called BMP-driven
SMADs, via involvement of BMP Type I receptors in endothelial cells and/or fibroblasts, thereby bringing
about crosstalk between TGF and BMP signaling pathways [22]. In addition, TGF( ligands can
signal through non-SMAD mechanisms, including MAP kinase pathways [23]. Thus, given the
non-overlapping, dozens of phenotypes among the TGFf3 ligand knockout mice [24], as well as
the multiple TGF( signaling pathways that have been identified [25], there are several potential
mechanisms through which TGF@3 can affect the complex differentiation and morphogenetic processes
required to develop the essential components of the heart.

The expression of TGFB3 has been detected in the developing mouse heart and adult human
heart [26,27]. TGEFp signaling is a critical contributor to collagen accumulation and defective
collagen reorganization during fibrofatty lesion formation in ARVD1 and myocardial fibrosis in
the infarcted failing hearts [28]. To address the role of TGFf33 in vivo, two different laboratories
independently generated Tgfb3 knockout (Tgfb3™~) mice [1,2]. Unfortunately, Tgfb3~~ newborn
mice have a cleft palate and die within 24 h of birth. Although cardiovascular disease was not the
focus of the two studies, none of the studies reported any congenital heart defects in the Tgﬂ)S‘/ -
fetuses. Consequently, the exact role of TGF(3 in cardiovascular development remains unknown.
Given the recent reports of genetic involvement of TGFB3 mutations in the cardiovascular disease in
humans [6,7,9,12], our paradigm-shifting findings demonstrate that the majority of Tgfb37/~ fetuses
develop both cardiac outflow tract (OFT) and atrioventricular (AV) canal defects and that the loss
of Tgfb3 leads to major myocardial defects, particularly affecting the right ventricular myocardium.
Our data also identify downstream mechanisms and specific components of the SMAD- and MAP
kinase (MAPK)-dependent signaling pathways that are involved in cardiovascular malformations in
TGFp3-deficient mice.

2. Materials and Methods

2.1. Ethics Statement

All animal procedures were performed according to the Guidelines for the Care and Use of
Laboratory Animals published by the National Institutes of Health and were approved by the
Institutional Animal Care and Use Committee of the University of South Carolina (Animal use proposal
reference #: 2451-101423-042519, protocol approval date: 25 April 2019, protocol expiration date:
25 April 2022) Mice were euthanized by an overdose of isoflurane in a sealed container as approved by
the IACUC.
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2.2. Mouse Strains

Mice were housed at the University of South Carolina Animal Research Facility at the School
of Medicine. The Institutional Animal Care and Use Committee (University of South Carolina)
approved all mouse breeding and experimental procedures. Tgfb3*/~ mice [1] were backcrossed on to a
C57BL/6 background for more than 12 generations, and maintained on the C57BL/6 genetic background.
Tgbe_/ ~ embryos were generated and genotyped as described [1]. Timed mating was performed, and the
noontime of the positive vaginal plugs was considered as embryonic day (E) 0.5. The DNA sequence
of the Tgfb3 specific primers that were used for genotyping includes: TGGGAGTCATGGCTGTAACT
(IMF-10, forward primer), CACTCACACTGGCAAGTAGT (IMR-10, reverse primer). PCR genotyping
was done as described [1]. PCR genotyping of embryonic tissues genomic DNA identified wildtype,
Tgfb3*/~, and Tgfb3 7/~ fetuses for experiments.

2.3. Histology and Immunohistochemistry

Wildtype, Tgfb3*/~, and Tgfb37/~ embryos/fetuses were collected between E13.5 and E18.5
and processed for histological and immunohistochemical, morphometric, and molecular analyses.
Hematoxylin and eosin (H&E) staining was performed on 7 pum thick serial sections of the heart for
routine histological examination. Immunohistochemistry (IHC) was done on 4% paraformaldehyde fixed
7 um thick paraffin sections by using immunostaining kits (LSAB2 kit, Universal, HRP Rabbit/Mouse
(Cat #: K0675), according to the protocol of the manufacturer (Agilent Dako, USA), and as previously
published [29]. Antigen retrieval was performed in Target Retrieval Solution pH 6.0 (catalog no. S1700;
Agilent Dako, USA) for 15-20 min at 95°C. Anti-muscle actin (Clone: HHF35, catalog no. M0635;
Agilent Dako; 1:50 dilution) immunostained sections were counterstained with hematoxylin nuclear
stain. All sections were visualized and photographed under brightfield optics on a Nikon Optiphot-2
(equipped with AxioCam MRc Camera) and EVOS TM FL Auto Imaging System (ThermoFisher, Inc.,
Grand Island, NY, USA). For photographing elastin autofluorescence in hematoxylin and eosin stained
sections, 470/22 excitation and 510/42 emission filters were used on a Zeiss Axiovert 200 (Thornwood, NY,
USA) (equipped with Axiocam 503 color camera and ZEN 2.3 SP1 Imaging software).

2.4. TUNEL Staining

The TUNEL assay was used to detect apoptosis in outflow tract cushions. Paraffin sections
from E13.5-14.5 OFT cushions from wildtype and Tgfb3™~ embryos were subjected to the TUNEL
assay using FragEL™ DNA Fragmentation Detection Kit, Colorimetric - TdT Enzyme (Sigma-Aldrich,
Cat#QIA33, St. Louis, MO, USA). All nuclei were also stained with methyl green (Vector Laboratories).
Stained samples were observed with a Nikon E400 light microscope and photographs (10 x Obj) were
used for quantitative analysis (Image Pro Plus software, Media Cybernetics, Rockville, MD, USA)
by analyzing up to 500 cells/sample from 4-5 sections of the OFT septum spaced 24 pum apart for
3 samples each of Tgfb37/~ and control embryos. The percent (%) average apoptosis from each sample
was plotted using a scatter plot.

2.5. Cell Proliferation

Cell proliferation was monitored by immunohistochemistry. Paraffin sections of E13.5-14.5 outflow
tract septal cushions from Tgfb3~/~ and wildtype embryos were subjected to immunohistochemistry with
a phospho-histone H3 (Ser10) antibody (Cell Signaling Inc, #9701, Danvers, MA, USA). Stained samples
were observed with a Nikon E400 light microscope and photographs (xObj) were used for quantitative
analysis (Image Pro Plus software) by analyzing the number of pHH3-positive cells per sample collected
from the region around fibrous OFT septum in 4-5 sections spaced 24 pum apart for 3 samples each of
Tgfb3™~ and control embryos.
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2.6. AMIRA Three-Dimensional (3-D) Reconstruction and Volumetric Analysis

Seven-micrometer paraffin serial sections were obtained on a microtome and stained with
hematoxylin and eosin (H&E). TIFF images of the complete aortic valves from wildtype and Tgfb3/~
embryos (E4.5-15.5) were captured using the 4x objective on a Nikon Optiphot-2 light microscope and
loaded into the AMIRA software package (FEI Visualization Science Group, Burlington, MA, USA) [30].
All sections were aligned, and the aortic valve (left and right coronary and non-coronary leaflets) was
segmented. A 3D model of the aortic valves was then generated from which the volume of the aortic
valve cushion was determined for both wildtype and Tgfb37/~ fetuses. Results were compared using a
Student’s t-test.

2.7. RNAscope In Situ Hybridization

In situ hybridization was carried out using a Tgfb3 RNA probe synthesized by Advanced Cell
Diagnostics (Newark, CA, USA) (ACD, #406211) [31]. Detection was done using the RNAscope 2.5
HD Duplex Reagent Mouse Kit (Cat. No 322430) according to the manufacturer’s protocol (ACD).
After the signal had developed, sections dehydrated in a series of ethanol and xylene were mounted
using permount (Vector Lab, Burlingame, CA, USA).

2.8. Collagen Gel Contraction Assays

Three independent mouse embryonic fibroblast lines were generated for each wildtype and
Tgfb3 knock out E14.5 embryos as described [32]. Mouse fibroblasts were maintained in DMEM
(Invitrogen) supplemented with 10% bovine serum, 5% fetal calf serum and 1% penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO, USA) at 37 °C/5% CO2. In addition to reorganization, collagen
contraction assays are indicative of the capacity for embedded cells to generate mechanical loads [33].
The capability of mouse fibroblasts to form lattices in collagen gels was assessed by plating 105 cells in
2mg/mL collagen type-I (in 18mM acetic acid) prepared in complete media and supplemented with
0.1 M NaOH, as detailed [34]. Free-floating collagen gels were incubated at 37 °C for 5 days, with
or without recombinant TGF1 (0.1 ng/mL or 1 ng/mL, Sigma-Aldrich, St. Louis, MO). Images were
acquired and best-fit shapes (circle or free form) were used to calculate the surface area of the gels
using image processing utilities in Zeiss (ZEN) Imaging Software. The initial area of the collagen
gel on day 1 was used to normalize across experiments. The percent (%) decrease in gel surface
area after 5 days denotes the degree of collagen contraction, with higher values indicate greater
contraction [35]. The results are presented as scatter dot-plots with the box denoting the mean + SEM
and dots representing individual data points.

2.9. Western Blot Analysis

Western blotting was performed with the samples of individual heart with the great vessels of
the arterial pole, which were collected from wild type and Tgfb3 knockout (E18.5) fetuses. Since there
was not enough protein available for Western blot analyses from individual heart at mid-gestation
(E14.5), we used pooled samples (three fetal hearts and aortas/sample) from wildtype, Tgfb3*/~
and Tgfb37/~ fetuses at E14.5. The fetal hearts were cut into small pieces and homogenized using
Wheaton tapered tissue grinders (Thermo Scientific, Rockford, IL) in M-PER mammalian protein
extraction reagent (Thermo Scientific, Rockford, IL) with complete mini protease inhibitor cocktail
(Sigma-Aldrich, states. Louis, MO, USA) and Halt protease and phosphatase inhibitor single-use
cocktail (Thermo Scientific, Rockford, IL, USA) as per the manufacturer’s protocol. Homogenized tissue
lysates were subjected to brief sonication for 20 s on ice and kept at room temperature for 20 min.
Then, centrifugation was performed at 15,000 rpm for 20 min at 4 °C and the supernatants were
collected. Total protein concentration in the supernatant was determined using Pierce BCA protein
assay kit (Thermo Scientific, Rockford, IL, USA) and the samples were stored at —80 °C until further
use. For pooled samples, we collected and pooled three hearts and ascending aortas per sample after
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genotyping from wildtype, Tgfb3*/~ and Tgfb37/~ fetuses (E14.5). Western blotting was performed
with equal amounts of protein samples and the primary IgG antibodies against phospho-SMAD2
(Cell Signaling Technology, cat #3108), SMAD2 (Cell Signaling, cat #5339), phospho-SMAD3 (Cell
Signaling, cat #9520), SMAD3 (Cell Signaling, cat #9523), phospho-SMAD1/5 (Cell Signaling, cat #9516),
SMAD1/5 (Cell Signaling, cat #9743), phospho-p38 (Cell Signaling, cat #4511), p38 (Cell Signaling,
cat #8690), phospho-ERK1/2(Cell Signaling, cat #4370), ERK1/2 (Cell Signaling, cat #4695) at a dilution
of 1:1000. Primary IgG antibodies against all these proteins were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). The horseradish peroxidase-conjugated anti-mouse or anti-rabbit
secondary IgG antibody (Cell Signaling, cat#7074) was used at 1:5000 dilution to detect a primary
IgG antibody. In a separate Western blot, the levels of B-actin in all wildtype and Tgfb3™/ tissue
samples were determined. Western blots were incubated with Clarity Western ECL detection reagents
(Bio-Rad Laboratories, USA) and exposed to X-OMAT AR films (Eastman Kodak, Rochester, NY, USA)
for autoradiography. The autoradiograms were scanned on an EPSON scanner using Photoshop
software (Adobe Systems, Seattle, WA, USA). 3-actin, clone AC-15 monoclonal primary antibody
(Sigma-Aldrich, St. Louis, MO, USA) was used as an internal housekeeping control to compare equal
loading in the SDS-PAGE. Since the B-actin values were not different between the wildtype and Tgfb3~/~
tissue samples, the data from all blots were normalized to (3-actin values obtained from an independent
blot. The ratio of both phosphorylated protein/$-actin and phosphorylated protein/total protein were
plotted as scatter dot-plots with the box denoting the mean + SEM and dots representing individual
data points.

Microsoft Excel was used for recording and managing the raw data. Data were presented as mean
+ SEM. Continuous data were presented as bar/scatter/dot plots, showing the individual data points
together with the average/error bars. All data points regardless whether they were included or excluded
from statistical analysis presented on scatter plots. Statistical significance was calculated using either
the Student’s t test or the Mann-Whitney (nonparametric test) (two-tailed, for two-group comparison)
using the GraphPad Prism 8 statistical program (GraphPad, San Diego, CA, USA). Exact p-values were
calculated, and the probability values <0.05 were considered as significant.

3. Results

3.1. Systemic Tgfb3 Deletion Disrupts Cardiac Development

Analysis of hematoxylin and eosin (H&E)-stained serial sections as well as muscle actin
immunohistochemistry (via an anti-HHF-35 clone) of selected sections from embryonic day 13.5
to 18.5 was used to determine the cardiac pathomorphology in Tgfb3™/~ fetuses. Cardiovascular
morphology was compared between wildtype (1 = 14) and Tgfb3™~ (n = 19) and the cardiovascular
malformations in the Tgfb37/~ were determined and cataloged. Approximately two thirds cases of the
Tgfb37/~ fetuses developed malformations of the outflow tract and AV canal (Table 1 and Table S1).
Importantly, the data revealed an abnormally smaller right ventricle than the left ventricle and that
right ventricular myocardial development was impaired in about 21% cases of the Tgfb3 ™/~ fetuses
(Figure 1A-C and Figure SIA-C). Approximately 26% of the Tgfb3 ™/~ fetuses showed the myocardial
defects affecting both right and left ventricles, affecting both the compact and the trabeculated
myocardium (Figure 1 and Figure S1). The myocardium of the interventricular septum and apex region
was very spongy and poorly formed (Figure 1 A,C and Figure S1A,C). Severely impaired myocardium
of the interventricular septum was associated with the muscular type of the ventricular septal defect
(VSD) in the Tgfb37/~ fetuses (Figure 1A,C and Figure S1D,E). Histological analysis also revealed
slightly impaired ventricular myocardium in 1/3 cases of TgﬂJS*/ ~ fetuses (E14.5) (Figure S1EG). In situ
hybridization analysis of wildtype hearts (E12.5) detected higher expression of T¢fb3 in the compact and
trabecular myocardium of the right ventricle and to a lesser degree in the left ventricle (Figure 1D,E).
Overall, these results indicate that TGF33 is required for ventricular myocardial development and that
it plays a more important role in the formation of the right ventricle.
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Figure 1. Tgfb3 deletion leads to an impaired myocardium in mouse embryos. (A-C), Cross- sections
of E15.5-16.5 fetuses showing cardiac muscle actin (clone HHF35) immunohistochemistry for wildtype
(A) and two different TGF3-deficient fetuses (B,C). TGF[33-deficient fetuses developed non-uniform
right ventricular myocardium with heterogeneous regions of thicker (B, left arrow) and thinner

(B, bottom arrow) myocardium and spongy (B, right arrow) and thicker (C, right arrow) left ventricular
myocardium compared to the wildtype littermate fetus (A), Other mutant fetus had a muscular
ventricular septal defect (VSD) (C, asterisk) (1 = 6). (D,E), Representative images revealed Tgfb3
expression (green-blue punctate dots, arrows) in the compact and trabecular myocardium of the right
(D) and left ventricles (E) from wildtype E12.5 embryo. Scale bars = 200 pm for (A-C), 50 um for (D,E).
Abbreviations: v, right ventricle; lv, left ventricle.

3.2. Tgfb3 Deletion Leads to Outflow Tract Cushion Remodeling and Septal Defects

Histological examination of the H&E stained serial sections from wildtype and Tgfb37/~ fetuses at
E13.5-18.5 revealed that about two thirds of the cases of the homozygous mutant fetuses developed
various cardiac outflow tract malformations with variable penetrance (Table 1 and Table S1).
Cardiac muscle immunohistochemistry (via anti-cardiac muscle actin) was performed to confirm
the OFT malformations. Major cardiac OFT malformations included double-outlet right ventricle
(DORV) and a large OFT ventricular septal defect (VSD) with extension into inflow (about 5%
cases) (Figure 2A-D), thickening of the pulmonary and aortic valve (about two thirds of cases)
(Figure 3A-E and Figure S2A-D), abnormal ascending aortic and pulmonary trunk walls (about 16%
cases) (Figure 3A,B and Figure S3). The DORV was mainly subaortic in nature and exhibited defective
fusion and remodeling of the RV OFT septum (Figure 2A,B and Figure 3C-E). The walls of the aorta and
pulmonary trunk appeared morphologically immature and the vascular smooth muscle cells distributed
randomly in the vascular walls of Tgfb3™/~ fetuses compared to their control littermates (Figure 3A,B
and Figure S3). In addition, histological analysis also revealed hypoplastic vascular walls of aorta
and/or pulmonary trunk and mildly thickened aortic and/or pulmonary valves in one third of cases of
Tgfb3+/ ~ fetuses (E14.5) (Figure S2A,B,D,E). There These OFT defects were consistent with the significant
expression of Tgfb3 in OFT cushion mesenchyme and walls of aorta and pulmonary trunk (Figure 3F).
Morphometric comparison and volume measurements via AMIRA 3D reconstruction of serial sections
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confirmed the hyperplastic nature of the OFT cushions in Tgfb3 ™/~ fetuses compared to the wildtype
littermate fetuses (Figure S4). Since the OFT septum was abnormal in Tgfb3~/~ embryos, TUNEL assay
was used to quantify the apoptosis. The OFT septum consists of two cell populations—cardiac neural
crest (NCC) and second heart field (SHF)-derived cells. Apoptosis is a phenomenon of NCC [36].
RNAscope in situ hybridization confirmed that Tgfb3 is significantly expressed in the OFT septum.
Apoptosis centrally in the OFT septum (Figure 3G-I) could activate TGF(3 in the circle of SHE-derived
cells around it for their proper differentiation and proliferation (Figure 3]-L). To get the measurements
of the difference in apoptosis between wildtype and Tgfb3 ™/~ embryos the number of cells (as indicated
in Figure 3I) were counted within the central NCC bound area. TUNEL analysis showed that the
apoptosis of cushion mesenchymal cells at the OFT septum was significantly decreased in the affected
Tgfb37/~ fetuses compared to wildtype littermates (Figure 3G-I). Immunohistochemical analysis via
anti-phospho-histone H3 (Ser10) revealed an increase in the myocardial cell proliferation surrounding
the central fibrous OFT septum and in the right ventricular myocardium (Figure 3]-L). This indicates
that TGF33 is required for cardiac apoptosis and proliferation, which are important to cushion
mesenchymal differentiation and maturation. Collectively, the data indicate that the loss of Tgfb3
affects cardiac outflow tract cushion remodeling and septal and alignment processes.

Figure 2. Tgfb3 knockout mouse fetuses exhibit outflow tract septal and alignment defects. (A-D),
Hematoxylin and eosin staining of hearts for E15.5-16.5 wildtype (A) and two different Tgfb37/~ fetuses
(B-D). Tgfb3™/~ fetuses develop both double-outlet right ventricle (B, arrow) and perimembranous
ventricular septal defect (C,D; arrows). Scale bars =200 pm for (A-D). Abbreviations: rv, right ventricle;
1v, left ventricle.
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Figure 3. Loss of Tgfb3 in mice results in the outflow tract cushion and vascular wall defects. (A-E),
Cross-sections of E15.5-16.5 fetuses showing cardiac muscle actin (clone HHF35) immunohistochemistry
for wildtype controls (A,C) and TGFp3-deficient fetuses (B,D,E). Tgfb3 7/~ fetuses develop dysmorphic
pulmonary (B) and aortic valve (D,E), and abnormal ascending aortic and pulmonary trunk walls (B)
morphology. TgﬂJS‘/ ~ fetuses also demonstrating hypoplastic outlet septum (E). (F) Representative
image of a wildtype embryo (E11.5) using RN Ascope in situ hybridization reveals Tgfb3 expression
(brown punctate dots) in the vascular wall (arrowhead) and outflow tract septum (arrow).
(G,H), Apoptosis (E13.5) using TUNEL staining (brown colored nuclei) in outflow tract septum
mesenchyme. Compared to wildtype controls (G), TgﬂﬂS’/ ~ OFT septum have a reduced number of
apoptotic cells (H). (I) Quantification of fraction of cells undergoing apoptosis. Mean + SEM of %
average apoptosis from at least 4 sections for each sample was used for comparison. Quantification
was predominantly done in the area of outflow tract septum marked by a dotted circle. Reduced
apoptosis in Tgfb37/~ hearts was noted as compared to wildtype embryos (** p = 0.004, Student’s  test;
p = 0.07, Nonparametric (Mann Whitney test)). (J-L), Cell proliferation (E13.5) using phospho-histone
H3 (Ser10) immunohistochemistry. Mean + SEM of average pHistoneH3+ cells/section from at least 4
sections for each sample was used for comparison. Quantification was mainly restricted to the region
around the fibrous outflow tract septum (L). Increased cell proliferation in TgﬂwS‘/ ~ hearts (K, arrows)
was observed as compared to wildtype (J) embryos (* p = 0.04, Student’s t test; p > 0.05, Nonparametric
(Mann Whitney test)). Scale bars = 100 um for (A-E,F-H,J K). Abbreviations: rv, right ventricle; av,
aortic valve; pv, pulmonary valve; ao, ascending aorta; ots, outlet septum, rvot, right ventricular OFT.
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3.3. Tgfb3 Deletion Leads to AV Cushion Remodeling Defects

Analysis of H&E stained serial sections revealed that approximately 42% cases of Tgfb37/~ fetuses
developed malformations of the AV valves (Table 1 and Table S1). Mitral and/or tricuspid valve
thickening was observed in all affected cases of the overall mutants analyzed (Figure 4A-D). Importantly,
a significant proportion of the Tgfb37/~ fetuses developed VSD, which included perimembranous
VSD (about 21% cases) (Figure 2A,C,D). The perimembranous VSD is normally linked to OFT VSD
with an extension into the inlet septum and that it not obligatory related to abnormal AV valves.
Thus, the perimembranous VSD is due to abnormal OFT cushion remodeling and is not related to
AV cushion remodeling defects. Histological analysis did not reveal the presence of any AV septal
defect (AVSD) in Tgfb37/~ embryos. These data indicate a requirement of TGFB3 in the AV cushion
remodeling and but not in AV septal formation during heart development.

Figure 4. Tgfb3 knockout fetuses exhibit atrioventricular valve thickening. (A,B) H&E stained sections
of wildtype (A) and Tgfb3 ™/~ fetus (E14.5-15.5) showing mitral valve and tricuspid valve thickening
(B, arrowheads). Note that the ventricular myocardium is thin and abnormal with muscular ventricular
septal defect in Tgbe’/ ~ (B, arrow). (C,D), Cardiac muscle actin (clone HHE35) immunohistochemistry
of cross-sections of E15.5-16.5 wildtype (C) and Tgfb3~/~ (D) fetuses. Tgfb3~/~ fetus develop thickened
mitral valves (D, arrow). Scale bars = 200 pm for (A,B), 50 um for (C,D). Abbreviations: rv, right
ventricle; lv, left ventricle; tv, tricuspid valve; mv, mitral valve.

3.4. TGFB3 Is Required for Extracellular Matrix Reorganization

Given the involvement of TGFB3 in the development of fibrofatty lesions in the ARVDI,
TGEP3-deficient whole mouse embryonic fibroblasts were generated and tested for their ability
to reorganize collagen in vitro in a three-dimensional collagen lattice formation assay. TGF[3-deficient
and wildtype fibroblasts were seeded in collagen gels and cultured for five days with or without
0.1ng/mL and 1 ng/mL TGF@1. The degree of collagen contraction (i.e., decrease in the surface area of the
collagen gel) over time was determined. The wild type fibroblasts contracted in response to exogenously
added TGFp1, as expected, in a dose-dependent fashion. TGFB3-deficient fibroblasts exhibited a
reduced contraction compared to the wild type. Nonetheless, they remained responsive to TGFf31
induction (Figure 5A-E). The difference in the degree of contraction between TGF[33-deficient and
wildtype whole mouse embryonic fibroblasts was rescued by exogenously added TGF(1, indicating that
the excess TGF[31 is able to rescue the impaired ability of TGF3-deficient whole mouse embryonic
fibroblasts to reorganize collagen lattices.
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Figure 5. Collagen lattice formation assay. (A-D), dissecting microscope images of fibroblast-laden
collagen gels after 5-days using three independent fibroblast cell lines (1 =3) from wildtype (A,C) or
Tg/bS’/’ embryos (B,D) in the presence of low (0.1 ng/mL) (A,B) and high (1 ng/mL) (C,D) doses of
exogenous recombinant TGFB1. TGFf3-deficient whole mouse embryonic fibroblasts treated with the low
dose of exogenous TGFB1 have decreased contractility compared to the wildtype fibroblasts while higher
doses rescue contractility and lattice formation (E). p-Values are indicated in the histogram. Numerical
data are presented as scatter dot-plots with the box denoting the mean; error bars identify the SEM.

3.5. Tgfb3 Deletion Leads to Hyper-Activated SMAD2/3 and SMAD1/5 Signaling Pathways

To determine the role of TGF3 in the regulation of downstream SMADs, the activation of
important downstream TGF(-dependent SMAD:s in isolated whole hearts with attached ascending
aorta from the wildtype (1 = 6) and Tgfb37/~ (11 = 6) fetuses (E18.5) was determined by Western blot
analysis. The changes in the TGF receptor-dependent phosphorylation of serine/threonine residues
of SMAD:s (i.e.,, pSMAD?2), SMAD3 (i.e., pPSMAD3), and SMAD1/5 (i.e., pPSMAD1/5) were quantified via
densitometric analysis from the Western blots. There was no significant change in the total amount
of the SMAD2, SMAD3, SMAD1/5, and B-actin proteins in the Tgfb37/~ hearts compared to wildtype
hearts (Figure 6A-C). Importantly, these biochemical data showed that the levels of pPSMAD2, pSMAD3,
and pSMAD1/5 were significantly increased in the hearts of the Tgfb3™/~ fetuses compared to the
wildtype fetuses (Figure 6A-C). We found that 2/3 cases of mutants fall within a high SMAD-dependent
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TGFp signaling cluster, whereas the levels of activated SMADs were not significantly altered in one
third of cases of Tgfb3 ™/~ fetuses compared to wildtype fetuses. Biochemical analysis of ‘pooled’
tissue samples (three hearts with ascending aortas/sample) confirmed elevated pPSMAD2 in Tgfb3~/~
fetuses and also revealed increased pPSMAD?2 in Tgfb3*/~ fetuses compared to wildtype fetuses at E14.5
(Figure 6E). Importantly, pPSMAD2 levels were higher in Tgfb37/~ fetuses than the Tgfb3*/~ fetuses,
suggesting that loss of Tgfb3 in a dose-dependent fashion triggers SMAD2 activation. Taken together,
heterozygous or homozygous loss-of-function of Tgfb3 results in paradoxically increased levels of
activated SMAD2, SMAD3, and SMAD1/5 in the fetal cardiovascular tissues.
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Figure 6. TGFf(33 is required for TGF-SMAD cardiovascular pathway activation. (A—C), Western blot
analysis of fetal hearts and the accompanied ascending aorta (E18.5) shows protein levels of the
phosphorylated SMADs (pSMAD2, pPSMAD3, pSMAD1/5) and total SMADs (SMAD2, SMAD3, SMAD1/5).
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SMAD1/5). (D) A common and independent (-actin blot (C, bottom) was used for normalizing data
from pSMAD?2, pSMAD3, and pPSMAD1/5 blots. There was no difference in the 3-actin levels between
any cardiovascular tissues taken from wildtype and Tgfb37/~ mice. Densitometric quantification of
phosphorylated proteins after normalization to -actin and total non-phosphorylated proteins is shown
on the right (A-C). E, Representative western blots of pooled samples (3 hearts and aortas/sample) from
wildtype, Tgfb3*/~, and Tgfb37/~ fetuses (E14.5) for pPSMAD2, SMAD2, and B-actin. Each western blot
was repeated three times with similar results. Western blots and densitometric quantification show the
levels of pSMAD?2 (60 kDa) and SMAD2 (60 kDa) (A,D), pPSMAD3 (52 kDa) and SMAD3 (52 kDa) (B),
PSMAD1/5 (60 kDa) and SMAD1/5 (60 kDa) (C), and (-actin (42 kDa) (A-D). Note that levels of pSMAD?2,
PSMAD3, and pSMAD1/5 are increased in individual samples taken from TGF(3-deficient mice (A-C).
The levels of pPSMAD2 were also higher in pooled samples of both Tgfb3*/~ and Tgfb3~/~ fetuses compared
to pooled sample from wildtype fetuses. T¢fb3~/~ had slightly higher levels of pSMAD?2 than the Tgfb3*/~
fetuses. Data points excluded from statistical analysis (Student’s t test) are indicated by grey symbols
(A-C). Individual densitometric values from each pooled samples were plotted (E). All western blots (A—C)
with individual samples were done in triplicate. Thus, all data points represent an average values of
three independent blots (A-C). p-values are shown in the figure. Numerical data from multiple individual
samples are presented as scatter dot-plots with boxes denoting the mean; error bars indicate the SEM.

3.6. TGFpB3-Deficiency Triggers Activation of Non-Canonical MAPK-Mediated TGFp Signaling Pathways

TGEp signaling under pathophysiological conditions can occur via non-SMAD pathways,
including p38 MAPK and ERK1/2 MAPK [23]. Consequently, Western blot analysis was done
on wildtype (1 = 6) and Tgfb3™~ (n = 6) whole individual hearts with ascending aorta to determine
the changes in the downstream components of the non-canonical TGFf pathway. The densitometric
analysis found no change in the levels of 3-actin and total p38 protein (Figure 7A). Importantly, the data
revealed significantly increased activation of p38 MAPK (i.e., pp38 MAPK) in the Tgfb3~/~ hearts
and aorta compared to the wildtype (Figure 7A). Moreover, the data showed that levels of activated
ERK1/2 MAPK (i.e., pERK1/2), when normalized to total ERK1/2, were also higher in the cardiovascular
tissues of the Tgfb3‘/ ~ fetuses than the wildtype (Figure 7B). Finally, Western blot analysis of pooled
cardiovascular tissue samples (three hearts and aortas/sample) not only confirmed the elevated levels
of pp38 and pERK1/2 in Tgfb3~/~ fetuses but they also revealed increased levels of pp38 and pERK1/2 in
Tgfb3*/~ fetuses compared to wildtype fetuses (Figure 7C). Additionally, pp38 and pERK1/2 levels were
higher in Tgfb37/~ fetuses than the Tgfb3*/~ fetuses, suggesting that loss of Tgfb3 in a dose-dependent
fashion triggers the activation of both pp38 and pERK1/2 MAPKs. Collectively, these findings indicate
that heterozygous or homozygous loss of Tgfb3 in vivo leads to hyper-activation of SMAD-independent
non-canonical TGFf signaling through p38 MAPK and ERK1/2 MAPK pathways.
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Figure 7. TGF3 is required for SMAD-independent non-canonical TGFf cardiovascular pathway
activation. (A,B) Western blot analysis of fetal hearts and accompanying ascending aortas (E18.5) show
protein levels of phosphorylated p38 MAPK (pp38), total p38 MAPK (p38), phosphorylated ERK1/2
MAPK (pERK1/2), and total ERK1/2 MAPK (ERK1/2). Densitometric quantification of phosphorylated
proteins after normalization to (-actin (via a common (-actin blot used in Figure 6D) and total
non-phosphorylated proteins is shown on the right (A,B). Western blots and densitometric quantification
show levels of pp38 (43 kDa) and p38 (40 kDa) (A), pERK1/2 (44/42 kDa) and ERK1/2 (44/42 kDa)
(A,B). Note that similar results are obtained with normalization to either 3-actin or the respective total
p38 and ERK1/2 proteins. Note also that levels of pp38 MAPK and pERK1/2 MAPK are significantly
increased in TGF3-deficient cardiovascular tissues. No data points were excluded from statistical
analysis. Nonparametric test (Mann Whitney test) was used for analysis. p-values are shown in the
figure. Numerical data are presented as scatter dot-plots with boxes denoting the mean; error bars
indicate the SEM. (C) Representative western blots of pooled samples (3 hearts and aortas/sample for
each genotype) showing elevated levels of pp38 and pERK1/2 in Tgfb3*/~ and Tgfb3 ™/~ fetuses (E14.5).
Each western blot was repeated three times with similar results. Individual values for each samples
were plotted. Notably, there is a trend of higher levels of both pp38 and pERK1/2 in Tgfb37/~ fetal
hearts compared to Tgfb3*/~ fetuses.

4. Discussion

This study has established that a significant fraction of the Tgfb37/~ mice develop a variety of
cardiovascular malformations including DORYV, ventricular septal defects (OFT, perimembranous,
muscular), abnormal vascular walls, aortic valve and AV valve thickening, and impaired ventricular
myocardium; especially that of the RV. Approximately two thirds of cases of the Tgfb3™/~ mice
develop one or more cardiovascular malformations and these phenotypic differences are not due to the
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genetic background of these mice since all mice used in this study are on the C57BL/6 background
produced via non-sibs mating. In addition, Tgfb3*/~ fetuses develop mild cardiovascular malformations,
including hypoplastic arterial walls, OFT cushion thickening, and impaired ventricular myocardium.
These findings are consistent with the gene expression studies reported here and previous studies
showing strong Tgfb3 expression in the developing heart [26]. Two studies, in particular, established
that systemic deletion of Tg¢fb3 in mice leads to a cleft palate and perinatal lethality [1,2]. Tgfb3~/~ mice
(one third of cases), which do not have any obvious cardiovascular structural defects, still die perinatally
and have a cleft palate. Tgfb3 heterozygous mice survive normally. Many mutations in mice that
cause a cleft palate also lead to heart defects [37]. TGFB3 mutations in the LDS5 (also known as RNHF
syndrome) typically cause cleft palate and is also characterized by several cardiovascular malformations,
including thoracic and/or abdominal aneurysms, persistent foramen ovale, atrial or ventricular septal
defects, atrioventricular block, aortic and mitral valve disease, and familial arrhythmogenic right
ventricular dysplasia (ARVD1/C) involving replacement of the ventricular myocardium with fatty
and fibrous elements, preferentially in the free wall of the right ventricle [9,12,13,38]. It is interesting
that Tgfb3™/~ fetuses have no atrial septal defects (ASD) and inflow tract abnormalities such as
atrioventricular septal defects (AVSD), double inlet left ventricle (DILV), and common AV canal.
This would indicate that abnormal OFT remodeling such as related to NCC and anterior SHF may
be involved in OFT-related defects of Tgfb3™/~ embryos. Overall, the data presented in this study is
consistent with clinical genetic findings and indicate that TGF33 is required for multiple important
aspects of cardiovascular development.

Tgfb3 is expressed in post-EMT cushion mesenchyme during cushion remodeling and
differentiation, which is consistent with the OFT and AV cushion remodeling and OFT septation
defects in Tgfb3™~ embryos. This is a contrast with the Tgfb2~~ embryos which develop both OFT
and AV septation defects [39]. The data is also in line with previous studies indicating that TGF(3 is
not expressed in the mouse heart during EMT and that the cardiac EMT is not affected in Tgfb37/~
embryos [40,41]. TGFps are known to induce apoptosis [42-44]. As a consequence, the effect of
absence of TGFf3 might result in down-regulated apoptosis, as shown here. Therefore, it is unlikely
that down-regulated TGF(3 represses apoptosis. Furthermore, latent TGF(33, as demonstrated in the
SHF [45] needs to be activated and apoptotic neural crest cells, by changing the micro-environment,
might just activate TGFf3s. Definitive proof that this chain of events is reversed involves experiments
inhibiting apoptosis by deleting, e.g., apoptosis-specific genes as performed by Watanabe and Fisher [46]
in the chicken embryo, which included outflow tract malformations even though the focus was not on
TGFp signaling. In addition, cell lineage tracing superimposed on systemic or conditional Tgfb3 null
embryos will be another approach to reveal the effect of Tgfb3 on cellular apoptosis in the OFT septum.
Collectively, the OFT cushion remodeling defects are consistent with the presence of both aortic and
pulmonary valve thickening in the Tgfb37/~ fetuses. OFT septal malformations such as the DORYV, are
mainly subaortic in nature and exhibit defective fusion and remodeling of the outlet septum in Tgfh3~/~
embryos. In some of the Tgfh3_/ ~ fetuses, the aorta was positioned directly over a VSD due to an OFT
alignment defect, which might be the result of abnormal inner curvature remodeling. On the other hand,
the AV cushion remodeling defects are involved in the thickening of mitral and/or tricuspid valves in
Tgfb3™/~ fetuses. Notably, both outflow tract cushion and AV cushion defects are not present in all
Tgfb3™/~ fetuses. The overall cardiovascular tissue expression of Tgfb3 is quite distinct but can slightly
overlap to that of Tgfb2 during cardiovascular development [26,47]. It is possible that TGF[32 could
slightly compensate for the loss of TGFf3 during development. These suggestions are consistent with
the clinical findings indicating the presence of aortic and mitral valve diseases and aortic aneurysm in
the LDS patients with genetic mutations in TGFB2 (LDS4) or TGFB3 (LDS5) [9,38,48]. Such a prediction
is also supported by the observation that Tgfb3 deletion worsens embryonic developmental phenotypes
of Tgfb2 knockout embryos [49]. Importantly, Tgfb3 expression increases in comparison to Tgfb2 during
heart development [47]. This raises a possibility whether TGF(33 could represent the predominant
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TGEFp isoform during later stages of cardiac remodeling, a suggestion consistent with the mutations in
TGFB3 in adult cardiac disease patients [7,50].

TGFB3 mutations result in dysregulated collagen matrix reorganization and fibrotic lesions associated
with the ventricular fibrosis and aortic or mitral valve disease [6]. Several studies have indicated
that TGFB signaling is required for collagen production, remodeling, and organization [35,51,52].
Collagen organization is critical for heart development, and structure and function in the adult myocardium
and heart valves [28]. A direct role of TGF[33 on collagen reorganization has determined for the first
time in this study. The data reveals that TGF33-deficient whole mouse fibroblasts are defective in their
ability to reorganize the collagen matrix and that exogenous addition of higher doses of TGFf31 can
compensate for the loss of TGF3. This supports the hypothesis that loss of Tgfb3 results in a compensatory
TGFp ECM response. This failure of reorganization is indicative of altered contractile machinery and/or
adhesion molecules [33]. TGFB3 mutations have also been reported in patients with mitral and aortic valve
disease and that hyper-activated TGF(} signaling has been implicated in mammalian valve disease [9,53].
Thus, the results presented in this study, establishing a unique and important requirement of TGF33 in
collagen fiber organization, are novel and represent a significant step which will increase our understanding
of the role of TGF(33 signaling in heart development and cardiac pathophysiology.

One of the observations and potential limitations of our study is the variable phenotypic penetrance
of cardiovascular anomalies in Tgfb37/~ mice, which hinders the morphometric comparison and the
investigation of the underlying cellular, developmental, molecular and biochemical mechanisms.
Given that pSMAD2/3 levels are not significantly increased in one third of cases of the mutant
hearts, it is difficult to conclude from the results whether the increased pPSMAD2/3 levels cause the
cardiovascular malformations in the Tgfb37/~ fetuses. It is possible that increased TGFp signaling
instead represents a compensatory mechanism and that a failure to fully compensate for the loss of
TGFp3 signaling results in phenotypically variable cardiovascular anomalies in the Tgfb3 7/~ fetuses.
Such a prediction is consistent with more severe developmental phenotype and mid-gestational lethality
reported in Tgfb3 and Tgfb2 double knockout embryos compared to the cardiovascular phenotypes
reported in the Tgfb3 ™/~ embryos in our study [49].

Another very significant finding in this study is that genetic disruption of Tgfb3 leads to impaired
ventricular myocardium. Regulatory mutations in the TGFB3 associated with the increased TGFf
signaling have been identified in patients showing a typical ARVD1/C phenotype [7]. Notably, fibro-fatty
replacement of the right ventricular myocardium in these ARVD1/C patients involves both fibrosis and
myocardial apoptosis [6]. Our data suggest that TGF33-deficient hearts exhibit increased activation
of SMAD-dependent (SMAD2/3 and SMAD1/5) and non-SMAD (p38 MAPK and ERK1/2 MAPK)
pathways. TGF(} signaling via the SMAD2/3 pathways can induce the expression of extracellular matrix
genes and the phenotypic transformation of fibroblasts into myofibroblasts, and stimulate pro-collagen
and collagen synthesis [54]. Moreover, increased TGEf signaling via the TRAF6-TAK1-p38 MAPK
pathway can lead to apoptosis. In a remarkable study, Li et al. (2011) have shown that the loss of
Jup1 (i.e., plakoglobin), which leads to impaired cell differentiation, increased myocardial apoptosis
and fibrosis, and elevated TGFf signaling causes ARVD1/C in mice [8]. Mutations in genes encoding
desmosomal proteins including plakoglobin (JUP1) have also been reported in about half of the
ARVC patients. Thus, it is possible that increased TGF[3 signaling is a major and common underlying
mechanism of ARVC pathogenesis. We provided histological and biochemical evidence showing that
mild cardiovascular malformations (such as hypoplastic arterial walls, myocardial defects, OFT cushion
defects) in Tgfb3*/~ embryos are also associated with hyper-activated canonical and noncanonical
TGF signaling. This observation is quite similar to the increased SMAD2 activation seen in aortic tissue
and fibroblasts of LDS5 and ARVD1/C patients harboring TGFB3 heterozygous mutations. Together,
this suggests that increased TGFf3 signaling may be a compensatory response to the loss of TGF33 and
that the extent of TGFf overactivation beyond a certain threshold (i.e., wildtype < Tgfb3 heterozygous
< Tgfb3 homozygous) could result in range of cardiovascular pathomorphologies. Since this increased
TGF} signaling seems compatible with the survival of Tgfb3*/~ mice, it is possible that adult Tgfb3*/~
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mice will develop progressive cardiovascular disease such as aortic aneurysm, valvular heart disease,
and cardiomyopathy. We are currently analyzing adult Tgfb3*/~ mice at different ages in longitudinal
studies to establish a correlation between TGFf hyperactivation and development and progression
of cardiovascular pathophysiology and disease (i.e., cardiac dysfunction, heart valve disease, aortic
aneurysm via echocardiography).

In this study, we describe the abnormal vascular walls (aorta and pulmonary trunk) phenotype
in both Tgfb3 heterozygous and Tgfb3 knockout fetuses, which nicely links this phenotype to LDS5
(human TGFB3 mutations). Our data also show the expression of Tgfb3 in the great vessels as well as in
the condensed mesenchyme of the OFT septum, which is consistent with earlier findings [26]. That is
a rare combination. Since, in the OFT (vascular and septation), the NCC interact with SHF [55-57],
the total phenotypic outcomes in Tgfb3 mutants may be the effect of a lack of TGFf33 on both cell
types. Since adventitial fibroblasts receive arterial epicardial derived cells [58], it is possible that
the epicardial cells in the abnormal vascular walls in Tgfb37/~ embryos could be defective. The
myocardial defects described in this study may be based on a defective contribution of epicardium
derived fibroblasts with a higher involvement (but not selective) of the RV. The atrioventricular valves,
both mitral and tricuspid receive epicardial cells [58-60], and therefore TGF33 might play an important
role in epicardial morphogenesis. Tgfb3 expression data support the idea that the role of epicardium
is a crucial link to ventricular myocardial problems and the AV cushions [26,60]. Both ventricular
myocardium and AV cushions receive epicardial cells that mainly differentiate into fibroblasts [58-60].
There is a difference in homing and timing of epicardium to RV and LV [61], which could explain why,
in Tgfb3~/~ embryos, the RV is more involved, although surely the LV is also affected as well. There are
several models in which epicardium is defective, either after mechanical removing the epicardium
in the quail or in mouse mutant models (PDGFR«, Podoplanin, RxR) [58,62]. All of these animal
models present with very thin myocardium and a spongy ventricular septum with often muscular
VSD. Recently, Tgfb3 conditional knockout mice have been generated [63] and will be useful in future
investigation to determine the cell-specific role of TGF(3 in cardiovascular development and adult
cardiovascular disease. In conclusion, TGFf33 is required for cardiovascular development in mice
by maintaining a proper balance of downstream SMAD-dependent and MAPK-dependent TGFf3
signaling mechanisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2308-3425/7/2/19/s1.
Table S1. Cardiovascular defects in Tgfb3 knockout mice (Embryonic Day 13.5 to 18.5 (n = 19). Figure S1. Systemic
Tgfb3 deletion disrupts ventricular myocardial development and leads to muscular VSD. A-C, H&E stained
sections of wildtype and different Tgﬂ)S’/ ~ fetuses (E15.5-16.5) showing abnormal size, shape, and myocardium of
the right ventricle in Tgﬂz3‘/ ~ (B,C, left arrow) and mitral valve thickening (B,C, arrowheads). The left ventricular
myocardium in nghS’/ ~ fetuses (B,C, right arrow) was also not normal. D,E, Cardiac muscle actin (clone HHF35)
immunohistochemistry of cross sections of E14.5-15.5 fetuses showing myocardium of both right and left ventricles
was affected in some Tgfb37/~ resulting in muscular VSD (E, arrow). G, H&E stained sections of wildtype and
Tgfb3*/~ fetuses (E14.5-15.5) showing mild thinning of the right ventricular myocardium (G, left arrowhead) and
moderately thickened left ventricular myocardium (G, right arrowhead) in Tgﬂﬁ*/ ~ fetuses compared to wildtype
heart (F). Scale bars: 200 um for A-G. Abbreviations: rv, right ventricle; lv, left ventricle; tv, tricuspid valve; mv,
mitral valve. Figure S2. T¢fb3 deletion leads to pulmonary and aortic valve defects. A-D, Hematoxylin and eosin
staining for E15.5 wildtype (A,D), Tgfb3+/ ~ (B,D), and Tgﬂ]S’/ ~ (C/F) fetuses. Tgﬂ)SJr/ ~ fetus displays thinning of
vascular walls of aorta and pulmonary trunk (B, arrowheads), mild thickening of both pulmonary (B, arrow) and
aortic (E, arrow) valves compared to wildtype fetus (A,B). Notably, Tgfb37/~ fetuses develop severe forms of these
cardiovascular defects (C,F). Scale bars: 200 um for A-F. Figure S3. Abnormal ascending aortic walls in Tgfb3
knockout fetuses. A-D, Elastin autofluorescence (C,D) of hematoxylin and eosin-stained (A,B) sections. Compared
to wildtype littermate (C), Tgfb37/~ fetus shows poorly formed elastic lamellae and disorganized vascular smooth
muscle cells in the aortic wall (arrows, D). Fluorescence images (C,D) were taken from region of aorta indicated by
boxes (A,B). Arrows indicate elastic fibers (C,D) and the white dotted lines demarcates the aortic wall from vaso
vasorum (D). Scale bars = 100 um for A,B; 25 um for C,D. Figure S4. Measurement of aortic valve volume in Tgfb3
knockout fetuses. A-G, Morphometric comparison and volume measurements using AMIRA 3D segmentation of
aortic valves from wildtype (A,C,E) and Tgfb3~/~ (B,D,F) embryos (E15.5) showing non-coronary leaflets in red,
left coronary leaflets in green, and the right coronary leaflets in yellow. The hyperplastic nature of the outflow
tract cushions in Tgfb3™/~ embryos compared to the wildtype littermate embryos (G). Student’s f test was used.
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p-Values are indicated in the histogram. Numerical data are presented as scatter dot-plots with boxes, with the
box denoting the mean; error bars identify the S.E.M (n = 3 per genotype).
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Abstract: Background: Left ventricular noncompaction (LVNC) is a cardiomyopathy that can lead
to arrhythmias, embolic events and heart failure. Despite our current knowledge of cardiac de-
velopment, the mechanisms underlying noncompaction of the ventricular myocardium are still
poorly understood. The small GTPase Racl acts as a crucial regulator of numerous developmental
events. The present study aimed to investigate the cardiomyocyte specific role of Racl in embry-
onic heart development. Methods and Results: The Nkx2.5-Cre transgenic mice were crossed with
Ractf mice to generate mice with a cardiomyocyte specific deletion of Racl (Rac1™V*22) during heart
development. Embryonic Rac1N¥? hearts at E12.5-E18.5 were collected for histological analysis.
Overall, Rac1N¥25 hearts displayed a bifid apex, along with hypertrabeculation and a thin compact
myocardium. Rac1NMZ5 hearts also exhibited ventricular septal defects (VSDs) and double outlet
right ventricle (DORV) or overriding aorta. Cardiomyocytes had a rounded morphology and were
highly disorganized, and the myocardial expression of Scrib, a planar cell polarity protein, was
reduced in Rac1N¥25 hearts. In addition, cell proliferation rate was significantly decreased in the
Rac1Ne25 ventricular myocardium at E9.5. Conclusions: Racl deficiency in the myocardium impairs
cardiomyocyte elongation and organization, and proliferative growth of the heart. A spectrum of
CHDs arises in Rac1N25 hearts, implicating Racl signaling in the ventricular myocardium as a
crucial regulator of OFT alignment, along with compact myocardium growth and development.

Keywords: Racl; proliferation; cell polarity; congenital heart defects; compact myocardium;
trabeculation

1. Introduction

Congenital heart defects (CHDs) are the most common human birth defects, affecting
up to 5% of live births [1,2]. The severity of these types of defects ranges from simple
defects with no symptoms at birth, such as a small atrial septal defect (ASD), to compli-
cated defects that are life-threatening and require intervention, such as Tetralogy of Fallot
(TOF) [3,4]. One particular defect known as left ventricular noncompaction (LVNC) or
“spongy myocardium” has no treatment at present, with the major therapy being heart
failure and anticoagulation medications [5]. LVNC is classified as a rare genetic cardiomy-
opathy, occurring in 0.01% to 0.27% of the population, characterized by arrest of normal
myocardium development, leading to a thin compact myocardial layer and an extensive
non-compacted trabecular network [6,7]. Noncompaction of the ventricular myocardium
can increase the risk of cardiac embolism, atrial fibrillation, ventricular arrhythmia and
heart failure [5,7]. Although this defect occurs mostly in the LV, right ventricular (RV)
noncompaction has also been reported in less than one-half of LVNC patients [8,9].

The ventricles grow and mature through a process of proliferation and differentiation
to form trabeculation and compact myocardium [10]. In the mouse, trabecular formation
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begins at approximately E9.5 where cardiomyocytes grow to form protrusions of muscular
ridges [11]. The trabeculae then undergo a process of remodeling /compaction where the
bases of the trabeculation thicken and collapse into the myocardial wall. Proliferation of the
compact myocardium is concomitant with remodeling. By E14.5, mature trabeculation is
formed, along with a thick, compact myocardium [12,13]. Numerous signaling pathways
have been implicated in development of the ventricular chambers including Notch, BMP,
FGE, retinoic acid and planar cell polarity (PCP) signaling [10,14]. In addition, various
mouse models of ventricular noncompaction defect have been generated but the ventricular
defects between the mouse models are not consistent, reflecting the complex process of ven-
tricular myocardium development. To date, the complete signaling mechanisms underlying
ventricular myocardium development are still not completely understood [15,16].

The small GTPase, Racl, acts as a crucial regulator of numerous developmental events
including proliferation, cell cycle progression, cell survival, differentiation and regulation
of cell shape, morphology and polarity [17]. Specifically, the importance of Racl signaling
in embryonic heart development has emerged in recent studies [18,19]. Our previous work
has demonstrated a critical role of Racl signaling in the anterior SHF and anterior-SHF
derived structures including the RV, interventricular septum and the OFT. Racl regulates
cardiomyocyte polarization in the RV and formation of the cardiac apex [18]. In order
to study the cardiomyocyte specific role of Racl in heart development, the Racl gene
is deleted in the myocardium using the Nkx2.5-Cre transgenic mouse, which drives Cre
recombinase activity in both the RV and LV [20]. We show that Rac1 signaling is crucial for
ventricular myocardium development and cardiomyocyte specific deficiency of Rac1 leads
to a spectrum of CHDs including a thin compact myocardium and hypertrabeculation,
similar to clinical features of LVNC. Racl deficient hearts also had a bifid cardiac apex and
OFT alignment defects. Furthermore, we showed that a Racl deficiency in the myocardium
disrupts proliferation along with the organization and polarization of cardiomyocytes.

2. Methods
2.1. Mice

The Rac1f mouse line (Stock #5550) and mT/mG mouse line (Stock #7676) were pur-
chased from Jackson Laboratory, Bar Harbor, ME, USA [21,22]. The Nkx2.5-Cre transgenic
mouse was provided by Dr. Chi-Chung Hui at The Hospital for Sick Children, Uni-
versity of Toronto, originally generated by McFadden and colleagues [20]. The mT/mG
mouse is a global double-fluorescent Cre reporter mouse. This reporter mouse expresses
membrane-targeted Tomato (mT) before Cre-excision and membrane-targeted GFP (mG)
after excision of mT [22]. A breeding program to generate Nkx2.5-Cre;Rac1f (Rac1Nkx2:5)
and Nkx2.5-Cre;mT/mG mice was carried out and genotyping was performed as described
previously [18]. Genotyping primer sequences are listed in Table 1. Mouse experiments
and procedures were approved by the Animal Care Committee at Western University in
accordance with the guidelines of the Canadian Council of Animal Care.

Table 1. PCR primer sequences for genotyping genetically modified mice.

Mice Forward (5'-3') Reverse (5'-3')

Nkx2.5-Cre TGCCACGACCAAGTGACAGC CCAGGTTACGGATATAGTTCATG

Rac1f TCCAATCTGTGCTGCCCATC GATGCTTCTAGGGGTGAGCC
CGAGGCGGATCACAAGCAATA

mTmG CTCTGCTGCCTCCTGGCTTCT Mutant reverse:
TCAATGGGCGGGGGTCGTT

2.2. Histological Analysis

Embryonic samples (thoracic cavity) were fixed overnight in 4% paraformaldehyde at
4 °C, dehydrated and paraffin embedded. Samples were serially sectioned at 5 um from the
top of the aortic arch to the apex of the heart with a Leica RM2255 microtome. Sections were
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mounted onto positively charged albumin/glycerin coated microslides. Slides were stained
with hematoxylin and eosin (H/E) for histological analysis and images were captured
using a light microscope (Observer D1, Zeiss, Oberkochen, Germany).

2.3. Immunohistochemistry

Immunohistochemical staining was performed on paraffin heart sections. Antigen
retrieval was carried out in sodium citrate buffer (pH 6.0) at 92 °C using a BP-111 laboratory
microwave (Microwave Research & Applications, Carol Stream, IL, USA). Immunostaining
was performed with primary antibodies for GFP (Abcam, Cambridge, MA, USA) and
Scrib (Santa Cruz, Santa Cruz, CA, USA) followed by incubation with biotinylated sec-
ondary antibody and avidin and biotinylated HRP (Santa Cruz). 3-3' diaminobenzidine
tetrahydrochloride (DAB, Dallas, TX, USA) substrate solution was used to visualize the
substrate and slides were counterstained with hematoxylin. Images were captured with
Zeiss Observer D1 microscope using AxioVision Rel 4.7 software. For proliferation and
apoptosis analysis, E9.5 heart samples were fixed in 4% paraformaldehyde for one hour,
cryoprotected in 30% sucrose and embedded in FSC22 frozen section media (Leica, Wetzlar,
Germany). Samples were sectioned in a sagittal orientation with a Leica cryostat at 10 pm
thick onto glass slides. Slides were incubated with anti-phosphohistone-H3 (phospho
510) (Abcam), anti-cleaved caspase-3 (Cell Signaling) primary antibody, Alexa Fluor 647
wheat germ agglutinin (Invitrogen, Waltham, MA, USA), Alexa Fluor 488 phalloidin (Life
Technologies, Carlsbad, CA, USA) and counterstained with Hoechst 33342 (Invitrogen).
Confocal images were obtained at the Biotron Research Centre, Western University with
a Zeiss LSM 510 Duo microscope. Cardiomyocyte cell size was assessed by measuring
the cross-sectional diameter at the nuclear level in ~50 cardiomyocytes per section and
5 sections per heart in the LV free wall using AxioVision software (Zeiss, Oberkochen,
Germany) [23].

2.4. Quantitative Real Time RT-PCR

Total RNA was isolated from E12.5 ventricular myocardium using the RNeasy Mini
Kit (QIAGEN). Reverse transcription reaction was performed, as described previously [18].
Briefly, M-MLV Reverse Transcriptase (Invitrogen) and EvaGreen qPCR Mastermix (Abm,
Vancouver, BC, Canada) were used for real time thermal cycling. 28S rRNA was used as
an internal control. Samples were amplified for 35 cycles using the Eppendorf Mastercy-
cler Realplex Real-Time PCR machine (Hamburg, Germany). Real time RT-PCR primer
sequences are listed in Table 2. The mRNA level of Racl in relation to 28S rRNA was
determined using a comparative Ct method [24,25].

Table 2. Primer sequences for real time RT-PCR analysis.

Gene Forward (5'-3') Primer Sequence (5'-3)

Racl TTGTCCAGCTGTGTCCCATA AACCTGCCTGCTCATCAGTT
Gata4 GCCTGCGATGTCTGAGTGAC CACTATGGGCACAGCAGCTC
Nkx2.5 GACAGCGGCAGGACCAGACT CGTTGTAGCCATAGGCATTG
Tbx5 AGGAGCACAGTGAGGCACAA GGGCCAGAGACACCATTCTC
Tbx20 CACCTATGGGGAAGAGGATGTTC GTCGCTATGGATGCTGTACTGGT
Mef2c TACCCCGGTGGTTTCCGTAG CCCAACTGACTGAGGGCAGA
Scrib AGGAGGAGAACAGGGATGAGGAG CCTTTGTAGGGGGTAGAGCCTTT
Bmp10 CCACTCGGATCAGGAGGAAC CACACAGCAGGCTTTGGAAG
Hand1 TGGCTACCAGTTACATCGCCTAC GTGCGCCCTTTAATCCTCTTCT
Hand?2 GCTACATCGCCTACCTCATGGAT TCTTGTCGTTGCTGCTCACTGT
28S ACATTGTTCCAACATGCCAG TTGAAAATCCGGGGGAGAG
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2.5. Western Blot Analysis

Racl protein expression from E12.5 ventricular myocardium was measured by western
blot analysis. Briefly, 25 ug of protein from isolated ventricular tissue was separated
by 12% SDS-Page gel and transferred to nitrocellulose membranes. Blots were probed
with antibodies against Racl (1:500, Santa Cruz) and x-actinin (1:5000, Sigma, St. Louis,
MO, USA). Blots were then washed and probed with horseradish peroxidase conjugated
secondary antibodies (1:2500, Bio-Rad, Hercules, CA, USA) and detected using an ECL
detection method. Densitometry was then performed to quantify the signal.

2.6. Statistical Analysis

Data are presented as means - SEM. An unpaired Student’s  test was employed to
determine statistical significance between the two groups. Differences were considered
significant at p < 0.05.

3. Results
3.1. Generation of a Cardiomyocyte Specific Racl Knockout Mouse

The Cre recombinase in the Nkx2.5-Cre mouse line is activated after E8.5 and ini-
tial specification of cardiac progenitors [20]. Nkx2.5-Cre transgenic mice and Rac1f mice
were crossed to generate Nkx2.5-Cre;Rac1f (Rac1Ne¥2) offspring (Figure 1A,B). To confirm
a knockdown in Racl mRNA expression, a real-time RT-PCR analysis was performed
in RNAs isolated from E12.5 ventricles. The Rac1 mRNA expression was significantly
decreased by approximately 35% in Rac1NK25 ventricular myocardium compared to litter-
mate Rac1’f controls (Figure 1C). Racl protein levels in the ventricular myocardium were
analyzed using western blotting. The ratio of Racl to «-actinin protein levels was reduced
by 49% in E12.5 Rac1V¥2 ventricular myocardium compared to littermate Ract”/ controls
(Figure 1D). These results confirm that Nkx2.5-Cre-mediated recombination sufficiently
downregulates Rac mRNA and protein expression in the ventricular myocardium of the
developing heart.

3.2. Lineage Tracing of Nkx2.5-Cre Transgenic Mouse

To trace where the Cre recombinase is active in Nkx2.5-Cre transgenic hearts, Nkx2.5-
Cre mice were crossed to mT/mG reporter mice, which marks all tissues possessing Cre
recombinase activity with GFP. McFadden et al., the group who first created the Nkx2.5-
Cre transgenic mouse, used a lacZ reporter to show that the Cre recombinase is active
throughout the ventricular myocardium with minimal recombination in the OFT and
atria [20]. Using the Nkx2.5-Cre;mT/mG mouse, we showed that the Cre recombinase was
active throughout the ventricular myocardium and a large portion of the atria at E12.5
(Figure 2A). In addition, a majority of the pulmonary artery myocardium and part of the
aorta were GFP* in Nkx2.5-Cre;mT/mG hearts (Figure 2B). Closer analysis of the aortic
valves showed that some of the cells in the early aortic valves were also GFP* in Nkx2.5-
Cre;mT/mG hearts (Figure 2C), indicating the contribution of Nkx2.5 expressing cells to the
development of the OFT and atria. Furthermore, closer examination of the epicardium
and endocardial cells at E18.5 showed that these cells remained RFP*, indicating no Cre
recombinase activity in these cell types (Figure 2D-F). Thus, the Nkx2.5-Cre mouse drives
recombination in the ventricular myocardium, atria and part of the OFT.
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Figure 1. Generation of mouse line with a myocardium specific deletion of Rac1 (Rac1N¥2%). A schema of the floxed Racl
allele and Nkx2.5-Cre mediated generation of the Rac1 null allele (A). Rac1N¥25 mice were generated by crossing Nkx2.5-Cre
transgenic mice with Rac/ mice for 2 generations with the expected genotype frequencies indicated in brackets (B). Racl
mRNA expression was significantly reduced in E12.5 Rac1N¥? ventricular myocardium compared to Rac// littermates (C).
Western blot analysis of E12.5 ventricular myocardium showed a significant decrease in Racl protein levels in Rac1N¢25
hearts compared to controls (D). * p < 0.05, *** p < 0.001 by unpaired Student’s -test.

Figure 2. Lineage tracing with Nkx2.5-Cre;mT/mG mice. GFP immunostaining of E12.5 Nkx2.5-
Cre;mT/mG paraffin heart sections showed Cre recombinase activity in the atrial and ventricular
myocardium (A), OFT (B) and aortic valve leaflets (C). Fluorescence imaging of cryosections of E18.5
Nkx2.5-Cre;mT/mG hearts showed that the epicardium (arrows) and endothelial cells (arrowhead)
remain REP* in Nkx2.5-Cre;mT/mG hearts (D-F). RV, right ventricle; LV, left ventricle; PA, pulmonary
artery; Ao, aorta; epi, epicardium. Scale bars: 250 um (A-C), 10 um (D-F).
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3.3. Congenital Heart Defects in Rac1N®>5 Mice

RacINF25 embryos were alive from E11.5-18.5, but all neonates were found dead
at PO (1 = 5). Gross morphological analysis of these PO Rac1N¥2 hearts revealed a bifid
cardiac apex, similar to what was observed and reported in our previous study with a
Mef2c-Cre anterior second heart field-specific deletion of Racl [18]. Examination of all
RacINE25 hearts at earlier embryonic time points showed evidence of a bifid cardiac
apex as well (Figure 3A). In addition, Rac1N*2 hearts had incomplete development of
the interventricular septum, resulting in a ventricular septal defect (VSD) (Figure 3B,C,
Table 3). Alignment of the outflow tract (OFT) to the ventricles was also defective in
RacIN25 hearts compared to littermate Racl” controls. A double outlet right ventricle
(DORV) was observed in 11 of the 17 Rac1N25 hearts (Figure 3D-G, Table 3) and 6 of the 17
Rac1N25 hearts exhibited an overriding aorta (Table 3). In addition, both the left ventricle
(LV) and right ventricle (RV) of Rac1N¥2 hearts show a thin compact myocardium and
hypertrabeculation (Figure 4A-D). The compact myocardium of both RacIN¥2% ventricles
at E15.5 was poorly formed and significantly thinner while the trabecular to compact
myocardium ratio increased by more than 2.5-fold compared to littermate Rac1/ controls
(Figure 4E,F). These findings suggest a critical role for Racl in interventricular septum
formation, OFT alignment and development of the trabecular and compact ventricular
myocardium.

Figure 3. Congenital heart defects in Rac1¥¥25. (A) Bifid cardiac apex in an E16.5 Rac1NK25 heart. Arrow indicates
bifurcation between the RV and LV. (B,C) Ventricular septal defect (arrowhead) was found in E15.5 RacINK¥25 hearts with an
arrow indicating the bifid cardiac apex. (D-G) Double outlet right ventricle (DORV) was found in E15.5 Rac1V2 hearts.
The pulmonary artery and aorta were connected to the RV and LV, respectively in Rac/ control hearts (D,F). However,
both pulmonary artery and aorta were connected to the RV in RacINK25 hearts (E,G). RA, right atrium; LA, left atrium.
Scale bars: 500 pm.
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Table 3. Congenital heart defects in Rac1VK¥2:5 mice (E14.5—P0).

e Overriding Thin Compact

Bifid Apex VsD DORV Aorta Myocardium
N=17 17 17 11 6 17
% 100 100 64.7 35.3 100

VSD, ventricular septal defect; DORV, double outlet right ventricle. All 17 Rac15"F hearts had more than one type
of CHD. No CHDs defects were found in littermate E14.5-P0 Rac1/ hearts (1 = 11).
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Figure 4. Ventricular myocardium abnormalities in Rac1V¥2? hearts at E15.5. In comparison to Racf controls (A,C),
the Rac1V25 mice (B,D) show thin compact myocardium and hypertrabeculation in the RV and LV wall. The thickness
of the compact myocardium in Rac1N¥25 hearts (1 = 5) was decreased while trabecular to compact myocardium ratio
was increased as compared to littermate controls (1 = 6) (E,F). Double-headed arrows in (A-D) indicate measurements of
compact myocardium thickness. * p < 0.05, ** p < 0.01, *** p< 0.001 vs. Rac1f by Student’s t-test. Scale bars: 100 pm.

3.4. Loss of F-Actin Filament Organization and Cardiomyocyte Polarity in RacIN®?2 Hearts

To analyze F-actin filament organization and cardiomyocyte polarity in the ventricular
myocardium, E18.5 Rac1N¥25 heart sections were double stained with phalloidin and
wheat germ agglutinin (WGA) to mark F-actin filaments and cell borders, respectively.
Our data show that Rac1N¥2% hearts had severely disrupted F-actin filament organiza-
tion compared to controls, which had long, parallel running F-actin filaments throughout
the myocardium (Figure 5A,B). Additionally, WGA staining revealed rounded, spheri-
cally shaped cardiomyocytes in Rac1V¥2% hearts, in both the RV and LV (Figure 5D). In
comparison, littermate ventricular myocardium had cardiomyocytes that underwent po-
larization with an elongated shape and were well organized/aligned in both the RV and
LV (Figure 5C). Furthermore, quantitative analysis revealed that the cardiomyocyte cell
size was significantly larger in Rac1N*?% compared to the littermate controls (Figure 5E).
This data suggests a crucial role for Racl in F-actin filament organization, polarization and
elongation of cardiomyocytes during embryonic heart development.
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Figure 5. Disruption of F-actin organization and cardiomyocyte polarity in RacINK25 hearts. E18.5
cryosections of the heart were double stained for phalloidin and wheat germ agglutinin (WGA) to
assess F-actin organization and cardiomyocyte cell polarity, respectively. The images were taken from
the corresponding areas of LV myocardium free wall in Rac”/ and Rac1™V2 mice. F-actin filament
organization was disrupted in RacIN¥25 myocardium (B) compared to littermate controls (A). WGA
staining shows rounded cardiomyocytes in RacIN¥25 ventricular myocardium (D) compared to the
elongated cardiomyocytes in littermate controls (C). The cell borders of a cardiomyocyte in (C,D) are
outlined. The short axis of cardiomyocyte diameter was significantly larger in Rac1N%>® compared
to littermates (E). ** p < 0.01 by unpaired Student’s t-test. Scale bars: 10 pum.

3.5. Decreased Scrib Protein Expression in Rac1N®2> Hearts

Scrib plays an important role in cell polarity through interacting with Racl in the
developing myocardium. Loss of either Scrib or Racl leads to a reduction in membrane asso-
ciation of the other [19]. To analyze the expression of Scrib, immunostaining was performed
on E15.5 Rac1N¥2% hearts. Scrib was highly expressed in the myocardium surrounding
the opening of the aorta in control E15.5 hearts (Figure 6A). In comparison, the expression
of Scrib in this area was reduced in E15.5 Rac1N¥2 heart sections (Figure 6B). Similar to
what was described in our previous study [18], Scrib protein expression was abundant
in the interventricular junction in control hearts at E15.5. However, expression of Scrib
was reduced in E15.5 Rac1N¥25 the myocardium of interventricular junction compared
to littermate controls (Figure 6C-F). Overall, Scrib protein expression was significantly
decreased in E15.5 Rac1Nk25 hearts compared to littermate controls (Figure 6G). The loss
of Scrib expression in Rac1N¥2% hearts suggests a disruption in cell polarity and the PCP
pathway, further supporting a failure of cardiomyocytes to undergo polarization.
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Figure 6. Loss of Scrib expression in Rac1N¥25 hearts. Scrib immunostaining was performed on
E15.5 RacINK25 and Rac1/ heart sections. The areas analyzed included the myocardium surrounding
the aorta (A,B), RV (C,D) and the LV (E,F). Five sections per heart were used. The number of Scrib-
expressing positive cells was significantly decreased in the myocardium surrounding the aorta (OFT),
RV and LV of RacINK25 hearts (G). * p < 0.05, ** p < 0.01 by Student’s t-test. Scale bars: 50 pm.

3.6. Decreased Cell Proliferation in Rac1N®2 Hearts

The observed defects in Rac1N®2? ventricular myocardium development could also
be attributed to a decrease in cell proliferation and/or aberrant apoptosis. Cell proliferation
has been shown to be highest at E9.5 in the developing mouse heart [26]. Thus, proliferation
of E9.5 Rac1V¥2% hearts was analyzed by immunostaining for phospho-histone H3 (pHH3)
and cyclin D1, which are a marker of the mitotic phase of cell division and a cell cycle
regulator, respectively. The cell proliferation rate assessed by pHH3* and cyclin D1* cells in
the ventricular myocardium was significantly reduced in E9.5 Rac1V2? hearts compared
to littermate Rac/ controls (Figure 7A—F). Immunostaining for cleaved caspase-3 (CC3),
a marker of activated apoptosis, showed little to no apoptosis in both control E9.5 and
RacIN®25 ventricular myocardium (Figure 7G,H). However, apoptosis was detected in
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tissues outside the heart (Figure 71]). The decreased proliferation rate in Rac1V¥2 hearts
suggests a critical role for Racl in regulating cardiomyocyte proliferation in the ventricular
myocardium, after initial specification of cardiac progenitors.
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Figure 7. Decreased proliferation rate in RacINK2:5 hearts. Phospho-histone H3 (pHH3) immunos-
taining to mark proliferating cells undergoing mitosis in ventricular myocardium (myo) of E9.5
RacINK25 and Rac1 hearts (A,B). Proliferation rate was significantly decreased in E9.5 Rac1NK2-5
ventricular myocardium compared to littermate controls (C). Cyclin D1 immunostaining in E9.5
Rac1f and Rac1N¥2% ventricular myocardium marked cell progression through G1 (D,E). Cyclin D1
expression was significantly decreased in E9.5 Rac1V¥?9 ventricular myocardium compared to litter-
mate controls (F). Cleaved caspase-3 (CC3) immunostaining to mark apoptotic cells in ventricular
myocardium of E9.5 Rac1N¥2% and Rac1//f hearts. No apoptosis was detected in E9.5 Rac1N¥25 and
Rac1f ventricular myocardium (G,H). Apoptotic cells were detected in tissues outside of the heart
in Rac1f and Rac1N¥25 embryos (L)). * p < 0.05, ** p < 0.01 by unpaired Student’s t-test. Scale bars:
10 pum (A,B), 50 um (D-G).
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3.7. Decreased Scrib and Cardiac Transcription Factor Expression in Rac1N®2 Hearts

To assess the genetic pathways regulated by Racl signaling, we analyzed the mRNA
expression of factors critical to embryonic heart development in E12.5 hearts. Since Scrib-
Racl interaction is crucial for normal heart development, Scrib mRNA levels were assessed.
Consistent with its protein expression (Figure 6), Scrib mRNA levels were significantly
reduced in E12.5 Rac1N¥25 compared to Rac1/ hearts (Figure 8A). Additionally, cardiac
transcription and growth factors including Nkx2.5, Gata4, Tbx5, Tbx20, Hand1, Hand2 and
Bmp10, except Mef2c, were all significantly decreased in E12.5 Rac1¥¥2% compared to
Raclf hearts (Figure 8B-I). These results indicate that transcriptional regulation of heart
development was severely disrupted in the Rac1V¥%5 hearts.
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Figure 8. Myocardial mRNA expression of transcription and growth factors in E12.5 Ract” and
RacINK25 hearts. (A) Scrib. (B) Nkx2.5. (C) Gata4. (D) Thx5. (E) Tbx20. (F) Hand1. (G) Hand2. (H)
Bmp10. (I) Mef2c. Data are expressed as mRNA to 28S ratios. n = 5-6 per group. * p < 0.05, ** p < 0.01
by unpaired Student’s f test.

4. Discussion

Recent studies have implicated PCP signaling and cell polarity as critical regulators
of compact myocardium development. Vangl2, Scrib and Dishevelled mouse mutants have
cardiomyocytes that are not polarized and the ventricular myocardium is thinned, resem-
bling LVNC [27-29]. Rac1 is a known downstream effector of PCP signaling; however, the
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cardiomyocyte specific role of Racl in heart development is unclear [30]. In the present
study, we demonstrated that downregulation of Racl signaling in the ventricular my-
ocardium disrupted formation of a trabecular network and development of the compact
myocardium. In addition, Rac1N¥2 mice had a bifid cardiac apex, defects in ventricular
septum formation and OFT alignment. The F-actin filament organization and polarization
of cardiomyocytes in the Racl deficient ventricular myocardium was also abnormal. Over-
all, cell proliferation was decreased in Rac1N*2% hearts, along with expression of the PCP
protein, Scrib. Our study demonstrates a critical role for Racl signaling in outflow tract
and compact myocardium development (Figure 9).

1T

Cardiac transcription F-Actin filament Cyclin D1
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Figure 9. Racl signaling promotes cardiac transcription/growth factor expression, cardiomyocyte
polarity and proliferation, leading to normal development of the outflow tract and compact my-
ocardium.

Cell proliferation is a regulated spatially and temporally during heart development.
The rate of cell proliferation in the ventricular myocardium peaks at E9.5 and gradually
decreases during development [26]. Studies have shown that cardiomyocyte proliferation
is the major determinant of overall cardiac size during heart development. The mass
of the heart must increase to match the increasing circulatory demands of the growing
embryo [31]. Racl has been shown to regulate cell proliferation through various pathways.
Our data showed that a Rac1 deficiency in the ventricular myocardium decreased the ex-
pression of factors critical to cardiogenesis, cardiomyocyte differentiation and proliferation
including Nkx2.5, Gata4, Tbx5, Tbx20, Hand 1, Hand2 and Bmp10. Additionally, Cyclin D1
protein levels and cell proliferation were reduced in E9.5 Rac1N*2? hearts. These results
suggest that Rac1 promotes cardiac transcription and growth factor expression, leading to
cell cycle progression and cardiomyocyte proliferation in the developing heart (Figure 9).

An earlier report by Boczonadi et al. also used a Nkx2.5-Cre;Rac1f mouse line in their
studies [19]. However, the Nkx2.5-Cre mouse used by Boczonadi et al. was an Nkx2.5
heterozygous mouse since the Cre recombinase gene was knocked into the Nkx2.5 genetic
locus [32]. In contrast, the Nkx2.5-Cre mouse used in the present study is a transgenic
mouse and retains two intact alleles of Nkx2.5 [20]. The Nkx2.5-Cre;Raclf mice used in
Boczonadi et al. were embryonically lethal due to their interaction with E13.5, which
precluded analysis of ventricular septation and OFT alignment with the developing ventri-
cles [19]. However, at E12.5 these mice did show underdeveloped ventricles with a thin
ventricular wall. The earlier lethality of the Nkx2.5-Cre;Rac1/ mouse line compared to
the Rac1N®25 ysed in the current study is likely due to the heterozygous expression of
Nkx2.5 compounded with decreased Racl signaling in the ventricular myocardium. Fur-
thermore, whether the underdeveloped heart reported in the study by Boczonadi et al. [19]
is exclusively due to deficient Racl signaling or also due to downregulation of Nkx2.5 is
unclear. Our data implicates Racl signaling specifically and we were able to demonstrate
that Rac1N®25 hearts exhibit VSDs and OFT alignment defects.
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Molecular players in the planar cell polarity (PCP) pathway are not only critical for
normal myocardial development but also govern OFT development. For example, mutation
in Vangl2, a member of the highly conserved non-canonical Wnt signaling cascade, results
in cardiac malalignment and DORV [28]. In addition, Dishevelled 2 knockout mice show
transposition of the great arteries, persistent truncus arteriosus and DORYV, with the latter
being the most common cardiac defect [33]. Notably, anterior SHF specific deletion of
Racl results in a spectrum of OFT alignment defects including DORYV via a disruption of
migration of neural crest cells and cardiomyocytes into the OFT [34]. In the present study,
Nkx2.5-Cre-driven GFP expression is seen in pulmonary and aortic walls, and in aortic valve
leaflets, suggesting cardiomyocyte migration to the OFT. The OFT myocardium produces
axon guidance molecules such as Sema3c, a chemoattractant that navigates neural crest
cells to the OFT [34]. Reductions in cardiomyocyte proliferation and migration to the
OFT may diminish cardiomyocyte contribution to the OFT and impede neural crest cell
migration, leading to OFT alignment defects.

Our previous work reported a bifid cardiac apex when Racl was specifically deleted in
the anterior SHF and all anterior SHF-derived cells [18]. We had postulated that loss of Racl
signaling in the RV led to an inability of the nonpolarized and disorganized cardiomyocytes
to bridge the interventricular junction to unify the two developing ventricles and form a
distinct cardiac apex. However, in the present study using the Rac1N¥>% hearts, we show
that development of normal cardiac apex is also dependent on polarity and organization of
the cardiomyocytes in the LV myocardium. Interestingly, other reports where PCP signaling
was disrupted did not report observations of a bifid cardiac apex, despite similar reports
of cardiomyocyte disorganization [27,28]. Racl is a known downstream effector of PCP
signaling, regulating actin cytoskeleton dynamics and cell polarity [35,36]. Our findings
suggest that development of a bifid cardiac apex involves a pathway specific to a disruption
of Racl signaling. In addition, since Racl is a pleiotropic effector of numerous cellular
events, the concomitant disruption of several cellular mechanisms is likely responsible for
bifid cardiac apex, along with the other observed CHDs in Rac1V¥25 hearts.

Our lineage tracing analysis with the mT/mG global double florescence mouse showed
similar GFP* expression in domains of the heart that were reported by McFadden et al, who
used a lacZ reporter. However, we also showed Cre recombinase activity in the OFT and
atria, which were reported to be minimal by McFadden et al [20]. This discrepancy in Cre
recombinase activity may be due to the additional 3-galactosidase enzymatic reaction step
that is required to visualize the blue color of lacZ staining, making it a less efficient reporter
compared to a GFP reporter. These results suggest that future lineage tracing analysis
should use a florescence reporter as a more reliable readout of expression compared to a
lacZ reporter.

Racl is involved in reactive oxygen species (ROS) generation through activation of
NADPH oxidase [37]. ROS mediates numerous cellular functions including proliferation,
cell survival, differentiation and migration [37,38]. The levels of ROS are finely tuned in a
cell to regulate these diverse functions. For example, excess ROS induces apoptosis while
basal levels of ROS regulate gene expression and proliferation [37,39]. Work in our lab has
shown that ROS levels must be tightly regulated to facilitate normal cardiac development.
Excess ROS induced by pregestational maternal diabetes and decreased levels of ROS
in the NADPH oxidase Nox2 knockout mouse both have a detrimental effect on heart
development, leading to a spectrum of CHDs [40-42]. Whether the CHDs observed in the
Rac1NE25 hearts can also be attributed to decreased ROS levels should be determined in
future studies.

5. Conclusions

A Racl deficiency in the myocardium disrupts cardiomyocyte organization and prolif-
eration, leading to bifid cardiac apex, VSDs and OFT alignment and ventricular myocardial
compaction defects. Our study suggests a critical role for Racl regulation of cardiomyocyte
proliferation, organization and polarization in development of the outflow tract and ven-
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tricular myocardium. Whether perturbed Racl signaling in the ventricular myocardium
underlies human cases of LVNC warrants further investigation.
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Abstract: This paper is dedicated to the memory of Dr. Adriana “Adri” Gittenberger-de Groot and
in appreciation of her work in the field of developmental cardiovascular biology and the legacy
that she has left behind. During her impressive career, Dr. Gittenberger-de Groot studied many
aspects of heart development, including aspects of cardiac valve formation and disease and the
role of the epicardium in the formation of the heart. In this contribution, we review some of the
work on the role of epicardially-derived cells (EPDCs) in the development of the atrioventricular
valves and their potential involvement in the pathogenesis of myxomatous valve disease (MVD). We
provide an overview of critical events in the development of the atrioventricular junction, discuss the
role of the epicardium in these events, and illustrate how interfering with molecular mechanisms
that are involved in the epicardial-dependent formation of the atrioventricular junction leads to
a number of abnormalities. These abnormalities include defects of the AV valves that resemble
those observed in humans that suffer from MVD. The studies demonstrate the importance of the
epicardium for the proper formation and maturation of the AV valves and show that the possibility
of epicardial-associated developmental defects should be taken into consideration when determining
the genetic origin and pathogenesis of MVD.

Keywords: atrioventricular valve; epicardium; lateral cushion; major cushion; myxomatous degeneration

1. Introduction

Myxomatous degeneration involving the leaflets of the left atrioventricular valve
(mitral valve) leads to myxomatous valve disease (MVD), a common cause of Mitral Valve
Prolapse (MVP). MVP affects nearly 1 in 40 individuals [1-6] and is a serious condition
characterized by abnormal systolic “bulging” or “billowing” of leaflets of the mitral valve
into the left atrium, a situation typically accompanied by mitral regurgitation [7]. There are
no therapies known to improve or reverse the valve abnormality, and surgical and catheter-
based approaches to improve valve function are invasive and expensive. MVP can be found
in a variety of conditions, including rare syndromic diseases, such as Marfan syndrome
(MES), Loeys-Dietz syndrome (LDS), Aneurysm-osteoarthritis syndrome (AOS), Williams—
Beuren syndrome (WBS), and Ehlers—Danlos syndrome (EDS) [6]. Non-syndromic MVP
is, however, more common. Insight into the genetic etiology of familial non-syndromic
MVP has been obtained from studying pedigrees of families in which multiple individuals
have MVD. This approach has thus far led to the identification of a small number of causal
genes, including FILAMIN-A (FLNA) [1,2,4] and Dachsous (DCHS1) [3]. Despite these
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advancements, relatively little is known about the molecular and cellular mechanisms
involved in MVP pathogenesis. It is interesting to note that while MVP is the most serious
and widespread AV valve abnormality, tricuspid valve prolapse is observed in up to 50%
of patients with primary or non-syndromic MVP [8,9]. In this contribution, we will review
the developmental events that underlie the formation of the respective leaflets of the
atrioventricular (AV) valves, specifically focusing on the role of the epicardium in this
specific event. We will show that epicardium/epicardially-derived cells (EPDCs) [10] are
not only playing a crucially important role for the development of the AV junction and
AV valves, but also that molecular mechanisms that govern the regulation of epicardial
development in this part of the heart may need more attention in efforts to elucidate the
underlying mechanisms leading to MVD/MVP at later stages of life.

2. The Atrioventricular Cushions

Shortly after the formation of the primary heart tube, an extracellular matrix (ECM)-
rich substance, often referred to as the cardiac jelly, can be found between the myocardium
and endocardium (Figure 1). As the heart tube starts to loop, further accumulation of the
cardiac jelly in the region that will become the AV junction is the first indication of AV
cushion formation. The superior and inferior cushion, together known as the major AV
cushions, are the first to form. They are found, respectively, on the ventral and dorsal
wall (Figure 1B,D). In the mouse, this process starts around embryonic day (ED) 9.5. In
these early stages, very few cells can be found in these cushions. Soon after, cell—cell
interactions weaken in a subset of endocardial cells that line the cushions. This is followed
by delamination and migration of these cells into the cushions where these endocardially-
derived cells (ENDCs) then assume a mesenchymal phenotype. This process is referred to
as endocardial-to-mesenchymal transition/transformation (endMT) [11,12].

CJ Myo iAvVC sAVC ll-AvVC rl-AvVC

=) 71N
@y

A B C

II-AVC  sAVC posterior leaflet anterior leaflet
mitral valve mitral valve

v

septal leaflet mural leaflet(s)
iAVC  rl-AVC tricuspid valve tricuspid valve

Figure 1. Origin and Fate of the AV cushions. This illustration reflects the respective stages of AV
cushion formation. (A) Cardiac jelly accumulates between myocardium and endocardium in the
tubular heart, (B) formation of the major AV cushions, (C) fusion of the major cushions and formation
of the lateral cushions. (D,E) illustrate how the respective cushion contribute to the leaflets of the
formed heart. CJ, cardiac jelly; Myo, myocardium; iAVC, inferior AV cushion; sAVC, superior AV
cushion; 1I-AVC, left lateral AV cushion; rlAVC, right lateral AV cushion, muMiV, mural leaflet of the
mitral valve.
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A significant body of work has been conducted over the last few decennia that has
led to the understanding that regulation of endMT is critically dependent on the unique
molecular signature of the AV junctional myocardium as well as specific molecular charac-
teristics of the AV endocardium [13-15]. The process of endMT is regulated by an intricate
network of regulatory pathways and transcription factors and involves ligands and recep-
tors of the TGFbeta superfamily of growth factors (e.g., TGFbeta2, BMP2 and BMPR1A),
transcription factors (e.g., SOX9), and ligands and intermediates of the Notch, Hippo, and
Wnt/beta-catenin signaling pathways [16-24]. Eventually, the ENDCs in the cushions
become fibroblasts and are recognized in the maturing valves as (endocardially-derived)
valve interstitial cells (endVICs). The fusion of the two major cushions in the midline of
the common AV canal divides the canal into a separate left and right AV orifice [25].

The formation of the major AV cushions is followed by the formation of two lateral
AV cushions. The lateral cushions, which are considerably smaller than the major cushions,
develop on the lateral (or parietal) walls of the left and right myocardial AV junctions [25,26].
It is interesting to note that most of the experimental in vitro studies conducted to unravel
the mechanism controlling endMT of the AV cushions have historically been performed
using AV explants at stages in which the major AV cushions are developing, but before the
onset of development of the lateral AV cushions. While, to the best of our knowledge, there
are no data available to indicate that endMT in the lateral cushions is regulated by different
mechanisms, the spatiotemporal difference in where and when they emerge remains to be
resolved. Although not directly related to the development of the AV cushions and valves,
it is worth noting that endMT is also responsible for the generation of mesenchymal cells
that are found in the mesenchymal cap situated on the leading edge of the primary atrial
septum [27-31]. Not much is known, however, regarding the mechanisms that control
endMT in this structure [31].

3. Contribution of the AV Cushions to the AV Valves

For many years, it has been recognized that all four AV cushions are critical com-
ponents for the development of the AV valves. In his work “Anatomie Menschlicher
Embryonen III—Das Herz” (1885), Wilhelm His writes: “An der Bildung der Atrioventric-
ularklappen betheiligen sich einestheils die Muskelwand des Ohrkanales und des anstossenden
Ventrikelgebietes, anderntheils die Bindesubstanzmasse der vier Atrioventricularlippen” (freely
translated: “the tissues that contribute to the formation of the atrioventricular valves include the
muscular wall of the (left and right) atrioventricular canals and the adjacent ventricular tissues, as
well as the extracellular matrix of the four atrioventricular cushions”). Our current understand-
ing of cushion development is the result of more detailed descriptive and experimental
studies and imaging techniques developed over the last 50 years or so. These new insights
are the result of significant technological advances, development of experimental embry-
ology, sophisticated in vivo and in vitro techniques, and breakthroughs in biochemistry,
molecular biology, and, last but not least, transgenic mouse technology.

In the human heart, we distinguish two AV valves. The left AV valve (or mitral valve)
will develop in the left AV junction, whereas, in the right AV junction, the right AV valve
(or the tricuspid valve) will appear. The (fused) major AV cushions mainly contribute to
the AV valve leaflets that are associated with the ventricular septum (Figure 1). The lateral
AV cushions (Figures 1 and 2A-C) contribute to the leaflets that are attached to the left and
right atrioventricular junction. Histological analysis indicates that the superior AV cushion
forms the “anlage” of the anterior (or aortic) leaflet of the mitral valve. The posterior (or
mural) leaflet of the mitral valve, however, derives from the left lateral AV cushion. At the
right side of the heart, the inferior AV cushion provides the bulk of the septal leaflet of the
tricuspid valve (Figure 1D,E and Figure 2C,D). With subsequent development, the valve
leaflets further mature and become organized in three layers: the atrialis, spongiosa, and
fibrosa [32]. Each layer comprises a specific extracellular matrix composition and valve
interstitial cells, which are essential for proper function of the leaflets. Given the fact that a
significant amount of research on the development of the AV valves and investigations on
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the molecular pathways and pathogenic events that underlie the diseases of these valves
are conducted in mice, it is important to recognize that, whereas the general mechanisms
that lead to the formation of the valves are quite similar between mice and humans, the
ultrastructure of the developed leaflets differs significantly. For instance, the valves in the
human heart are, at their distal ends, contiguous with the papillary muscles via long and
numerous tendinous chords (known as the chordae tendineae), while, in the mouse, these
tendinous chords are not as prominent [25]. Furthermore, the right AV valve in the mouse
does not have the typical three leaflet configuration as observed in the human, but rather
consists of only two leaflets [33].

Figure 2. The AV cushions and their derivatives. A scanning electron microscopical (A) image and
(B) a histological section show the major and lateral AV cushions at 13 ED. Immunofluorescently-
stained sections of a 13.5 ED (C) and a 15 ED (D) heart show how the respective cushions contribute
to the AV valve leaflets as the heart develops. The sections were stained for myosin heavy chain
(green) and SOX9 (red). The asterisks in (C) are added to indicate that after the major cushions have
fused, it is no longer possible to say with certainty whether a particular cell is derived from the iAVC
or sAVC. Abbreviations: iAVC, inferior AV cushion; sAVC, superior AV cushion; 1I-AVC, left lateral
AV cushion; rl-AVC, right lateral AV cushion, MV, mitral valve; TV, tricuspid valve.

4. The Epicardium and Epicardially-Derived Cells (EPDCs)

The epicardium is a mesothelium-derived epithelium covering the myocardial surface
of the heart. The development of the epicardium starts with the formation of the proepi-
cardium, a morphological entity resembling a “cluster of grapes” located at the interface
of the liver and sinus venosus at the cardiac venous pole [34-38]. The proepicardium is
derived from a cardiac mesodermal progenitor pool by the cooperative interaction between
BMP and FGF signaling [39,40]. After the proepicardium has formed, cells detach from
the proepicardium and adhere to the “naked” myocardial surface of the looping heart,
where they spread as an epithelium over the developing cardiac compartments [38,41].
Subsequently, an ECM-rich space develops between the myocardium and epicardium.
This space is known as the subepicardium. In a process similar to what we see in the AV
cushions, an epicardial-to-mesenchymal transformation (epiMT) results in the generation
of epicardially-derived cells (EPDCs) [10]. Whereas historically, the epicardium was first
and foremost seen as a protective layer and allowing for smooth movement in the peri-
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cardial environment during the cardiac cycle, a series of studies published over the last
20 years has convincingly demonstrated that the epicardium plays a far more important
role in the development and function of the heart than previously thought. This insight
developed as a result of early cell fate studies using quail-chick chimeras [10,35,42] as well
as other labeling approaches using experimental embryology with molecular marking
techniques [43]. These studies demonstrated that EPDCs can cross the boundary between
the subepicardial space and the adjacent myocardium and can subsequently migrate into
the myocardial walls. Moreover, these and other studies have shown that, after populating
the myocardial walls, the EPDCs can differentiate into interstitial fibroblasts, pericytes,
coronary smooth muscle cells, and coronary endothelium [10,42-46]. In a number of these
cell-fate tracing studies, it was suggested that EPDCs contributed to the developing AV
valves [10,35,42]. In the context of this contribution, we will concentrate on the role that
EPDCs play in the development of the tissues at the AV junction, and, in particular, the
AV valves.

5. The Formation of EPDCs at the AV Junction (AV-EPDCs)

Whereas tracking the fate of EPDCs with various avian model systems did reveal signif-
icant new insights in the potential role of the epicardium in heart development [10,35,42,43],
the complex experimental nature of the microsurgical manipulations, as well as concerns
about the biological relevance of some of the approaches (e.g., would cells from an ex-
planted proepicardium isolated from a quail and transferred to a chick embryo truly
recapitulate the behavior of endogenous chick epicardial cells, etc), prompted the develop-
ment of different approaches allowing the study of EPDCs in the developing mammalian
heart. The emergence of the cre-lox mouse technology [47] opened new avenues to ex-
plore the role of the epicardium in the mouse. Based on the epicardial-specific expression
of several transcription factors (e.g., TBX18 and WT1), a number of “epicardial-specific”
cre-mouse models were developed that allowed the labeling of the epicardium and fate
tracing of EPDCs during development. In our published and ongoing studies, we use the
mWt1/IRES/GFP-Cre mouse (referred to as mWt1€™) in combination with the B6.129(Cg)-
GH(ROSA)26Sor™4(ACTB-tdTomato-EGFP)Luo /T (referred to as R26™T/™G) reporter mouse [46].
Using this model (in this paper, referred to as the Wt1<%¢;R26™T/mG model), we have
conducted cell fate studies and are continuing to investigate the importance of AV-EPDCs
in the development of the AV junction by targeting molecular pathways that we consider
to be important for epicardial cell biology [48,49].

While the generation of EPDCs through epiMT takes place in all regions of the epi-
cardium covering the chamber myocardium, it is more prevalent in the epicardium lining
the ventricles than the epicardium on the atria. EpiMT is particularly prominent in the
epicardium found at the AV junction. Here, the accumulation of extracellular matrix (ECM)
and AV-EPDCs (as we will call this specific population of EPDCs in the AV junction in
the rest of this contribution to differentiate them from the EPDCs in other parts of the
heart) leads to the formation of the AV sulcus (Figure 3). As mentioned, the molecular
regulation responsible for the formation of AV-ENDCs in the AV cushions has been studied
in detail. The formation of AV-EPDCs in the AV sulcus has, however, not been studied to
the same extent. As described above, the myocardial AV junction plays a crucial role in the
regulation of endMT in the AV cushions. While there are many regulatory mechanisms
involved in this process, TGFbeta2 [50,51] and BMP2 [18,52], in particular, are of particular
importance as both are expressed at a relatively high level in the AV myocardium. In one
of the following sections, we will come back to the role of growth factor signaling and
epicardial development.
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Figure 3. Epicardially-derived cells in the AV sulcus at ED12. EGFP-labeled AV-EPDCs (pseudo-colored in red) are
providing the mesenchyme of the AV sulcus. Staining for the transcription factor TBX3 (green) delineates the AV-junctional

myocardium (A-C). As de

monstrated in (A-C), the AV-EPDCs penetrate the myocardial wall (blue) at the lower boundary

of the AV-junctional myocardium. (B) is a higher magnification of (A).

6. Contribution of AV-EPDCs to the Developing AV Valves

In 2012, we published an epicardial cell-fate study using the Wt1Cre ;R26mT/ mG model.
Part of the study was focused on the role of AV-EPDCs in the developmental events at
the AV junction during valvuloseptal development [46]. We described how, after the
onset of formation of the AV sulcus, the AV-EPDCs that have been generated through
epiMT migrate toward the myocardial AV junction and then penetrate the junction at
the lower boundary of the AV myocardium. As a result, the embryonic AV myocardium
becomes incorporated into the lower margin of the atrial chambers (Figure 3). Importantly,
it also leads to the formation of the annulus fibrosus, which, in the adult heart, is a ring
of connective tissue that physically and electrically insulates the working myocardium
of the atria from that of the ventricles, thus preventing ventricular pre-excitation during
atrial activation [46,53]. Subsequent to the formation of the annulus fibrosus, a cohort
of AV-EPDCs migrates into the lateral AV cushions, i.e., the cushions that participate in
the formation of the parietal AV valve leaflets [46,54]. This process starts around ED12.
As the lateral cushions further develop into the parietal leaflets of the left and right AV
valves, the number of AV-EPDCs in these leaflets gradually increases and large numbers of
AV-EPDCs are found in the parietal leaflets even after birth. These observations challenged
the long-held belief that (virtually) all cells in the developed AV valves derive from the
endocardial cell lineage [55].

A specific feature associated with the contribution of AV-EPDCs into the cushions is
that they position themselves right underneath the layer of valve endocardial cells that
lines the atrial side of the developing leaflet. This part of the leaflet is, specifically in the
human, typically referred to as the atrialis [32] (Figure 4).

The contribution of AV-EPDCs to the developing tissues at the AV junction is schemat-
ically depicted in Figure 5.

At this point, we have not yet elucidated the mechanisms that control the directional
migration of the AV-EPDCs into the parietal leaflets. It is, however, in the context of this
special review, of interest to note that unpublished /preliminary results have identified a
few candidate mechanisms that we are currently pursuing.

MMP2 and Type IV Collagen: As has been published previously, migrating EPDCs in
the AV junction express Matrix-specific Metalloproteinase 2 (MMP2) [53]. Our preliminary
data show that MMP2, which is also known as type IV collagenase, becomes upregulated in
the AV-EPDCs as they move from the epicardial surface toward the AV myocardium before
they invade the AV junction (Figure 6). This suggests a role for MMP2 in the migration of
AV-EPDCs into the junctional myocardium and into the AV valves. As one of the major
known functions of MMP2 is to cleave type IV collagen, we decided to investigate whether
type IV collagen could potentially be a target for MMP2 in the developing heart valves.
Immunostaining for type IV collagen of hearts at stages of active AV-EPDC migration
showed that this collagen isoform is expressed in the region under the endocardial lining at
the atrial aspect of the leaflets, i.e., the area through which the AV-EPDCs migrate as they
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start to populate the parietal leaflets. This observation suggests that the valve endocardial
cells produce type IV collagen and makes it plausible that the collagenase activity of MMP2
in the AV-EPDCs facilitates the migration of these cells by degradation of type IV collagen.

AV sulcus
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atrialis fibrosus - : "
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Figure 4. AV-EPDCs migrate into and occupy the subendocardial space at the atrial side of the left parietal leaflet (posterior
leaflet of mitral valve). This figure shows the left AV junction of a ~16 ED Wt1<® ;R26™G heart. The section shown in (A) was
stained for myosin heavy chain (MF20, blue), EGFP expression to delineate EPDCs (green), and periostin (red). Panel
(B) shows a detail of the leaflet, only showing the EGFP expression, demonstrating that the EGFP-positive AV-EPDCs are
located immediately below the endocardial lining of the leaflet. LA, left atrium; LV, left ventricle; endo, endocardium.
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Figure 5. Schematic depiction of the epicardial contribution during the development of the left AV junction. Panel (A)
shows that at early stages of development, the atrial and ventricular myocardium are contiguous through the AV-junctional
myocardium. End-MT generates ENDCs (red cells) in the left lateral AV cushion, while epiMT is responsible for the
formation of AV-EPDCs (green cells). Panel (B) depicts the situation in which AV-EPDCs have formed the annulus fibrosus.
In panel (C), it is demonstrated that the AV-EPDCs start to populate the lateral AV valve leaflet (i.e., the posterior leaflet of

the mitral valve).
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Figure 6. MMP2 expression in AV-EPDC in the AV sulcus. Sister sections of a Wt1<¢ "R26MG heart were stained for MMP2
(green in (A,B)), myosin (red in (A)), and EGFP (to delineate EPDCs, red in (B). The figure shows that MMP2 is upregulated
in the AV-EPDC as they are migrating toward the AV myocardium.

VCAM-1 and o4 Integrin: Migration is an integrated process requiring temporary
interactions between environmental substrates and receptors on the migrating cells. The
cell surface receptor a4 integrin mediates cell-extracellular matrix (ECM) and cell—cell
adhesion by interacting with vascular cell adhesion molecule 1 (Vcam-1) [56,57]. Migration
of epicardial cells over the surface of the myocardium is known to be critically dependent
on the expression of the o4 integrin on the epicardial cell surface and expression of Vcam-
1 in the myocardium. Mice that lack either o4 integrin or Vcam-1 fail to develop an
epicardium and die in early embryonic stages [57,58]. To determine whether x4 integrin
and Vcam-1 could also be involved in migration of AV-EPDCs in the valves, we conducted
expression studies on ED13.5 and ED14.5 mouse embryos. The immunolabeling confirmed
o4 integrin expression on a subset of epicardial cells, the expression being strongest in
the epicardial cells plastered against the atrial myocardium (Figure 7A). We saw little o4
integrin expression in epicardially-derived cells, including AV-EPDCs, suggesting that
EPDCs lose their a4 integrin expression after undergoing epiMT. Surprisingly, expression
of a4 integrin was found in the endocardial lining of the AV valve leaflets (Figure 7C).
Immunolabeling for Vcam-1 showed, as expected, expression in atrial and ventricular
myocardium (Figure 7B). Vcam-1 expression was also observed in valve mesenchyme,
specifically in cells in close spatial association with the endocardium (Figure 7D). While
these observations merely demonstrate a spatial relationship between the expression of
a4 integrin and Vcam-1 and the location where AV-EPDCs eventually become localized,
we believe it merits further investigation on the role of these factors in the migration of
AV-EPDCs into the AV junctional tissues and the parietal leaflets of the AV valves.
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Figure 7. o4 Integrin and VCAM-1 expression. Immunostained sections of a 13.5 ED heart labeled for
o4 Integrin (green in (A,C)) and VCAM-1 (red in (B,D)) and myosin heavy chain (blue in (C,D)). The
figure shows expression of «4 Integrin in the atrial epicardium (A) and valve endocardium (C) and
expression of VCAM-1 in atrial and ventricular myocardium (B) and valve mesenchyme (asterisk in
(D). endo, endocardium; epi, epicardium.

7. Molecular Control of Epicardial Development at the AV Junction

Insight into the molecular regulation of epiMT in general has, over the years, largely
been obtained from in vitro studies using chick and mouse epicardial explants and from
studies using primary epicardial cell cultures and immortalized epicardial cell lines [59-65].
Combined, these studies have identified several factors implicated in the process, in-
cluding the transcription factors WT1 [66], SNAIL and SLUG, growth factors such as
BMP2 [61], TGEP1 [67] and TGEP2 [68], and cell surface receptors, including PDGFR« [65],
PDGEFRB [65], TGFBR1/AIK5 [68], TGFBR3 [60,61], and BMPR /ALK3 [48,61]. Molecular
analysis of isolated EPDCs from the AV regions of 14.5 ED hearts showed that some genes
identified in the aforementioned studies were expressed in/by the AV-EPDC, including
SMADI1, SNAIL and SLUG, factors involved in EMT (epiMT in this case), genes that
are typically associated with fibroblast differentiation, such as periostin, procollagen I,
fibronectin I, vimentin, discoidin domain receptor 2 (DDR2), and tenascin C, as well as
matrix metalloproteinase 2 (MMP2), an enzyme that is important in the regulation of cell
migration [53]. In a more recent paper, the significance of the PRMT1-p53 pathway in
epiMT, the migration of EPDC into the ventricular myocardial walls and the formation
of coronary vessels has been reported [69]. The specific role of this pathway at the AV
junction, however, remains to be determined.

When focusing on AV-epiMT, it is important to note that, of the growth factors mentioned,
only BMP2 and TGF[(32 are expressed at high levels within the AV myocardium [18,48,70-72].
The expression of these two secreted growth factors has been proven to be of critical
importance for the induction and regulation of endMT in the AV cushions which are
located at the luminal side (or inside) of the myocardial AV junction. Based on these
considerations, we decided a few years ago to investigate the role of BMP signaling in
the AV epicardium [48]. To determine the importance of BMP signaling for epicardial-
dependent development of the AV junction, we created the WT1¢;ALK3/fl mouse, which
allowed us to specifically delete ALK3 from the epicardial lineage [48,49]. When crossed
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with the ROSA26™MT/MmG mouse [73] (WT1cre ;ALK3/f ;R26mG), it enabled us to follow the
fate of the EPDCs in the absence of ALK3. In this current review, we will highlight the
results as they relate to the development and maturation of the AV valve leaflets and discuss
the significance of the observations in the context of the pathogenesis of myxomatous valve
disease (MVD).

The transcription factor SOX9 has been implicated in the regulation of endMT, in
controlling proliferation of ENDCs [74-76], and plays an essential role in the develop-
ment of the endocardial cushions [77-80]. Its expression is regulated by BMP2. Just like
BMP2, SOX9 is also involved in the transcriptional regulation of the expression of ECM
components in developing cardiac structures, such as Cartilage Link Protein (Crtl1) and
Tenascin [74-76]. In the epicardium, SOX9 is expressed at a relatively low level. The impor-
tance for SOX9 in the ventricular epicardium was demonstrated in studies that showed that
reduced SOX9 expression in an epicardial-specific PDGFR knockout mice led to the loss of
epicardial cell migration and reduced epiMT [65]. As described in our earlier studies [46],
co-labeling for EGFP and SOX9 in WT1¢;R26™1/MG specimens shows prominent expres-
sion of SOX9 in the EGFP-positive AV-EPDCs within the AV-sulcus (Figure 8). As SOX9
is a known target for BMP2, this strongly suggests that the elevated expression levels of
BMP2 in the AV myocardium is responsible for the upregulation of SOX9 in the AV-EPDCs.
SOX9 expression is also observed in the AV-EPDCs that form the annulus fibrosus and in
the AV-EPDCs that populate the AV valve leaflets that derive from the lateral AV cushions.

Atr

Figure 8. SOX9 is upregulated in AV-EPDCs as they migrate from the epicardium toward the right (A)
and left (B) AV junction. A section of a 13 ED WT1¢¢;R26™T/™G heart was stained for SOX9 (green),
EGFP (immunolocalized and visualized in the red channel) to localize EPDCs, and the myocardium
(myosin heavy chain) in blue. Atr, atrium; AV], (myocardial) AV junction; 1-AVS, left AV sulcus;
1-AVS, right AV sulcus; Vent, ventricle.

8. Significance of Epicardial ALK3 and SOX9 Expression in AV Valve Development

As shown in our earlier study [46], AV-EPDCs are responsible, in part, for the for-
mation of the AV sulcus and annulus fibrosus and contribute significantly to the cellular
content of the parietal AV valve leaflets in late fetal and neonatal hearts. Deletion of ALK3
from the epicardial cell lineage using the WT1"¢ SALK31/fl model resulted in failure of the
AV sulcus and annulus fibrosus to properly develop and led to a significant reduction in
the number of AV-EPDCs in the parietal leaflets. In control hearts between ED15 and day
one after birth (P1), AV-EPDCs occupy up to 50% of the total cell population in the left and
right parietal AV valve leaflets, whereas, in the WT1® SALK31/1.R26MG mice, that number
fell to less than 20% (Figure 9). An interesting, and unexpected, finding was that the
overall number of cells within the leaflets did not significantly change, an observation from
which we concluded that the number of cells with a non-epicardial origin was increased.
Although this still formally needs to be proven, we believe that these non-epicardially
derived cells are mostly AV-ENDCs. When the studies that led to this publication on the
WT1ee;ALK3/ model were conducted, there were no tools available to confirm that
this was the case. New developments in the generation of mouse models that facilitate
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the tracing of multiple cell populations within one specimen (see, for instance, [54]) will
allow us to test this hypothesis. Interestingly, we did not observe a significant increase
in the level of proliferation of the non-EPDCs. As we believe that the non-EPDCs cells
are endocardially-derived, the increase in their number could point at a higher rate of
endMT in the absence of the AV-EPDCs. In this context, it is important to reiterate that as
they migrate into the lateral cushions/developing parietal valve leaflets, the AV-EPDCs
position themselves right under the endocardium on the leading edge of the cushions (see
Figure 4). Our current working hypothesis is that, by positioning themselves between the
AV myocardium and the endocardium, AV-EPD Cs play a role in controlling endMT. In the
absence/reduced presence of AV-EPDCs, this control may be lifted, resulting in an increase
in endMT. Studies to test this hypothesis are ongoing.
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Figure 9. Contribution of EPDCs to the posterior leaflet of the mitral valve of control (A) and WT1<¢ ;ALK3/,R26MG (B)
hearts at ED17. The sections in panels (A,B) were stained for EGFP (immunolocalized and visualized in the red channel) to
localize EPDCs, the myocardium (myosin heavy chain in green), and DAPI to visualize all nuclei. Panel (C) shows a graph

with the percentage of EGFP-positive cells (determined using AMIRA 3D software), in the left and right parietal leaflets of

ED15, ED17, and postnatal day 1 (P1) hearts. The blue line represents percentage of EGFP-positive cells in control hearts, the
red line represents this percentage in the heart of WT1¢;ALK31/f;R26™MG specimens (adapted from Lockhart et al., 2014).

To determine the role of SOX9 in the epicardial-dependent development of the AV
junction, we generated the WT1¢¢;S0X9/fl model. Our preliminary and unpublished
results from this ongoing study indicate that removing SOX9 from the epicardial lineage
has a moderate effect on the development of the AV sulcus when compared to what was
observed in the WT1¢;ALK3/#! mouse. This may indicate that epiMT is not affected
to the same degree as observed in the WT1<¢;ALK31/fl mouse but this will remain to be
established. The impact on the migration of AV-EPDCs into the parietal leaflets of the AV
valves, including the posterior leaflet of the mitral valve as demonstrated in Figure 10,
however, is pronounced. This suggests that SOX9 is involved in migration of AV-EPDCs in
post-epiMT stages. In an earlier study, in which the importance for SOX9 in the ventricular
epicardium was investigated, it was shown that reduced SOX9 expression in epicardial-
specific PDGFR knockout mice not only resulted in a reduction in epiMT, but also a loss
of epicardial cell migration [65]. Our findings on the behavior of the EPDCs at the AV
junction in the WT1 ;SOX9Y/ 1 mouse are, therefore, compatible with the reported role of
SOX9 in EPDCs in other parts of the heart.
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Figure 10. AV-EPDCs (green) in posterior leaflet of the mitral valve in control (A) and
WTlcre;SOX9ﬂ/ ﬂ; R26MG (B) specimens at 17.5 ED. The sections are stained for the presence of
EGFP (in green), indicating the presence of EPDCs and SOX9 (red). Note the abundance of SOX9-
positive AV-EPDCs in the leaflet of control heart (arrows in (A)) and virtual absence of AV-EPDCs in
the posterior leaflet of the knockout heart (B). The few AV-EPDCs that are found in this leaflet do not
express SOX9 (arrows in (B)). Note also that EGFP-positive EPDCs in the top right corner of (B) do
not express SOX9.

9. Consequence of Reduced Presence of AV-EPDCs in the Valve Leaflets—A Link to
Myxomatous Valve Disease

In our study on the WT1e¢;ALK31/ ! mouse [48], we found that even though the
overall cellular composition of the leaflets significantly changed as a result of the deletion
of ALKS3 from the epicardial cell lineage, the morphology of the parietal leaflets remained
remarkably normal throughout fetal development. Histological analysis of post-natal mitral
valve morphology of WT1¢¢;ALK3/f and control littermates up to 20 weeks after birth
showed, however, that the valve leaflets, and, in particular, the posterior leaflet of the mitral
valve, were significantly enlarged. Anatomically, these leaflets resembled AV valve leaflets
as seen in human patients with MVD/MVP [81] (Figure 11). Myxomatous degeneration of
AV valves in humans and mouse models for MVD is typically associated with increased
expression of proteoglycans and glycosaminoglycans (GAGs) [3,82,83]. To determine the
level of expression of GAGs and proteoglycans in the postnatal WT1¢¢;ALK31/f;R26™GC
heart, we conducted immunolabeling for versican- and hyaluronan. In control hearts,
versican-f3 and hyaluronan were found in the distal tip of the parietal leaflets, while, in the
enlarged leaflets of WT1¢¢;ALK3/1;R26™C specimens, large amounts of hyaluronan and
versican-3 were detected throughout the leaflets, consistent with a myxomatous phenotype
as seen in humans [48].
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Figure 11. Myxomatous Valve Degeneration in the WT1°¢ SALK31/ mouse. Panel (A) shows H/E staining of the posterior
leaflet of the mitral valve of a control heart, panel (B) shows the H/E staining of the myxomatous leaflet ina WT1¢; ALK31/fl
littermate collected 10 days after birth.

Given the fact that the reduction in contribution of the AV-EPDCs to the develop-
ing valves of the WT1¢;50X91/1,.R26mC mouse resembled what we have seen in the
WT1ee; ALK3/1:.R26MmC mouse, we sought to determine whether the reduction in AV-
EPDCs in the valve leaflets would also lead to valve abnormalities later in life. Neonatal
WT1ee;50X9f/fl.RoemG specimens and mice at one and two months of age were collected
and analyzed. Like the WT1e ALK3/.R26MG | the WT1¢¢;50X9/f,R26™MGC were also
found to develop MVD (Figure 12).

Figure 12. Myxomatous posterior leaflet in a WT1<¢,50X9%/fl specimen at one month after birth.
Panel (A) shows an H/E staining demonstrating the posterior leaflet of a control heart, panel (B) shows
the myxomatoyus phenotype of the posterior mitral valve leaflet, in a WT1¢;30X91/fl specimen.

Given all of the above, we believe that the pathological features of the valves are,
in all likelihood, the direct consequence of the reduced presence of the AV-EPDCs in
these valves. How this reduction in the number of AV-EPDCs exactly affects the cell
biology and behavior of the non-EPDCs that contribute to valve development and function
remains to be determined. The main question generated by these studies is whether
“developmental” defects that interfere with the normal epicardial contribution to the
leaflets of the AV valves should be considered when investigating the pathogenesis of
MVD in the human population.
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10. Discussion and Reflection

Dr. Adriana Gittenberger-de Groot (“Adri” for friends and colleagues) was one of
the major driving forces in the field of cardiovascular developmental biology. Her first
publication dates from 1971 [84] and, for nearly 50 years, she contributed to our current
understanding of the development of the heart and the pathogenesis of congenital heart
defects. In 1998, she was the lead author on a paper titled “Epicardium-derived cells contribute
a novel population to the myocardial wall and the atrioventricular cushions” [10], a publication
that, together with a few other articles that appeared around the same time [42,43,45],
revolutionized our insight into the role of the epicardium in heart development. These
studies truly formed the foundation for all the subsequent studies in which the contribution
of EPDCs to the developing mouse heart has been studied (mainly using the cre-lox system)
and the studies in which the molecular regulation of epicardial development is investigated.
Together with her colleagues at Leiden University, Adri has also significantly contributed
to many other aspects of heart development, including to our growing understanding
of atrioventricular valve development [85,86] and the pathogenesis of congenital heart
disease at times when words like PCR, cre-lox mouse models, and confocal microscopy,
were not yet part of the developmental biologist’s vocabulary. In this review, we have
presented some of our published and ongoing work on aspects of heart development
and pathogenesis that, directly and indirectly, can be associated with the scientific legacy
that Adri has left behind. The possibility that our work shows that there might be a
developmental origin for (some forms of) MVD is intriguing. Even without a link to valve
pathogenesis, the “how” and “why” of the directional migration of AV-EPDCs into the
parietal AV valve leaflets, and the role that these cells might play in valve development
and function, are topics that need significant attention in the years to come and that will
further our insight into the complexity of valve formation.
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Abstract: Background: The outflow tract of crocodilians resembles that of birds and mammals as
ventricular septation is complete. The arterial anatomy, however, presents with a pulmonary trunk
originating from the right ventricular cavum, and two aortas originating from either the right or
left ventricular cavity. Mixing of blood in crocodilians cannot occur at the ventricular level as in
other reptiles but instead takes place at the aortic root level by a shunt, the foramen of Panizza, the
opening of which is guarded by two facing semilunar leaflets of both bicuspid aortic valves. Methods:
Developmental stages of Alligator mississipiensis, Crocodilus niloticus and Caiman latirostris were
studied histologically. Results and Conclusions: The outflow tract septation complex can be divided
into two components. The aorto-pulmonary septum divides the pulmonary trunk from both aortas,
whereas the interaortic septum divides the systemic from the visceral aorta. Neural crest cells are
most likely involved in the formation of both components. Remodeling of the endocardial cushions
and both septa results in the formation of bicuspid valves in all three arterial trunks. The foramen of
Panizza originates intracardially as a channel in the septal endocardial cushion.

Keywords: endocardial cushions; semilunar valves; outflow tract; cartilage; foramen of Panizza;
left aorta; right aorta; pulmonary trunk; pharyngeal arch arteries; coronary arteries

1. Introduction

The bicuspid aortic valve (BAV) is the most common congenital cardiac malformation
in humans with a frequency of 0.5-2% [1]. Furthermore, the malformation is associated with
aortic aneurysm in 60-80% of the BAV population later in life [2] and is, therefore, of clinical
importance [3]. Much is known about the embryonic origin of abnormal leaflet numbers
associated with genetic mutations in the human population [4], but also in genetic models
of mice such as GATAS [5], Krox20 [6], Notch [7], aggrecan [8], periostin [9] and nitric oxide
synthase [10], in hamsters [11] and also in bird hemodynamics [9,12]. It is evident that
several cell populations act in concert during the formation of the semilunar valves. These
include the endocardial cushions, neural crest cells and second heart field. Less is known
about the development of the arterial valves in reptiles where bicuspidy is the rule [13,14].
Our restricted level of knowledge is comprehensible as a lack of marker experiments is
hampering cell lineage research in the reptilian setting, while genetic mutants specifically
affecting outflow tract development have not been published to our knowledge. This
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does not mean that tools are unavailable. In an evolutionary context, the comparison of
development may elucidate the characteristics of bicuspidy in different taxa. Here, we
report the development of the arterial valves in three species of crocodilians (Crocodylus
niloticus, Alligator mississipiensis and Caiman latirostris) to be discussed against mammalian
and avian backgrounds. The remodeling of the endocardial cushions will be investigated
during outflow tract septation, leading to the separation of three main arteries. These are
the pulmonary trunk and left-sided aorta both emerging from the right ventricle, and the
right-sided aorta emerging from the left ventricle. All three arteries contain bicuspid valve
leaflets. Finally, the septal outflow tract cushion (in crocodilians only) is further specialized.
Here, we find the origin of two septal components involved in the separation of the three
main arterial stems and, furthermore, the intracardiac origin of a channel between the
left- and right-sided circulations, i.e., both aortas. After separation and remodeling of the
outflow tract, this shunt, known as the foramen of Panizza (first described by the Italian
anatomist Bartolomeo Panizza, 1785-1867 [15,16]) connects the roots of the left and right
aortas that, in specific circumstances, may convey blood from the right ventricle to the
main circulation [17-19] and sometimes vice versa.

1.1. General Description

In crocodilians, the presence of three interconnected ventricular cava, as it is common
in reptiles, is apparent in the early stages. However, during the development described
here, this distinction becomes lost because interventricular septation takes place, and the
resulting division is conveniently described as the left and the right ventricle. This comes
with a consequence as, in crocodilians, two aortas persist (as in other reptiles), each deriving
from one of those ventricles. To avoid complications related to left/right-sidedness in
the body and right/left origin of the respective aortas, we have chosen to use the term
“systemic aorta” (sAo) for the morphologically right-sided aorta that derives from the
left ventricle, while “visceral aorta” (vAo) denominates the left-sided aorta that branches
from the right ventricle (similar to Poelmann [20]. Note: Cook et al. [21] countered the
sidedness problem differently by employing the terms “left-ventricular aorta” and “right-
ventricular aorta”, respectively). Our choice is further substantiated by the observation
that the right ventricle perfuses both the abdominal and thoracic viscera as the left-sided
aorta (-> vAo) will perfuse the intestines or viscera [22] and the right-sided pulmonary
blood will perfuse the lungs (note that viscera and lungs are both “endoderm-derived”
organ systems), whereas the left ventricle and right-sided aortic blood (-> sAo) will mostly
perfuse the combination of the body wall, extremities and head /neck region (Supplemental
Figure S1, adapted from [9])

1.2. Description of Stages

The descriptions are illustrated from caiman embryos (Figures 1-7); only Figure 8 is
from an alligator. We chose to start our study with stage 17, although several elements
(endocardial cushions, parts of the muscular interventricular septum) already appear
earlier. In St 17, the elements start to make up a comprehensible combination leading to
complete septation.

Ferguson stage 17. The right and left ventricles are dorsally intersected by the inlet
septum (Figure 1a), but otherwise not separated, as the interventricular communication
presents itself clearly (Figure 1b). The ventricular inlet septum is fused with the large central
AV cushion complex, while the folding septum [20] can hardly be discerned (Figure 1a—c).
We have defined the folding septum [20] as a part of the muscular interventricular septum
particularly located between the right and left ventricular outflow tracts. Slightly more
downstream, the septal outflow tract cushion (sc) becomes apparent, together with the
flanking aortic and pulmonary parietal outflow tract cushions (Apc and Ppc) (Figure 1d-f).
In the septal cushion, two streaks of condensed mesenchymal cells are evident, one on the
pulmonary side (red curve in Figure 1g-i), and the other on the aortic side (blue curve). At
their tips (* and + in Figure 1h,i), both contain a histologically very dense cluster of cells. In

168



J. Cardiovasc. Dev. Dis. 2021, 8, 132

a recent study [20], we showed the presence of neural crest cells in this dense cluster by the
expression of AP2alpha, a known marker of NC. The pulmonary streak or aorto-pulmonary
(AP) septum might contain left-sided NC-derived cells, while the aortic streak or interaortic
(IA) septum probably contains right-sided NC cells, as it will be discussed later. The curved
lumen of the outflow tract (Figure 1h,i) can be divided into the pulmonary outflow tract
(from the right ventricle), the visceral aorta (vAo, also from the right ventricle) and the
systemic aorta (sAo, left ventricle). Separation of the outflow tracts (Figure 1j) takes place
by 1. the AP septum including a histologically distinguishable ventral myocardial spur (#
in Figure 1j-n) located between the pulmonary trunk and the aortas, and 2. the IA septum
between sAo and vAo. In the thorax, no further branches will be found emanating from
the vAo. The sAo, however, branches further in both carotid arteries (not depicted here).

Figure 1. Ferguson stage 17. HE Alcian blue-stained serially sectioned embryo. Figure (a-n) from AV canal to pharyngeal
arch arteries. Generally, the endocardial cushions stand out because of the Alcian blue staining. Figure (a), myocardium is
spongious with a thin compact outer layer. The inlet septum is the most conspicuous part of the interventricular septum
located between the left- and right-sided parts of the undivided common ventricle. Figure (b,c), the outflow tract septal
cushion becomes visible. Figure (d,e), the folding septum only becomes clear more distally. Figure (f), pulmonary and aortic
parietal OFT cushions become apparent, flanking the pulmonary channel and the yet common aortic channel. Figure (g),
magnified Figure (f, in the large centrally located septal cushion, two streams of condensed mesenchyme, on the pulmonary
side (in red) and the aortic side (in blue). The septal cushion becomes subdivided over the main arterial channels. Figure
(h,i), both streams end separately in a bulbous structure as the basis for the AP septum (*) and IA septum (+). Figure (j),
magnified in Figure (k), the AP stream meets the ventral myocardial spur (#). Figure (1), magnified in (m), the myocardial
spur is part of the ventral myocardium indicated by the red dotted line. At this level, the AP septum is completed. Figure
(n), pharyngeal arch arteries are separated, and the connection to the dorsal aorta is present. Key to the symbols # ventral
myocardium, part of AP septum; * (presumably) left-sided neural crest cells, part of AP septum; + (presumably) right-sided
neural crest, part of IA septum; A dorsal myocardium, part of AP septum. Magnification Figure (a—e,fh,j,1n), bar 500 um;
(gi,k,m), 200 pm.

Ferguson stage 19. The interventricular situation (Figure 2a,b) has not advanced very
much compared to stage 17 as the interventricular communication is still open and the
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folding septum (FS) remains inconspicuous (Figure 2c). The septal outflow tract cushion (sc)
acquires a dense core (Figure 2¢) preceding the differentiation of cartilage in the next stage.
The interconnected lumina of the LVOT and RVOT are easily recognized (Figure 2d,e),
interrupted by the large septal cushion (sc). The root of the Pu seems to be hconnected
sideways (Figure 2d—f) to the ventricular segment as a result of folding of this part of the
interventricular septum. The septal cushion is located at the top of the folding septum
(Figure 2¢,d) that becomes more clear in the next stage. In the as yet common outflow tract,
the three arteries become separated by the AP septum and the IA septum. In the AP septum,
the region of the originally dense cluster of cells (see Figure 2h *) surrounds a dorsal spur
of the myocardium (A in Figure 2g,h), being the cranial tip of the folding septum. This
dorsal myocardial spur has not yet fused with the ventral myocardial spur (# Figure 2j-m
and dashed red line (Figure 1) to show the continuation with the ventral wall) as there is
a “window”, free from the myocardium in between (* in Figure 2h-j). AP separation and
IA separation are seemingly spatially independent of each other (Figure 2i,j). The septal
cushion is distally completely bisected by the AP septum (Figure 2k). The right-sided IA
septum deviates between both aortas with a dense cell cluster at its tip (+ in Figure 2h,i).

The transition of the cardiac tube to the arterial vascular wall deserves special attention.
It is evident that the arterial wall extends inside the cardiac tube over a considerable
distance estimated to be about 200 um on the pulmonary side and even about 400 pm on
the aortic side (white dashed line in Figure 2k). Downstream, this appearance is even more
substantiated (Figure 2m), where nearly the complete ventral wall of the vAo seems to
consist of a double layer of the vessel wall and myocardium (white dashed line) with hardly
a thin endocardial cushion tissue. This continues to an estimated depth of 350-400 pm
into the myocardial tube. As a consequence, we are dealing with two concentric tubes, a
myocardial circumference surrounding an arterial wall.

Ferguson stage 20. The interventricular communication between the LVOT and RV is
almost closed (Figure 3a). The dense core in the septal and in the aortic parietal cushions
starts to differentiate into cartilage, as shown by intense Alcian blue staining (Figure 3a—c),
although more downstream, this differentiation is not apparent yet (Figure 3d,e). Here,
the IA septum consists of densely packed right-sided neural crest cells, as described in the
earlier stages (+ in Figure 3d). The AP septum now contains a clear core of the myocardium
(A in Figure 3d—f) as part of the incurving dorsal wall of the myocardial tube. Where
the septal cushion has connected with the ventral wall, the ventral myocardial spur (#
in Figure 3f-h) is also present. The two spurs do not contact each other (* depicts the
mesenchymal “window” between the myocardial spurs indicated by A and # in Figure 3g).
The AP and IA septa deviate (Figure 3h,i) to continue outside the heart as the mesenchymal
vessel walls of the respective arteries (Figure 3j-1). The common stem of the carotid arteries
(ca) branches from the systemic aorta (Figure 31). Two sinuses of Valsalva (white arrow) are
present in the OFT cushions of the systemic aorta and the pulmonary trunk (Figure 3h,i)
as the first sign of the forming semilunar valve leaflets. The situation in the visceral aorta
is slightly different as in the parietal cushion, a sinus of Valsalva is still lacking, but in
the septal cushion, a very narrow slit is seen, representing the sinus of Valsalva that is
connected to the main lumen of the vAo, probably being the first sign of the origin of the
foramen of Panizza (see description in the next stage, stage 21).
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Figure 2. Ferguson stage 19. HE Alcian blue-stained serially sectioned embryo. Figure (a-m) from AV canal to OFT.
Figure (a), ventricular myocardial inlet septum attached to the central AV cushions between the left and right ventricles. The
myocardium is spongy but for the thin outer compact layer. Figure (b), more ventrally, the interventricular communication

is visible, while the left ventricular outflow tract becomes apparent. Figure (c), muscular folding septum appears as
continuation of the inlet septum. The septal OFT cushion is located at the tip of the folding septum. Figure (d), septal
cushion with Alcian blue-stained condensed mesenchyme. The aortic parietal cushion appears on the other side of the
LVOT. Figure (e), the septal cushion is located between both outflow tracts, while the folding septum has shifted to the
right side. Figure (f), in the RVOT the pulmonary parietal cushion is present, and the folding septum including the septal
cushion takes up a dorsal position. Figure (g), the most cranial remnant of the muscular folding septum is indicated (A). The
adjacent condensed mesenchyme (+) belonging to the interaortic septum has appeared in the septal cushion. Figure (h), a
second element of condensed mesenchyme (*) appears ventral to the disappearing myocardium (A). Figure (i), two streams
of condensed mesenchyme as part of the aorto-pulmonary septum (*) and the interaortic septum (+) separate the septal
cushion into three subcushions. Figure (j), more distally, only the AP septum continues and receives the myocardium (#)
from the ventral wall indicated by the red dotted line. Figure (k), the condensed mesenchyme of the AP septum is not
present anymore, but the myocardial component has enlarged (#). The pulmonary trunk, the visceral aorta and the systemic
aorta are indicated, as are the endocardial cushion components. Only the visceral aorta is still encased in the myocardium,
but note that the arterial wall of the visceral aorta continues within the myocardial tube (dashed line). Figure (1), the
visceral and systemic aortas are separated at this level by the AP septum (red line). Figure (m), here, the AP septum is
myocardialized (#). Key to the symbols # ventral myocardium, part of AP septum; * (presumably) left-sided neural crest
cells, part of AP septum; + (presumably) right-sided neural crest, part of IA septum; A dorsal myocardium, part of AP
septum. Magnification Figure (a—f), bar 500 um; (g-m), bar 200 pm; (g-m), 200 pm; (1), 100 pm.
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Figure 3. Ferguson stage 20, Figure (a-1) from AV canal to OFT. Figure (a), both in the septal and aortic parietal cushions,
cartilage is forming (dark blue) which is less evident more distally (Figure (b)). Figure (c), the septal cushion containing
condensed mesenchyme has a central position. Figure (d,e), the septal cushion becomes subdivided by both prongs of
condensed mesenchyme, belonging to the IA septum (+) and AP septum (*), where the remnant of the folding septum is
indicated (A). Figure (f), the condensed mesenchyme of the IA septum bridges the gap to the aortic parietal cushion whereby
the systemic and visceral aortas become separated at this level. The AP septum now contains 3 elements. Enlargement in
Figure (g), condensed mesenchyme (*), flanked by the myocardium of the folding septum (A) and the ventral myocardium
(#). Figure (h), both IA and AP septa are fully developed at this level. The arrows indicate the sinus of Valsalva in the
systemic and visceral aortas. Figure (i), the arrow indicates a sinus of Valsalva in the pulmonary trunk. Figure (j-1) illustrate
the branching of the arterial tree, including the pulmonary arteries, and the carotid arteries from the systemic aorta. The
visceral aorta does not branch further. Key to the symbols # ventral myocardium, part of AP septum; * (presumably)
left-sided neural crest cells, part of AP septum; + (presumably) right-sided neural crest, part of IA septum; A dorsal
myocardium, part of AP septum. Magnification Figure (a-f,h-1), 500 um; (g), 100 um.

Ferguson stage 21. The ventricular inflow septum (IS) is seen as the continua-
tion of the folding septum (Figure 4a,b), beyond the topping cartilage of the septal
cushion (Figure 4b—e). Another smaller piece of cartilage is found in the aortic parietal
cushion (Figure 4c,d). In the outflow tract, the pulmonary side becomes separated from the
aortic side by the large septal cushion, containing the elements of the AP septum (* and A
in Figure 4e-h) as well as the IA septum (+ in Figure 4f-h). Here, an interesting feature
becomes apparent, known as the foramen of Panizza (FOP, black arrows in Figure 4f,g),
connecting the two septal sinuses of Valsalva of the sAo (white arrow) and vAo. Actually,
the FOP in this stadium is a very narrow channel, about 100 ym high in the cranio-caudal
direction and about 200 um between both sinuses. The channel surrounds the advancing
tip of the IA (+ in Figure 4f,g) that, at this level, is completed in the arterial direction only
(Figure 4h,i). Further downstream, the myocardial tube is replaced by the arterial vessel
walls in the concentric manner described above. The stem of the carotid arteries branches
from the sAo (Figure 4j k).
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Figure 4. Ferguson stage 21, from AV canal to the arterial tree. Figure (a), the ventricular septum shows its two parts: the
inlet septum attached to the central AV cushions and the more ventro-distally located folding septum. Figure (b,c), the
septal cushion already showing cartilage differentiation (dark blue) located on the tip of the folding septum. Figure (d,e),
the right ventricular outflow tract rotates to the right, displacing the folding septum (A) to the dorsal wall. Figure (f,g), the
AP (*) and IA (+) streams of condensed mesenchyme are visible. The sinus of Valsalva (white arrow) and the tunnel of the
foramen of Panizza (black arrows) are indicated. Figure (h—j), more distally, the AP and IA septa become completed by
fusion of the septal cushion with the parietal cushion. Figure (k), branching of the arterial tree. Key to the symbols # ventral
myocardium, part of AP septum; * (presumably) left-sided neural crest cells, part of AP septum; + (presumably) right-sided
neural crest, part of IA septum; A dorsal myocardium, part of AP septum. Magnification Figure (a—e,h—k), bar 500 um;

(f,g), bar 200 um.

Ferguson stage 22. Most of the features described for stage 21 apply to this stage. The
folding septum is more advanced (Figure 5a). The condensed mesenchyme in the septal
cushion is further differentiated into cartilage (Figure 5b—d), even reaching the level of
the FOP (Figure 5d,e, black arrows). The FOP is seen as a very narrow channel rounding
the cartilaginous tip at the base of the IA (Figure 5d,e). The condensed mesenchyme
in the aortic parietal cushion is advanced and now contains two cartilaginous centers
(Figure 5¢), one in the continuation of the aortic vessel wall, and the second one in the
cushion mesenchyme. The ventral and dorsal myocardial spurs (# and A in Figure 5e)
have joined with no mesenchymal window in between anymore, implying that a small
myocardial bridge has been established in the AP septum. The IA septum does not acquire
a myocardial component in contrast to the AP septum (Figure 5e-g). The branching of the
main arterial stems is demonstrated in Figure 5h—i. The pulmonary trunk is divided into
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the sixth left and right pulmonary arch arteries (PAA6, Figure 5h), and the vAo, being the
left fourth PAA, does not branch further, whereas the stem of the carotid arch arteries splits
from the right fourth PAA, being the sAo (Figure 5h—i).

Figure 5. Ferguson stage 22, Figure (a-i), from AV canals to the arterial tree. Figure (a,b), septal cushion with cartilage
between left and right ventricles. Figure (c), cartilage differentiation in both the septal and aortic parietal cushions. Figure
(d), enlargement of Figure c, the septal cartilage related to the IA septum is located on the left aortic side of the folding
septum. Figure (e f), the AP (*), (A), (#) and the IA (+) septa are completely visible, containing their various elements.
The tunnel of the foramen of Panizza is present (black arrows). Figure (g-k) demonstrate the branching pattern of the
arterial tree. Key to the symbols # ventral myocardium, part of AP septum; * (presumably) left-sided neural crest cells,
part of AP septum; + (presumably) right-sided neural crest, part of IA septum; A dorsal myocardium, part of AP septum.
Magnification Figure (a—c,h-k), bar 500 um; (d-g), 200 pm.

Ferguson stage 24. The folding and inlet septa meet each other at an angle with the
septal outflow tract cushion as a hinge (Figure 6a,b). The inlet septum continues between
the LVOT and the right ventricle (Figure 6b,c), while the septal and aortic parietal cushions
have fused over a short distance (Figure 6d) to reopen again further downstream. A
mesenchymal interventricular septum is not apparent yet, in contrast to stage 25. The
IA septum is likewise not fully developed, leaving a lumen contact between the sAo
and vAo (Figure 6e,f). Both imply that left-right separation has not been established yet.
The cartilage prongs are well differentiated both in the septal cushion and aortic parietal
cushion, and in the latter, two cartilage elements are present (Figure 6e,f), as in earlier
stages. The FOP in the septal cushion is wide open, connecting both the vAo’s and sAo’s
sinus of Valsalva (Figure 6f—i). Further downstream, the septal cartilage partly penetrates
the interaortic septum (Figure 6j). In the root of the sAo, the double orifice of the coronary
artery is present (orange arrow in Figure 6k,l), splitting immediately in a descendent and a
circumflex branch (Figure 6l).
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Figure 6. Ferguson stage 24, Figure (a-1), from AV valves to semilunar valve level. Figure (a,b), the AV cushions have
elongated to form free-edged valve leaflets. Figure (c,d), folding septum including septal cushion is centrally located
between left and right ventricular compartments. Cartilage-rich prongs in both OFT cushions. Note that the parietal cushion
now contains two cartilaginous centers. Figure (d’) shows a higher magnification of the hypertrophic chondrocytes. Figure

(e-h), the tunnel of the foramen of Panizza (p) is shown rounding the septal cartilage and joining the sinus of Valsalva (sV)
of both aortas. Note that the cartilage is surrounded by a fibrous capsule. Figure i, the AP septum is completed. Figure (j),
the IA septum is completed. Figure (k,1), coronary ostia (yellow arrows) are found in the parietal wall of the systemic aorta,
but not the visceral aorta. Key to the symbols # ventral myocardium, part of AP septum; (presumably) left-sided neural
crest cells, part of AP septum; + (presumably) right-sided neural crest, part of IA septum; A dorsal myocardium, part of AP
septum. Magnification Figure (a), bar 1mm; (b-d,i), bar 500 pm; (e-h,j-1), bar 200 um; (d’), bar 50 pm.

Ferguson stage 25. The spongious myocardia of the left and right ventricles have
increased considerably in mass (Figure 7a,b). The cartilage of the septal outflow tract
cushion is embedded deep apically between the left and right ventricles squeezed between
the inlet and folding segments (Figure 7a). The presence of the mesenchymal septum (even
more visible in the next stage) between the left and right ventricles shows that complete
septation has taken place. Even in this stage, the complete separation of the sAo and vAo
by the interaortic septum has not been established as there is a narrow lumen contact
seen between the LVOT and RVOT (Figure 7b-h) and, as a consequence, also between the
(left ventricular) sAo and (right ventricular) vAo. This implies a complete interventricular
septation from now on, but for the narrow connection between the sAo and vAo provided
by the FOP (black arrows in Figure 7e-g) and the narrow lumen contact between both aortas.
Functionally, in this embryo, the FOP is closed as no red blood cells are found trapped in
its lumen. The vAo appears very compressed in this particular embryo (Figure 7i).
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Figure 7. Ferguson stage 25, Figure (a-i), from AV to semilunar valve leaflets. The myocardium of this specimen is
more compact compared to the earlier stages described here. Figure (a,b), the left and right ventricular compartments
are completely septated by the combination of the folding septum, inlet septum and mesenchymal septum. Figure (c,d),
the left and right ventricular outflow tracts and the ensuing arterial trunks are separated by the AP septum and the A
septum. The aortic parietal cushion contains two cartilaginous elements. Figure (e,f) show the narrow tunnel of the
foramen of Panizza (arrows) through the IA septum (+). Figure (g), the IA septum at this level is uninterrupted, with the
flanking sinus of Valsalva of the visceral and systemic aortas. Figure (h,i), both AP and IA septa are obvious, and the
lumen of the visceral aorta is very narrow in this specimen. Key to the symbols # ventral myocardium, part of AP septum;
(presumably) left-sided neural crest cells, part of AP septum; + (presumably) right-sided neural crest, part of IA septum;
A dorsal myocardium, part of AP septum. Magnification Figure (a—d,h,i), bar 500 um; (e-g), bar 200 um.

Beyond Ferguson stage 25 (alligator). In this HE-stained series, the LV and RV are
completely septated, and the hallmark of this process is the mesenchymal septum extending
over a considerable distance (Figure 8a—d), reaching as far as the IA septum (Figure 8d,e).
In the outflow tract, the septal cushion is penetrated by the FOP (black arrow), connecting
both septal sinuses of Valsalva of the sAo and the vAo (Figure 8e,f) at the level where the
arterial wall is inserted into the myocardium. Slightly more downstream, the IA septum
separates the two aortas, whereas the AP septum completely separates the pulmonary
trunk from the vAo (Figure 8gh). Note that Figure 8h is Alcian blue stained to demonstrate
the myocardium versus the mesenchymal wall of the arteries.
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Figure 8. Alligator embryo older > than F stage 25. HE-stained Figure (h) is, in addition, Alcian blue stained. Figure (a-h)
from AV valves to semilunar valves. Figure (a—d), the mesenchymal septum is inserted between the right and left ventricular
compartments separating both ventricles. It reaches from the tip of the folding septum near the septal cushion (in Figure (a))
towards the IA septum (in Figure (d,e)). The communication between visceral and systemic aortas is still patent (Figure (d)).
Figure (e f), here, the IA septum is interrupted by the tunnel of the foramen of Panizza (arrow). Figure (g h), both the
AP septum and the IA septum are complete at this level. Key to the symbols # ventral myocardium, part of AP septum;
(presumably) left-sided neural crest cells, part of AP septum; + (presumably) right-sided neural crest, part of IA septum;
A dorsal myocardium, part of AP septum. Magnification Figure (a—e), bar 200 pum; (f-h), bar 500 um.

2. Material and Methods

The Caiman latirostris eggs were donated by René Hedegaard, Krokodille Zoo, Den-
mark. These were incubated until the desired stage, fixed in formalin at 4 °C overnight,
dehydrated through a graded methanol series and stored in 100% methanol at —20 °C.
The Alligator mississipiensis embryos were obtained through a project by Mark Ferguson,
deposited in the Manchester Museum, from the University of Manchester (United King-
dom) and were allowed to be used for scientific purposes. These were fixed and stored in
formalin. Additional Crocodilus niloticus eggs were obtained from La Ferme au Crocodile,
Pierrelatte (France), incubated until the desired stage and treated the same as the caiman
embryos above. The total numbers of embryos studied were 8 caiman embryos, 3 crocodile
embryos and 10 alligator embryos (Table 1), but in addition, many younger crocodiles were
available to us.

Only the caiman material provided a continuous series of stages, while the series of
crocodile and alligator material showed gaps, allowing a useful but limited comparison of
the species. This holds particularly for the immunostainings for AP2alpha (neural crest)
and troponin (myocardium) published before [20].

Staging of the embryos of these species followed the criteria of M. Ferguson [21]. Note
that the comparison with chick (Hamburger/Hamilton stage) and mouse (Theiler stage) is
very coarse as the differing characteristics are mainly based on unalike external features,
such as legs/wings, eye lids, feather buds or whiskers.

The thorax containing the heart and arterial trunks was excised and routinely dehy-
drated through ethanol. The tissue was embedded standardly in paraffin, sectioned in
7 um serial sections, collected on objective slides and stained with hematoxylin-eosin and
Alcian blue as published [20]. Finally, they were coverslipped using Eukit.
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Table 1. Number of embryos and stages used. Fer Ferguson stage (crocodilians), compared with HH
Hamburger and Hamilton stage (chicken), and Th Teiler stage (mouse).

Caiman Crocodile Alligator Fer Stage HH Stage Th Stage

1 1 5 17 31 21
1 1 1 19 32 22
2 1 20 35 23
2 21/2 36 25
1 24 40
1 1 25 40+

1 26

2 27

28 hatched 45 hatched 27 born

Stained sections were scanned at 40 x and made electronically available with the
Philips IMS system through the Dept of Pathology, LUMC Leiden, maintained by Dr. ]
Oosting and B. van den Akker.

3. Discussion
3.1. The Endocardial Cushions

More than a century ago, Hochstetter [13] provided a description of crocodilian heart
development. He numbered four outflow tract endocardial cushions, Hochstetter’s #1
being the septal cushion as described here. Cushion # 2, 3 and 4 appeared as separate
cushions in each of the three main arteries, which we took together as the parietal cushion,
as early in development, these combine as one cushion. Only during separation does this
cushion become divided over the sAo, the vAo and the pulmonary trunk. Furthermore,
Hochstetter already discerned the “septum aortico pulmonale” and the “septum aorticum”.
In his text, Figures 10 and 13, in Crocodilus madasgacariensis (first described in [23] which
is probably an eastern divergent from C. niloticus [24]), he describes the separation of both
aortas to occur before that of the AP septum. Even in our youngest stage, the AP and
IA septa are found in the same embryo, albeit at different levels. Apparently, the exact
timing of these events is not strictly orchestrated. This heterochrony may indicate that the
different cellular players are relatively independent of each other in the formation of the
individual septum components.

3.2. Outflow Tract Separation

We decided that early in development, two OFT cushion complexes could be discerned,
the dorsal-most septal cushion and the more ventrally located parietal cushion. The single
septal cushion (Sc) hugs the folding septum; the latter might also be called the vertical or
muscular septum [13,25] and is positioned between the left and right outflow tracts. The
OFT cushions start with endocardial-mesenchymal transition of the lining endocardium
but become subsequently invaded by “condensed mesenchyme”, as shown in this study
and also in birds [26], in human [27] and in turtles [20]. The cellular origin in chicken
and mouse is established to derive from the cardiac neural crest, as demonstrated in
various marker studies [28,29]. The mesenchyme of the two main semilunar valve leaflets
derives likewise from the cardiac neural crest, while the second heart field, important
for development of the right side of the heart including the pulmonary trunk [29,30],
participates in the development of the third so-called non-facing semilunar valve leaflet, as
shown by the expression of Cardiac Troponin T2 [31,32] or NKx2.5 [33]. Furthermore, a part
of the septation complex does not derive from the cardiac crest [34]. This is demonstrated
in quail-chicken chimeras [26] in which a narrow zone of compact chick mesenchyme
remains present in an otherwise quail-dominated septation complex. This narrow strip is
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also recognized between the two advancing myocardial components in the conal septum
of our caiman AP septum (depicted by * in Figure 1i, Figure 2h, and Figure 3f, etc.).

The neural crest cells migrate into the septal cushion from cranial and dorsal posi-
tions [10,33,35-37], meeting the most cranial extension of the folding septum. Sumida [38]
investigated the contribution of the left- and right-sided neural crest separately by trans-
planting a quail crest isotopically and unilaterally into a chicken host. They observed only
an ipsilateral NC contribution to the pharyngeal arch arteries and to the OFT endocardial
cushions, with limited crossing to the contralateral side of the AP septum. The columns
of condensed mesenchyme in the OFT cushions were derived from both sides of the NC
in a complementary fashion, whereas the septal cartilage presented only right-sided NC
cells. Likewise, left- and right-sided columns of NC cells converging on the OFT septal
complex are observed in mouse [10] after immunostaining for AP2«, a marker of neural
crest cells that we employed in crocodile and turtle embryos [20], proving that also in
reptiles, NC cells migrate into the AP septal complex. These studies demonstrate the
existence of separate streams of NC cells, and here, we show that these streams do not mix
(red and blue in Figures 1 and 2g—j). The left-sided stream is at the base of the AP septum,
and the right-sided stream forms the IA septum.

This process is correlated with the persistence of two aortas in reptiles. In birds,
only the right aortic arch artery persists after pharyngeal arch remodeling, whereas in
mammals, the left one persists, and the right one is further downstream, incorporated into
the subclavian artery. The left stream of condensed mesenchyme stays in close proximity
to the folding septum and grows out to form part of the AP septum. The right stream
deviates at almost 90 degrees to initiate the IA septum. The septal cushion becomes divided
into three entities, each dedicated to one of the three main arterial trunks as a result from
ingrowth of the two streams of condensed mesenchyme. Lineage tracing experiments in
mouse and chicken have established that in these species, the single AP septal complex
derives particularly from the cardiac neural crest. In the next chapter, we argue that the
participation of second heart field cells in septation is restricted.

In older stages, the parietal cushions present with two long legs, the aortic (Apc) and
pulmonary parietal cushion (Ppc) along the right and the left ventricular OFT. Only upon
aortic separation (in Ferguson stage 20 and beyond) does the Apc divide into two bulges
dedicated to one of the aortic channels each. It is worth mentioning that the pulmonary
parietal cushion is not involved in the separation process, but only in the formation of a
semilunar valve leaflet.

3.3. Cartilage in the OFT Cushions

A prominent developmental step in crocodiles starting in the most proximal tip of the
condensed mesenchyme is the differentiation into cartilage. This is already noted deep in
the ventricle in Ferguson stage 20 and occurs in both the Sc and the Apc. It increases in
length and diameter and becomes a dominant feature in the distal OFT. At the base of the
Sc close to the folding septum, the differentiation process of cartilage increases dramatically.
The non-cartilaginous condensed mesenchyme of the IA inside the Sc protrudes towards
the Apc, eventually establishing contact of the Sc with the Apc. The Apc in stage 22 and
more pronouncedly differentiated in stage 24 even carries a double center of cartilage. At
this point, we need to address the question about the origin of the IA and the cartilage
prongs. As described above, a bona fide lineage marker is not available; therefore, we have
to rely on circumstantial evidence to discuss the participation of neural crest and second
heart field-derived cells. In various chicken [26,28,38] and mouse [10,39] models, the
contribution of neural crest cells to the OFT septal complex has been proven unequivocally.
In neural crest quail-chicken chimera, cartilage was a product of transplanted quail cells
differentiating at the time of hatching [38]. Neural crest cells occupy the inner media
of the aorta in an adult Wnt1-Cre mouse model, and these derive from the embryonic
complete media. Taken together, we postulate that the IA derives from the cardiac NC. A
consequence is that the wall of the systemic aorta, being continuous with the IA, originates
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likewise from the NC [30,40]. The origin of the wall of the visceral aorta is not completely
deducted by this reasoning. It can be argued that in the side facing the systemic aorta,
NC-derived cells are also present as both aortas share the IA septum. The opposite side
of the visceral aorta, however, is shared with the pulmonary trunk with the joining AP
septum in between. In mice [30,34,41,42], it is known that the root of the pulmonary trunk
is of mixed (NCC and SHF) origin. The OFT septal complex in mouse (Peterson 2018)
and chicken [26,28,35,43], which we consider here as a fusion product of the crocodilian
IA and AP septa, derives mainly from the cardiac NC. At this point, it is important to
evaluate, again, the paper of Sumida [37] in which quail-chicken chimeras were made
of the right or left half of the neural crest. These authors showed that a right and a left
NC stream converged upon the chicken OFT septal complex but remained separate in the
condensed mesenchyme. In particular, in our caiman material, two streams of condensed
mesenchyme (Figure 2g—j) are present, each addressing only one of the septa involved.
Furthermore, the stream in blue entered both the septal and parietal cushions [37] and is,
therefore, responsible for cartilage formation in both cushions. In an earlier paper [20], we
showed that the aortic and pulmonary flow dividers contain NC and second heart field
cells in varying degrees and assumed that the IA septum might originate from the second
heart field, and the AP septum from the neural crest. With the currently available material,
we propose that the core of both septal components derives from the cardiac neural crest.

Cardiac cartilage is encountered in chicken [37] and in specific groups of mammals
such as hamsters [44]. In adult otters [45] and various ungulates such as buffalo [46], white
rhinoceros [47] and sheep [48], a “heart bone” is present in the fibrous trigone between
left AV canal and aorta. A subgroup of diseased chimpanzees with myocardial fibrosis
presented with trabecular bone or hyaline cartilage in the right fibrous trigone [49]. In
(sub)adult alligators, a cartilage crown is present, nearly completely encircling the roots of
both aortas [50,51], but penetrating not as deep into the ventricle as described by us. In
our embryonic crocodiles, alligators and caimans, the cartilage elements have not fused,
which was also the case in one juvenile crocodile of approximately 60 cm overall length.
Other reptiles [52], terrapin [53,54] and turtle [20] present with cartilage prongs. We
hypothesize that the elements, being aorta-bound, most likely develop from the left NC
stream. Evidently, the NC condensed mesenchyme and ensuing cartilage are encased by
fibroblasts (Figure 6), and the origin of these fibroblasts needs further investigation. To
our knowledge, second heart field-derived cells do not have the capacity to differentiate
into cartilage and neither do cultured pericardial cells [55]. In addition, fibroblasts or
smooth muscle cells are found inside the myocardial OFT tube as an extension of the
arterial walls (see Figure 3k, dashed line), the origin of which is also not clarified. We
suggested earlier [20] that the aortic and pulmonary flow dividers, in which second heart
field-derived cells also play a role [37], might be involved. Without proper markers,
however, the participation of NCC and SHF-derived cells (see Figure 1g,h) remains an
educated guess even when more or less related species are considered for comparison.
With respect to the other potentially involved cell populations such as the second heart
field and epicardial/ pericardial cells, further research is warranted.

3.4. Bicuspid Semilunar Valves

In mammals and birds, tricuspid semilunar valves are the rule, while in reptiles,
bicuspid valves are consistently present. Mammalian bicuspidy is considered a congenital
malformation [32] that is often associated with a fragile wall of the ascending aorta later
in life [56]. Therefore, we need to find an explanation for the bicuspid valve in our
crocodilians associated with a healthy aortic wall. In development, the emerging OFT
cushions present as the septal and parietal cushions. During development, these reach from
a deep intraventricular position adjacent to the atrioventricular cushions distally towards
the arterial pole. At the arterial pole, the septal cushion, harboring the anlage of the IA and
the AP septum, becomes divided into three subcushions protruding in each arterial stem,
being the pulmonary trunk, the visceral aorta and the systemic aorta. The outgrowing
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interaortic septum eventually meets the aortic parietal cushion, separating this cushion into
two subcushions. The pulmonary parietal cushion develops singly as it is not continuous
anymore with the Apc. Finally, every artery contains two cushions, one derived from the
septal cushion and one from the subdivided parietal cushion. Specifically, in the visceral
aorta, a small Ap cushion remnant remains after the fusion process that could be compared
to an intercalated cushion. However, this does not develop into a semilunar valve leaflet,
probably because this remnant will not be filled by second heart field-derived cells as is
normally the case in, e.g., mice [10]. We know from chicken and mouse studies that the two
main cushions are filled by mesenchymal cells derived both from epithelium-mesenchymal
transition from the endocardium, and later arriving neural crest cells. The third leaflet
has a second heart field-related etiology, as demonstrated in a mouse NOS3-/-model for
bicuspidy [10]. In view of the human fragile aortic wall, it is probably this third /non-
coronary valve leaflet’s etiology that associates with the differentiation of the outer media
of the aortic wall, and that becomes prone to aneurysm formation. The inner media of the
wall of the ascending aorta is NC-derived [40,57], whereas the outer media/adventita is
SHF-derived [5,34]. We postulate that anomalous SHF differentiation may affect both this
semilunar valve leaflet and the integrity of the ascending aorta.

3.5. Foramen of Panizza

Unique to crocodilian hearts is the foramen of Panizza [20,50,51,58]. This is a tunnel
inside the septal cushion that penetrates the IA septum, providing a seemingly intracardiac
shunt between the right and left circulations. Here, it is assumed that the matrix of the
OFT endocardial cushions is produced by cardiomyocytes, similar to the origin of the
AV cushions [59,60]. This does not mean that the whole OFT cushion remains within
the myocardial border. The proximal part stays intramyocardially, while the distal part
extends, without doubt, into the arterial tube at the level of the semilunar valve leaflets.
Consequentially, the fully grown location of the FOP, being enclosed in the distal part of
the septal cushion, is located outside the heart, connecting the facing sinus of Valsalva
between the roots of both aortas. This has implications for the way we envisage semilunar
valve development from the “massive” OFT cushion towards the “hollow” valve leaflets
containing the sinus of Valsalva [32]. The proximal part of the cushions remains attached
to the myocardial border, while the developing leaflets and commissures develop from the
distal part of the cushion, which enlarges concomitantly with the expanding arterial wall.

Once the condensed mesenchyme begins to differentiate into cartilage, the surround-
ing mesenchyme starts to lose its integrity by degradation of the extracellular matrix. This
is evident by focal absence of staining in the Alcian blue preparations. In Ferguson stage
20, the first signs of the developing sinus of Valsalva are apparent in the septal cushion
followed by the appearance of endocardial strands invading the septal cushion from both
aortic sides. We could not establish whether the endothelial strands sprout from the en-
dothelium of the sinus or arise de novo from the mesenchyme of the septal cushion. By
stage 21, the endothelial strands have met end to end to form a tunnel in the septal cushion
penetrating the advancing IA. In stage 24, the tunnel through the septal cushion in caiman
has reached an estimated diameter of about 5%—-10% of the systemic aorta. We have to
realize that the main intracardiac communication, the oval foramen between the right and
the left atrium, is far greater, allowing much more blood shunting from right to left before
hatching. With respect to the pre-hatching amounts of blood involved, we assume that the
physiological function of the FOP is restricted and may even be negligible. During the adult
cardiac cycle, the net flow through the FOP is also very small to non-existent [17] as the left
ventricular pressure in the systemic aorta surmounts the pressure in the visceral aorta. The
attributed functions of the FOP have been associated with many activities including diving
or pH-related postprandial metabolism. The functions [19,61] also require the contraction
of specialized muscle nodules (dubbed “cogteeth” or “cogwheels” [62,63]) in the right
ventricular outflow to increase the right ventricular blood pressure over a threshold to
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allow the mechanism of opening (and closing) of the foramen by the guarding septal valve
leaflet in the systemic aorta [64].

Intriguingly, the cartilage prongs discussed above are spatially associated with the
FOP and the ostium of the systemic aorta, but less with that of the visceral aorta. It is
tempting to propose a mechanical function in maintaining the size of both these conduits
when the open FOP allows right ventricular blood into the systemic aorta.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcdd8100132/s1, Figure S1: showing the relations in crocodilians between the cardiac chambers
and the arteries, FP foramen of Panizza located between systemic (right-sided, RAo) aorta, emerging
fom the left ventricle, and the vis-ceral (left-sided, LAo) aorta, emerging from the right ventricle
(adapted from [9]. Cc carotid arteries, LA left atium, LV left ventricle, PA pulmonary arteries, PV
pulmonary veins, RA right atrium, RV right ventricle, SC subclavian arteries, VC cardinal veins. Note
the caudal connection between visceral aorta (LAo), providing the gut, and the systemic aorta (RAo).
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Abstract: In fetal aortic stenosis (AS), it remains challenging to predict left ventricular development
over the course of pregnancy. Myocardial organization, differentiation and fibrosis could be potential
biomarkers relevant for biventricular outcome. We present four cases of fetal AS with varying
degrees of severity and associate myocardial deformation on fetal ultrasound with postmortem
histopathological characteristics. During routine fetal echocardiography, speckle tracking record-
ings of the cardiac four-chamber view were performed to assess myocardial strain as parameter
for myocardial deformation. After pregnancy termination, postmortem cardiac specimens were
examined using immunohistochemical labeling (IHC) of key markers for myocardial organization,
differentiation and fibrosis and compared to normal fetal hearts. Two cases with critical AS presented
extremely decreased left ventricular (LV) strain on fetal ultrasound. IHC showed overt endocardial
fibro-elastosis, which correlated with pathological fibrosis patterns in the myocardium and extremely
disturbed cardiomyocyte organization. The LV in severe AS showed mildly reduced myocardial
strain and less severe disorganization of the cardiomyocytes. In conclusion, the degree of reduction
in myocardial deformation corresponded with high extent to the amount of pathological fibrosis
patterns and cardiomyocyte disorganization. Myocardial deformation on fetal ultrasound seems to
hold promise as a potential biomarker for left ventricular structural damage in AS.

Keywords: fetal aortic stenosis; prenatal ultrasound; postmortem histology; speckle tracking analysis;
endocardial fibro-elastosis

1. Introduction

Fetal aortic stenosis (AS) is a rare congenital heart disease comprising 0.2-0.5 of 1000
live births. It is known for its wide spectrum of clinical severity and difficulty to predict
the clinical course in pregnancy and after birth. Even the mildest forms, characterized
by only a subtle flow acceleration across the aortic valve at mid-gestation, may develop
into a life-threatening critical AS at birth, carrying a high risk of morbidity and mortal-
ity [1,2]. Critical AS at mid-gestation causes left ventricular dysfunction due to elevated
ventricular pressure, which in turn produces left ventricular dilatation and myocardial
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damage. Subsequently, blood flow through the left side of the heart diminishes, ultimately
provoking progression to hypoplastic left heart syndrome (HLHS) at birth, a condition
with an even worse prognosis [3-6]. Fetal aortic valvuloplasty has been introduced to
relief the fetal critical AS in utero in order to prevent progression to HLHS by enhancing
recovery of left ventricular function and flow patterns [7-9]. Although promising, a tech-
nically successful fetal aortic valvuloplasty still carries a 50% risk of developing into an
univentricular heart [10]. Independent of prenatal treatment, it remains difficult to predict
the left ventricular development in time. Possible predictors of biventricular outcome
have been described previously, but a conclusive diagnostic ultrasound parameter is still
lacking [11-13].

Mahtab et al. demonstrated that borderline left ventricles (BLV) with similar macro-
scopic appearances can show great variety in microscopic ventricular organization and
differentiation. In particular, a subset of BLV hearts resembled normal hearts, containing a
well-organized cardiomyocyte alignment and proper organized intercalated disks with a
normal expression pattern of important myocardial differentiation markers such as cardiac
troponin-I, N-cadherin, and Connexin43 (Cx43). In contrast, the remaining BLV hearts pre-
sented histologic abnormalities similar to HLHS hearts, showing disturbed cardiomyocyte
and intercalated disks organization along with an almost completely absent expression
of myocardial differentiation markers. Ventricular organization and differentiation could
therefore be a predictor of biventricular outcome [14]. In fetal AS, the degree of prenatal
endocardial fibro-elastosis is also related to the possibility of a postnatal biventricular
circulation [15].

Normal myocardial organization and differentiation allows a coordinated contraction
of the myocardium via effective cell-cell coupling, which is necessary for optimal cardiac
function. Endocardial damage, such as endocardial fibro-elastosis, also affects myocardial
contraction. A non-invasive tool to assess myocardial wall motion in vivo comprises
the novel echocardiographic technique speckle tracking. Speckle tracking quantifies the
deformation of the myocardial tissue by following the motion of certain myocardial regions,
the so-called speckles, over sequential ultrasound frames [16].

We hypothesized that ultrasonographic myocardial deformation corresponds with
the level of myocardial organization, differentiation and fibrosis and is therefore an in vivo
marker of ventricular damage in fetal AS. Studies assessing the correlation between pre-
natal imaging and histology are extremely rare. Here, we present four cases of aortic
stenosis diagnosed in utero with varying degrees of severity and compare the myocardial
deformation based on prenatal ultrasound to postmortem histopathologic characteristics.

2. Materials and Methods

This study was performed in accordance with the Dutch regulation for the proper use
of human tissue for medical research purposes and conducted according to the principles
of the Declaration of Helsinki (version 7, October 2013) and Dutch Fetal Tissue Act. The
protocol was approved by the local Ethics Committee (NL66978.058.18).

An overview flowchart of the methods is depicted in Figure 1. We included cases with
a midgestational diagnosis of fetal AS who presented at our tertiary fetal cardiology service
between January 2018 and January 2020. Critical AS cases were defined as eligible for fetal
aortic valvuloplasty based on the criteria described by McElhinney et al.: a valvular AS
with an antegrade doppler color flow jet across the aortic valve which is smaller than the
valve annulus diameter, no/minimal subvalvular LV outflow tract obstruction, decreased
LV function with either retrograde/bidirectional flow in the transverse aortic arch at any
time during the cardiac cycle or two of the following: monophasic mitral valve (MV) inflow,
left-to-right flow across the atrial septum, bidirectional flow in the pulmonary veins [11].
Severe AS was defined as valvular AS with severely increased flow velocity over the aortic
valve but with preserved left ventricular function and morphology of LV and thus not
eligible for fetal aortic valvuloplasty at that time. To compare speckle tracking analysis
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with normal fetuses, we performed speckle tracking recordings in 2 healthy fetuses at
midgestational age as well, of which informed consent was provided (NL65087.058.18).

Fetal
echocardiography
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Figure 1. Overview flowchart of methods. * Offline speckle tracking analysis included; * Served as control data; AS, aortic

stenosis; TOP, termination of pregnancy; IHC immunohistochemical.

Written informed consent was received from the women to perform speckle tracking
recordings during routine fetal echocardiograms. The recordings were analyzed offline,
weeks after the initial examination and therefore did not influence clinical decision-making.
All women who decided to terminate the pregnancy (1 = 3) gave signed written informed
consent to donate cardiac tissue for immunohistochemical analysis. Two women donated
the entire heart specimen and one woman gave permission to obtain heart biopsies taken
from five segments (left ventricular apex, left ventricular base, right ventricular apex, right
ventricular base, interventricular septum). The whole cardiac specimens were fixated
in formaldehyde followed by storage in ethanol until use and the cardiac biopsies were
immediately embedded in paraffin according to standard protocols. Two normal heart
specimens (one entire heart specimen and one left ventricle (LV)) of similar gestational age
served as immunohistochemical control cases, obtained from legal abortion material.

Echocardiography. All fetal echocardiograms were performed by an experienced ul-
trasonographer (FZ) using the Canon Aplio i-800 ultrasound machine with abdominal
PVI475BX and PVT674 High Frequency convex transducers. For speckle tracking record-
ings, cine loops of the apical or basal cardiac four chamber-view with an insonation angle of
<30° were stored in B-mode setting. We optimized settings by adjusting sector width, depth,
gain and zoom box to achieve framerates between 60-120 frames/s. Each clip contained at
least 4 cardiac cycles in absence of maternal and fetal movements and was repeated 3 times.
A measurement software package (Canon Medical Systems) was used for offline analysis;
detailed methods of the analysis have been described previously [17]. In brief, speckle
tracking analysis was performed on 3 different cardiac cycles for both the LV and right
ventricle (RV), with the time cursor set between complete closure of the atrioventricular
(AV)-valves and just before the next AV-valves closure. Endocardial markers were placed
along the endocardium in end-diastole, after which the software automatically traced the
inner and outer line of the endocardium. Global and segmental longitudinal strain of
each ventricle (i.e., longitudinal shortening of entire ventricular wall and longitudinal
shortening of separate segments of ventricular wall, expressed as proportion to the baseline
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length) were automatically calculated (Figure 2). Mean values of 3 cardiac cycles were used
as definitive results.

Normal heart

Figure 2. Decreased left ventricular myocardial deformation in cases with fetal aortic stenosis.
Representative examples of global longitudinal strain and segmental longitudinal strain analysis for
normal hearts (a), severe aortic stenosis (b) and critical aortic stenosis (c), showing the myocardial
trace (left) and strain curves (right). Note that myocardial deformation is most overt in the critical
aortic stenosis case. GLS, global longitudinal strain; BS, basal septal; MS, mid septal; AS, apical septal;
AL, apical lateral; ML, mid lateral; BL, basal lateral.

Immunohistochemical Analysis. All cardiac specimens were embedded in paraffin
according to standardized protocols. Frontal sections of 5 um from whole hearts and
5 um sections from the segmental biopsies were mounted on KP-Silane adhesive glass
slides (Klinipath). Immunohistochemical and immunofluorescence staining was performed
as described previously on the sections comprising the cardiac four chamber view and
long-axis view (i.e., left ventricular outflow tract view) [14]. All used antibodies with
the notation of their indication, dilution, species, clonality and source are outlined in
Table 1. A cardiac troponin-I DAB (3-3'diaminobenzidine tetrahydrochloride) staining was
performed to examine myocardial structure and organization. The presence of adherence
junctions and gap junctions was assessed by double immunofluorescence staining with
N-cadherin and Cx-43 using the suitable secondary antibodies Alexa Fluor 594-conjugated
donkey anti-mouse IgG and Alexa Fluor 488-conjugated donkey anti-rabbit IgG. Cardiac
fibrosis was identified using a Picro-Sirius Red staining (counterstained with Weigert’s
Hematoxylin). For assessment of the epicardium, we used single DAB labeling with Wilms
tumor 1 (WT-1), a marker for the epicardium and epicardial epithelial-to-mesenchymal
transition (EMT). DAB staining for phosphorylated Smad2 (pSmad2) was used to examine
EMT and endothelial-to-mesenchymal transition (EndMT), as both analogous processes
are largely induced by the TGF-3 /pSmad?2 signaling pathway. EndMT was also assessed
via immunofluorescence double staining of platelet endothelial cell adhesion molecule-1
(PECAM]1) and x-smooth muscle actin (x-SMA) using the suitable secondary antibodies

’
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Alexa Fluor 555-conjugated donkey anti-rabbit IgG and Alexa Fluor 488-conjugated donkey
anti-mouse IgG. Lastly, we examined the presence of subepicardial nerves using BIII-
tubulin (TUBB3) DAB staining, a general nerve marker. High-resolution microscopy
images of all glass slides were taken at 20x or 40x magnification with the 3DHistech
Pannoramic 250 Flash III digital scanner or Leica SP8 confocal microscope. To examine the
slides systematically, we studied the myocardial staining pattern in 4 predefined segments
(LV basal, LV apical, septum and RV) and particularly in areas in which the cardiomyocytes
were cut in their longitudinal axis.

Table 1. List of antibodies used for immunohistochemical and immunofluorescence analysis.

Primary Antibodies Indication Species Clonality Dilution Source
Cardiac troponin-I Myocardial structure Rabbit Polyclonal 1:1000 Abcam; AB47003
WT-1 Epicardial cells and EEMT Rabbit Monoclonal 1:200 Abcam; AB89901
TUBB3 Cardiac innervation Rabbit Polyclonal 1:8000 Sigma-Aldrich; T3952
N-cadherin * Adherence junctions Mouse Monoclonal 1:200 Sigma-Aldrich; C3865
Cx43 * Gap junctions Rabbit Polyclonal 1:600 Abcam; AB11370
PECAM1 * Endothelial cells Rabbit Polyclonal 1:1000 Santa Cruz; sc1506R
oa-SMA * Activated cardiac fibroblasts Mouse Monoclonal 1:10,000 Sigma-Aldrich; A2547
Activated TGF-§ signaling, . . . L
pSmad?2 specific for EndMT or EMT Rabbit Monoclonal 1:100 Cell Signaling; 138D4
Secondary Antibodies
Vector Laboratories;
BA1000
Antirabbit-Biotin Goat Polyclonal 1:200 S "i['l;eé;m.)is;ezrm
Alexa Fluor 594 anti-mouse IgG Donkey Polyclonal 1:200 CT?herrrf(’) fisher
Alexa Fluor 488 anti-rabbit IgG Donkey Polyclonal 1:200 L
. Scientific; A21206
Alexa Fluor 488 anti-mouse IgG Donkey Polyclonal 1:200 Thermofisher
Alexa Fluor 555 anti-rabbit IgG Donkey Polyclonal 1:200 Scientific; A21202
Thermofisher
Scientific; A31572

* Stained with immunofluorescence. WT-1, Wilms’ tumor 1; eEMT, epicardial epithelial-to-mesenchymal transition; Cx-43, Connexin-43;
TUBB3, pIII-tubulin; PECAMI, platelet endothelial cell adhesion molecule-1; x-SMA, alpha smooth muscle actin; pSmad2, phosphory-

lated Smad2.

3. Results
3.1. Case Description

Case 1 was diagnosed with a fetal critical AS at 20 + 3 weeks of gestation that met the
international criteria for in utero aortic valvuloplasty (Table 2) [11]. The LV was spherical
and presented poor contractility by eyeballing. After counseling, the parents opted for
fetal aortic valvuloplasty one week later (21 + 2). The intervention was performed with a
2.7 mm-sized balloon inflated at 14 atmosphere. Immediately after balloon dilatation, aortic
regurgitation and an increased amount of forward flow across the aortic valve was visual-
ized. The valvuloplasty was complicated by hemopericardium with bradycardia, which
resolved quickly through drainage of the hemopericardium. Three days after the procedure
(21 + 5), the flow across the aortic valve had increased and the flow in the transverse aortic
arch was antegrade, but the LV wall appeared thicker with no improvement in contractility.
At 22 + 5, fetal echocardiography revealed LV shortening with poor contractility, scarce LV
inflow and retrograde flow in the transverse aortic arch. The parents decided to terminate
the pregnancy to avoid an univentricular trajectory for their child.
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Table 2. Ultrasonographic baseline characteristics at first presentation.

Case 1 Case 2 Case 3 Case 4
GA (wks) first presentation 20+3 19+5 20+1 21+1
Diagnosis Critical AS Critical AS Severe AS Severe AS
Yes, prenatal at Offered but declined by
Valvuloplasty 21+ 1 wks parents No Yes, postnatal
AoV diam (Percentile 1) 2.5 (P0) 2.4 (—1.940/—2.326) 2.5 (P1) 2.9 (P4)
AoV velocity cm/s 210 250 313 301
MV diam (Percentile 2) 4.6 (P4) 4.6 (P7) 4.8 (P10) 5.5 (P24)
TV diam (Percentile 2) 5(P17) 4.8 (P18) 5.1 (P22) 5.6 (P31)
LV length (Percentile 3) 12.8 (P44) 15.4 (P66) 13 (P47) 15.2 (P53)
RV length (Percentile 3) 11.8 (P49) 12.3 (P57) 11.4 (P48) 14.5 (P62)
LV shape Spherical Spherical Normal Normal
Aortic arch flow Retrograde Retrograde Forward Forward
EFE Moderate Mild None None
MV fl Monophasic, Minimal forward, monophasic, Biphasic, mild Biphasic, mild
ow o L o o
regurgitation regurgitation regurgitation regurgitation
FO flow Left-right Left-right Right-left Right-left
PV flow Normal Normal Normal Normal
GA of TOP (wks) 23+1 21+2 21 +2 N/A

All measurements are performed by in vivo ultrasonography. ! Calculation percentile using reference values of Vigneswaran et al. [18].
2 Calculation percentile using reference values of Schneider et al. [19]. 3 Calculation percentile using reference values of Tan et al. [20].
GA, gestational age; LV, left ventricle; RV, right ventricle; MV, mitral valve; TV, tricuspid valve; diam, diameter; AoV, aortic valve; EFE,
endocardial fibro-elastosis; FO, foramen ovale; PV, pulmonary veins; TOP, termination of pregnancy; AS, aortic stenosis.

Case 2 presented at our fetal cardiology service at 19 + 5 weeks of gestation, revealing
a critical AS with postvalvular dilatation (Table 2). The LV was enlarged and showed
poor contractility. Genetic tests, comprising Quantitative Fluorescent Polymerase Chain
Reaction (QF-PCR), array and whole exome sequencing (WES) were normal. Fetal aortic
valvuloplasty was offered to the parents, yet they decided to withdraw from intrauterine
treatment and proceeded to termination the pregnancy.

Case 3 presented with a severe fetal AS showing seriously increased flow velocity
(350 cm/s) across the aortic valve at 20 + 1 weeks gestation. The international criteria for in
utero aortic valvuloplasty were not met (Table 2) as the flow in the transverse aortic arch
was antegrade and the LV appeared normal in shape and function. An amniocentesis was
performed and results (QF-PCR and array) were normal. The parents feared progression to
HLHS later in pregnancy and therefore, decided to terminate the pregnancy.

Case 4 was referred to our fetal cardiology service with an abnormal three vessel
view, based on an enlarged aorta, at 21 + 1 weeks GA. We diagnosed a severe AS with
an adequate size of the aortic annulus showing increased forward flow across the valve
(300 cm/s) and postvalvular dilatation with turbulent flow (Table 2). As the LV was not
dilated and there was normal antegrade flow in the aortic arch and biphasic inflow across
the MYV, this case was not eligible for fetal aortic valvuloplasty. Amniocentesis showed
normal results for QF-PCR, array and WES. Extended echocardiography was performed
every 2 weeks. The first signs of deterioration were present at 27 weeks GA as the LV was
slightly shorter than the RV, showed less contractility and presented mild EFE. Moreover,
monophasic inflow over the MV was present with little mitral insufficiency (MI). Although
the criteria for intra-uterine balloon-plasty were met at that time, the annulus of the aortic
valve was too big (5 mm) to perform an antenatal procedure. One week later (28 + 1), the
flow in the aortic arch appeared to be retrograde in diastole and flow over the foramen
ovale was bidirectional. Fortunately, the cardiac function stayed stable thereafter. A boy of
3730 g was born at 38 + 1 weeks GA. On the first day after birth, a percutaneous balloon
aortic valvulotomy was performed with a 6 mm balloon. Bilateral pulmonary arterial
banding followed at 8 days postpartum as a large ASD caused a substantial left-to-right
shunt leading to pulmonary overcirculation. At 16 days postpartum, MV-plasty and closure
of the atrial septal defect (ASD) with a fenestrated patch was performed. The LV function
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improved thereafter and debanding of the pulmonary arteries could be performed at
1 month postpartum. One year after birth, the child is doing well and develops normally.

3.2. Ultrasonographic Myocardial Deformation

Speckle tracking values of all cases are depicted in Table 3. Normal hearts showed a
global longitudinal strain (GLS) and segmental longitudinal strain (SLS) between —15.5%
and —22.9% for both LV and RV, which is in accordance with current literature [21]. The
two cases with critical AS (case 1 and 2) presented extremely decreased left ventricular GLS
and SLS values, indicating an impaired left ventricular myocardial wall deformation: mean
left ventricular GLS was —2.0% and —0.9% and all mean left ventricular SLS were between
—0.3% and —4.6%. The RVs showed an overall normal GLS (—19.0 and —16.0%) but the
septal side, especially basal septal and mid septal, presented decreased SLS (between
—4.0% and —15.3%). In contrast, the lateral sided SLS of the RV showed normal to slightly
increased strain values in all cases (between —20.0% and —28.7%).

Table 3. Decreased myocardial deformation in aortic stenosis cases.

Normal Hearts Case 1 Case 2 Case 3 Case 4

FPS 68 115 65 60 63

Left Ventricle
GLS —19.6% —2.0% —0.9% —11.8% —10.5%
SLS—basal septal —16.4% —1.0% —2.7% —14.3% —16.0%
SLS—mid septal —18.8% —0.6% —1.0% —13.7% —13.3%
SLS—apical septal —22.0% —3.0% —1.0% —13.0% —7.0%
SLS—basal lateral —20.7% —1.6% —1.3% —8.7% —5.3%
SLS—mid lateral —20.2% —2.6% —0.3% —10.7% —12.3%
SLS—apical lateral —20.5% —4.6% —0.3% —11.7 % —11.7%
Right Ventricle

GLS —19.2% —19.0% —16.0% —17.6% —21.2%
SLS—Dbasal septal —15.5% —4.0% —4.0% —9.7% —6.0%
SLS—mid septal —17.2% —5.7% —7.0% —10.7% —15.0%
SLS—apical septal —18.5% —15.3% —14.7% —12.7% —29.3%
SLS—basal lateral —20.9% —28.7% —20.0% —26.3% —25.0%
SLS—mid lateral —22.9% —26.0% —24.0% —26.3% —23.7%
SLS—apical lateral —18.9% —27.3% —24.3% —15.3% —30.0%

FPS, frame rate per second; GLS, global longitudinal strain; SLS, segmental longitudinal strain.

The two cases with severe AS (case 3 and 4) had normal LV appearance by eyeballing,
but the left ventricular myocardial wall deformation showed a mild reduction (left ven-
tricular GLS —11.8% and —10.5%, SLS between —5.3% and —16.0%). Right ventricular
myocardial deformation was overall normal with a GLS of —17.6% and —21.2%. Again, in
all severe AS cases the lateral side of the RVs showed slightly increased SLS values (SLS
between —15.3% and 30.0%) and the septal side an overall mild reduction (SLS between
—6% and —29.3%).

3.3. Histological Data
3.3.1. Myocardial Organization and Differentiation

In normal hearts, the cardiomyocytes of both the LV and RV were well-aligned and
showed a proper banding pattern. Cx43 and N-cadherin were found as a diffuse pattern in
the cytoplasm and were also expressed with more intensity at the lateral borders of the car-
diomyocytes, illustrating the presence of gap and adherence junctions. Furthermore, some
early intercalated disks were present at the longitudinal ends, mostly solely expressing
N-cadherin but co-expression of N-cadherin and Cx43 was also found (Figure 3a-d).

In contrast, the LVs of the two cases with critical AS (case 1 and 2, Figure 3e-1) showed
markedly disturbed cardiomyocyte organization and an almost completely absent banding
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pattern, as was visualized by troponin-I expression. Between the cardiomyocytes, the
amount of extracellular matrix was increased as compared to the normal hearts (Figure 3fj).
Regional differences were not found. A less severely disturbed cardiomyocyte structure
was observed in the LV of the severe AS case (case 3, Figure 3m-p). Interestingly, all
AS cases showed severely reduced expression of Cx-43 and N-cadherin compared to the
normal specimens. Their expression was only present as a very diffuse pattern in the
cytoplasm with barely any lateralization and formation of intercalated disks, indicating a
reduced amount of gap and adherence junctions (Figure 3d,h,1,p). All RVs showed regions
with normal cardiomyocyte organization but also areas with mildly disturbed alignment.
Expression profiles of Cx-43 and N-cadherin were identical to the LV in all cases.

Troponin-I right ventricle Cx43/N-cadherin left ventricle
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Figure 3. Disturbed alignment and altered Cx43/N-cadherin expression of the cardiomyocytes in fetal aortic stenosis. (a—c)
In normal hearts, troponin-I staining shows an organized cardiomyocyte network with a proper banded pattern in the
cardiomyocytes of both the LV and RV. (d) Cx43 (green) and N-cadherin (red) is found as a diffuse pattern in the cytoplasm
as well as at the lateral borders of the cardiomyocytes, illustrating the presence of gap and adherence junctions. Some early
intercalated disks are present, mostly expressing N-cadherin only but co-expression of N-cadherin and Cx43 is also seen in
the intercalated disks (white arrows); (e-p) All AS hearts showed contrary findings; (f,j,n) The cardiomyocyte organization
is disturbed in the LV with an increased amount of extracellular matrix, most apparent in case 1 and 2; (h,1,p) Cx43 and
N-cadherin expression is markedly decreased and shows only a very scattered pattern in the cytoplasm with barely any
lateralization; (g k,0) The RVs of all specimens show regions with normal cardiomyocyte organization but also with mildly
disturbed alignment. Negative controls are depicted in Supplementary Figure S1. Cx43, Connexin-43; N-cadh, N-cadherin.

194



J. Cardiovasc. Dev. Dis. 2021, 8, 121

3.3.2. Endocardial and Myocardial Fibrosis Patterns

In normal hearts, Picro-Sirius Red (SR) staining exposed a homogenous pattern of in-
terstitial fibroblasts, without signs of pathological fibrosis (Figure 4a—d). The endocardium
consisted of a flat layer of PECAMI positive endothelial cells (Figure 5a—c), and underneath
a subendothelial layer containing collagen (highlighted by SR staining, Figure 4a—c) and
a-SMA positive cells, presumably fibroblasts (Figure 5a). In the AS hearts, the degree and
patterning of myocardial and endocardial fibrosis patterns were divergent and dependent
on the AS severity. The critical AS heart specimens (case 1 and 2) showed a thick compact
layer of endocardial fibro-elastosis in the LV which was remarkably associated with patchy
pathological fibrosis patterns in the subendocardium and myocardium (Figure 4d,e,g h).
The severe AS specimen (case 3) only presented a thin layer of endocardial fibro-elastosis,
with small patchy fibrosis patterns in the subepicardium and myocardium (Figure 4j k).
Right ventricular endocardial and myocardial SR staining was similar to the normal speci-
mens in all AS cases (Figure 4¢,f,i,1). EndMT has previously been suggested as underlying
mechanism for endocardial fibro-elastosis development [22]. One of the key pathways
that induces EndMT is the TGF-f signaling pathway via phosphorylation of Smad?2 [23].
Therefore, we also determined the expression pattern of nuclear phosphorylated Smad2 (pS-
mad2). In normal hearts, the expression of nuclear pSmad2 is limited in the endocardium
(Figure 5b,c). In contrast, in both the critical and severe AS cases, a subset of endothelial
cells showed intense expression of nuclear pSmad2 and the nucleus of part of the cells
in the endocardial fibro-elastosis also stained mildly positive (Figure 5g,h,1,m), indicative
of activated TGF-p signaling. During EndMT, endothelial cells lose their expression of
endothelial markers, such as PECAM1, and acquire mesenchymal characteristics such as
expression of x-SMA [23]. In contrast to normal hearts, the endothelial surface in all our AS
cases indeed did not contain PECAM1 positive endothelial cells but only a-SMA positive
cells, which supports the occurrence of EndMT resulting in fully transformed endothelial
cells (Figure 5f k).

3.3.3. Epicardium

Strikingly, in contrast to normal hearts, the subepicardium of both LV and RV was
significantly thickened in all AS cases, suggesting epicardial activation. The subepicardium
contained marked dilated coronary vessels which were surrounded by large TUBB3 positive
nerves, while only a few nerve cells were seen in areas without vasculature (Figure 6).
Next to EndMT, epicardial EMT has also been proposed as an underlying mechanism
for endocardial fibro-elastosis development [24]. Unfortunately, staining of the widely
used epicardial EMT and epicardial marker “WT-1" did not work on our material. EMT is
largely induced by the TGF-f3 /pSmad2 pathway, similar to EndMT [25]. In normal hearts,
in both LV and RV, nuclear pSmad2 was highly present at the epicardial site (Figure 5b-e).
In contrast, the LV of the critical AS cases with the most severe endocardial fibro-elastosis
demonstrated limited but more intense expression of nuclear pSmad2 in the subepicardial
and myocardial cells, while the RV was similar to the normal heart specimens (Figure 5ij).
The severe AS specimen (case 3) revealed a milder reduction in nuclear pSmad2 expression
at the epicardial site (Figure 5n—o).
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were similar to the normal LVs.
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Figure 6. Abnormal epicardial thickening with dilated coronary vessels and large nerves in aortic
stenosis cases. Representative images of the epicardium at two magnifications in: (a,b) normal hearts;
(c,d) severe aortic stenosis; (e,f) critical aortic stenosis. Note the remarkable thickened epicardium
containing dilated coronary vessels and large nerves (brown) in cases with aortic stenosis. TUBB3,
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4. Discussion

Fetal AS remains a challenging CHD considering its difficulty to predict left ventricu-
lar development over the course of the pregnancy and with that, the postnatal outcome.
Myocardial organization, differentiation and fibrosis could be potential biomarkers, rele-
vant for biventricular outcome [14]. The key finding of the current study is that fetal AS is
associated with deficient myocardial organization, differentiation and pathological fibrosis
patterns which were strongly associated with the prenatal ultrasonographic assessment
of myocardial deformation (Table 4). Cx43 and N-cadherin expression, illustrating the
presence of gap and adherence junctions, are altered in fetal AS cases independently of their
severity. These results suggest that myocardial wall deformation on fetal ultrasound holds
promise as a possible biomarker for myocardial organization and fibrosis and therewith
represents the severity of left ventricular damage in cases with fetal AS. The severity of
myocardial wall impairment seems unrelated to Cx43 and N-cadherin expression.

Myocardial wall deformation in relation to histopathology. In the current study, fetal AS
cases with the most pronounced disturbance of the cardiomyocyte network and endocardial
fibrosis patterns showed the utmost impairment of myocardial wall deformation on fetal
ultrasound (Table 4). This is not surprising given that both cardiomyocyte disorganization
and endocardial fibro-elastosis highly affect myocardial function. Inappropriate myocar-
dial tissue arrangement impedes cardiac impulse propagation as well as coordinated
myocardial contraction [26,27]. Likewise, endocardial fibro-elastosis is characterized by an
excessive deposition of fibroblasts and accumulation of extracellular matrix, which leads
to decreased ventricular diastolic compliance and impaired mechano-electric coupling of
cardiomyocytes [24,28,29]. Previous studies in both adult human and animal models sup-
port the observed relationship. Adult patients with severe AS and still-preserved ejection
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fraction demonstrated a reduced left ventricular GLS which correlated to the severity of
myocardial fibrosis [30,31]. Adult mouse models with isolated induced subendocardial
fibrotic lesions or transverse aortic constriction showed that the reduction in longitudinal
myocardial wall motion corresponded to histological myocardial changes [32,33]. In our
study, even the case with mild disturbance of the cardiomyocyte network and endocardial
fibrosis presented a corresponding mild reduction in myocardial wall deformation while,
remarkably, standard LV function parameters according to the international criteria for
fetal AS appeared normal. This emphasizes that speckle tracking echocardiography not
only correlates greatly with myocardial histology but is also capable of identifying early
structural alterations which are not detected by other ultrasound parameters [34]. The
latter is especially of interest as Ishii et al. demonstrated slightly higher strain values before
prenatal valvuloplasty in fetal critical AS cases with biventricular outcome compared to
cases with univentricular outcome, suggesting a pivot role of speckle tracking analysis in
predicting ventricular outcome at an early stage [35].

Table 4. Summary of main ultrasound and histological findings (left ventricle).

Modality Indication Normal Hearts Severe AS Critical AS
Fetal Myocardial Normal strain between Mildly decreased strain Extremely decreased strain
Echocardiography deformation —15.5% and —22.9% between —7.0% and —16.0%  between —0.3% and —4.6%
. Myocardial Well-'orgamzed Moderate disturbed Severely disturbed
Histology o cardiomyocyte . N .
organization . cardiomyocyte organization cardiomyocyte network
alignment
Proper Cx43 and Reduced Cx43 and
Histolo Myocardial N-cadh expression at N-cadherin expression, Reircf:ssci;iB;I;?nll\T_zzdh
8y differentiation lateral borders and mainly as diffuse di ffusl[:: intrace,llular yattern
intercalated disks intracellular pattern P
Mvocardial Overt EFE with patchy
Histology zbrosis No EFE Mild EFE fibrosis patterns in
myocardium

Although gap junctions and adherence junctions are important for the myocardial
syncytium, the severity of myocardial dysfunction was not related to the degree of Cx43
and N-cadherin expression. In all AS cases, Cx43 and N-cadherin expression was mainly
present in a very diffuse pattern in the cytoplasm with mild intensity. Vreeker et al.
describes a similar expression profile in normal hearts at an earlier gestational age (ap-
proximately 15 weeks in utero), which changes gradually towards complete localization at
the lateral borders and intercalated disks during prenatal and postnatal development [36].
One could hypothesize that AS hearts therefore have a delayed spatial development of
Cx43 and N-cadherin. Another explanation could be a persisting altered expression, as
electromechanical remodeling is known to occur in cases with left ventricular hypertro-
phy [37]. We demonstrated reduced Cx43 expression in all AS cases compared to normal
hearts, which was independent of the severity of AS and left ventricular hypertrophy.
This is in accordance with adult AS patients where similar expression levels were found
between mild or severe ventricular hypertrophy [37], supporting previous reports that
Cx43 is upregulated during the early stage of compensated hypertrophy followed by a
downregulation in the chronic phase [38,39]. In contrast, Mahtab et al. only observed a
Cx43 downregulation in the borderline left ventricles with extremely disturbed cardiomy-
ocyte organization, while borderline left ventricles with proper cardiomyocyte organization
showed normal expression levels [14]. In vitro experiments have shown that depletion
of epicardial-derived cells (EPDCs) leads to downregulation of Cx43 and N-cadherin as
well as dysregulation of the cardiomyocyte array [40]. An abnormal epicardial-myocardial
interaction might be a possible explanation for the observed pathology.

Pathophysiology of endocardial fibro-elastosis in aortic stenosis. Altered hemodynamics in
AS trigger the formation of endocardial fibro-elastosis via myocardial hypoxia [41,42]. In
the current study we observed a typical endocardial fibro-elastosis appearance associated
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with patchy fibrosis patterns in the subendocardium and myocardium which was most
overt in the critical AS cases. These “infiltrative” fibrosis patterns have been described
previously in postnatal cases with HLHS but also in cases with flow disturbances across the
aortic or mitral valve without the phenotype of HLHS and were demonstrated to increase
with age [22]. This suggests that the degree of pathological fibrosis increases with longer
and more severe exposure to altered ventricular blood flow and/or pressure, explaining
the difference in amount of endocardial fibro-elastosis at similar gestational ages between
our cases and also the known progressive character of this disease.

The origin of the accumulated fibroblasts in endocardial fibro-elastosis is still de-
bated, where both endocardium-derived cells (EndMT) or epicardial-derived cells (EMT)
have been proposed [22,24]. EndMT and EMT are comparable processes during normal
cardiac development and comprise a subset of either endothelial or epicardial cells that
transform into mesenchymal cells, induced by common biochemical pathways such as
TGF-f3/pSmad2 [25,43]. After embryonic development, the epicardium of adult patients
with myocardial infarction is reactivated and regains fetal characteristics such as EMT [25],
whereas EndMT is described in atherosclerosis, valvular disease and cardiac fibrosis [43].
In our study, the overt pathological thickening of the epicardium in all AS cases was
suggestive of epicardial activation. Unfortunately, the EMT and epicardial marker “WT-1"
did not work on our material to confirm this. Additionally, nuclear pSmad2 expression
seems to be less expressed in the epicardium compared to normal hearts, which could
indicate that the EMT theory is incorrect, but could also be related to a different time profile
since pSmad?2 expression is reduced towards the end of EMT/EndMT. Instead, pSmad2
was highly expressed in a subset of endocardial cells and in cells in the endocardial fibro-
elastosis areas, although in limited number. Together with the absence of PECAMI1 positive
endothelial cells and the presence of x-SMA positive cells at the endocardial surface, this
strengthens the theory that EndMT causes excessive myofibroblast deposition.

Relation to development of HLHS. Remarkably, the degree of cardiomyocyte disor-
ganization in the critical AS cases was identical to the HLHS specimens described by
Mahtab et al. [14], which could imply that these fetal AS cases are deemed to progress
towards HLHS. The exact cascade for development from AS into HLHS is still not fully
understood, although this is critically important for development of a targeted therapy in
order to prevent an univentricular trajectory. Altered flow patterns and pressure overload
undoubtedly are key triggers for the development of left ventricular hypoplasia. Endo-
cardial fibro-elastosis also seems to play a crucial role in this process as fetal AS cases
with more extensive endocardial fibro-elastosis on fetal ultrasound are more prone to an
univentricular outcome [15]. Of note, the current study observed prominent endocardial
fibro-elastosis in the critical AS cases with their myocardial histopathology resembling
HLHS. The role of the epicardium and endocardium via EMT or EndMT needs to be further
explored. An animal model which mimics fetal aortic stenosis would be beneficial to
understand the pathway of AS into HLHS better, but no such model exists nowadays as it
is hard to simulate, which emphasizes that fetal AS is a multifactorial disease.

Right ventricular involvement in a left ventricular disease. The RV has long been neglected
in this typical left-sided heart disease. However, there is growing evidence that typical
one-sided CHDs are in fact biventricular diseases [44]. The RV in all our AS cases presented
also decreased SLS at the septal side, yet this is presumably attributable to the spherical
shaped LV bulging into the RV due to the pressure overload resulting from the AS, as the
SLS of the lateral side appeared normal to slightly increased. Of note, the current study
showed, in accordance with Mahtab et al., altered Cx43 and N-cadherin expression in the
RV of all AS cases which was identical to the LV. Whether this can be related to altered
hemodynamics in the RV or to a common pathophysiological pathway remains unclear at
this time.
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5. Perspectives, Limitations and Conclusions

Although the current study material is unique and provides relevant insights in the
pathophysiology of fetal AS, the number of studied specimens is too limited for statistical
evidence. However, this case series shows that prenatal myocardial function associates
to high extent with myocardial histology as the degree of the reduction in myocardial
wall deformation on echocardiography corresponded with the histological amount of
pathological fibrosis patterns and disorganization of the cardiomyocyte network. Therefore,
fetal echocardiography, in particular GLS, seems to hold promise as a potential biomarker
for structural myocardial damage. Current promising sophisticated genetic techniques,
such as spatiotemporal single-cell RNA sequencing [45], may provide in-depth knowledge
of genetic pathways involved in myocardial development and disease. Unraveling the
underlying mechanisms and determinants of disease progression is essential to optimize
counseling and to timely intervene to prevent a disease course towards univentricular

physiology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcdd8100121/s1, Supplementary Figure S1: Representative images of negative controls. (a—d)
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normal hearts, and (e-h) in aortic stenosis hearts. Cx-43, Connexin-43; N-cadh, N-cadherin.
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Abstract: The formation of superimposed tissue (SIT), a layer on top of the original valve leaflet,
has been described in patients with mitral regurgitation as a major contributor to valve thickening
and possibly as a result of increased mechanical stresses. However, little is known whether SIT
formation also occurs in aortic valve disease. We therefore performed histological analyses to assess
SIT formation in aortic valve leaflets (n = 31) from patients with aortic stenosis (n = 17) or aortic
regurgitation due to aortic dilatation (n = 14). SIT was observed in both stenotic and regurgitant
aortic valves, both on the ventricular and aortic sides, but with significant differences in distribution
and composition. Regurgitant aortic valves showed more SIT formation in the free edge, leading to a
thicker leaflet at that level, while stenotic aortic valves showed relatively more SIT formation on the
aortic side of the body part of the leaflet. SIT appeared to be a highly active area, as determined by
large populations of myofibroblasts, with varied extracellular matrix composition (higher collagen
content in stenotic valves). Further, the identification of the SIT revealed the presence of foldings
of the free edge in the diseased aortic valves. Insights into SIT regulation may further help in
understanding the pathophysiology of aortic valve disease and potentially lead to the development
of new therapeutic treatments.

Keywords: aortic stenosis; aortic regurgitation; superimposed tissue; original leaflet; myofibroblasts;
free edge folding

1. Introduction

Aortic valve disease is mainly divided into aortic stenosis and aortic regurgitation [1].
Stenotic aortic valves are characterized by increased leaflet stiffness and thickening due to
fibrosis and calcifications, and therefore a decreased valve opening in systole with increased
transvalvular pressure gradient [2]. Regurgitant aortic valves are characterized by the
lack of leaflet coaptation during diastole, secondary to aortic root or ascendens dilatation
or by primary leaflet abnormalities such as myxoid degeneration or post-inflammatory
fibrosis [1]. These aortic valve diseases have a very different pathophysiology, but in both
cases alterations of valve stresses are believed to play an important role in the initiation of
leaflet abnormalities, as well as in the propagation of leaflet remodeling [3].

The aortic valve leaflet consists of 3 layers: the fibrosa, spongiosa, and ventricularis,
which are rich in collagen, proteo- and glycosaminoglycans, and elastin, respectively [4].
These layers are demarcated by the elastin layer of the ventricularis on the ventricular
side and by a thin elastic lamina on the aortic side of the valve. Valvular endothelial cells
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and their basement membrane surround these elastic lamina, whereas valvular interstitial
cells are interspersed within the aortic valve. The hallmark of a stenotic aortic valve is the
presence of calcification, which is thought to start in the fibrosa layer but might expand
toward the other leaflet layers [2]. Leaflets of regurgitant aortic valves in turn typically
display degeneration of the extracellular matrix, leading to a weakened leaflet [1]. Recently,
the formation of superimposed tissue (SIT), an extra layer of tissue on top of the original
leaflet, has been described as a major component of valve thickening and remodeling in
patients with mitral valve prolapse [5,6]. Using an ex vivo animal model, SIT was suggested
to be the result of increased mechanical and hemodynamic stresses [5]. SIT-like lesions,
with tissue expansion outside the elastic lamina, also have been described in autoptic
studies assessing early stages of aortic stenosis [7,8], but have not been systematically
characterized or, more importantly, examined in advanced aortic valve disease.

We therefore hypothesized that SIT formation might frequently occur in aortic valve
disease and most probably in both aortic regurgitation and stenosis, being both character-
ized by changes in mechanical and hemodynamic stresses. By examination of aortic valves
resected from patients with significant aortic regurgitation or stenosis, we systematically
observed SIT formation on both the aortic and ventricular sides of the leaflet and in both
regurgitant and stenotic aortic valves. However, the distribution and composition of the
SIT significantly differed between the regurgitant and stenotic valves, likely due to the
difference in mechanical stresses between the two pathologies.

2. Materials and Methods
2.1. Human Aortic Valve Samples

Aortic valve samples were collected from patients (n = 20) who underwent aortic
valve replacement because of moderate/severe stenosis (1 = 12) or moderate/severe
regurgitation due to aortic dilatation (n = 8). We selected regurgitant valves caused by
aortic dilatation in order to determine specifically the effect of changed hemodynamic flow
patterns on the SIT formation. From each patient, one or more aortic valve leaflets were
included for analysis, resulting in a total of 17 leaflets from stenotic valves and 14 leaflets
from regurgitant valves. The samples were fixed overnight in a 4% paraformaldehyde
solution in phosphate buffered saline (PFA /PBS, pH 7.2). Collection and analysis of the
samples were performed according to the guidelines of the Leiden University Medical
Centre (Leiden, The Netherlands) and according to the Dutch regulations on the use of
human tissues (rest material). Furthermore, the study was conducted according to the
principles of the Declaration of Helsinki (64th WMA General Assembly, Fortaleza, Brazil,
October 2013) and national and institutional guidelines, regulations, and acts.

2.2. Histological Analysis

Human valve tissue was processed as previously described [5]. Briefly, the valve
samples were dehydrated through a graded series of ethanol, cleared in xylene, embedded
in paraffin, and sectioned at 6 um, producing longitudinal sections oriented from the leaflet
base to the free edge. Sections were stained according to the manufacturer’s protocol with
Weigert’s Resorcin Fuchsin (EMS, Hatfield, PA, USA) to identify elastic fibers, and counter-
stained with nuclear-fast red (Sigma, Zwijndrecht, The Netherlands). Sections were stained
using Masson’s Trichrome (Masson'’s trichrome kit, Klinipath, Duiven, the Netherlands)
to visualize collagen fibers, and Alcian blue (Klinipath) to visualize glycosaminoglycans.
For immunofluorescent staining, the slices were deparaffinized, hydrated, and boiled
35 min in antigen retrieval buffer (10 mM Tris (pH9)/1mM EDTA /0.05% Tween-20) using a
pressure cooker. After blocking with 1% BSA in 0.1% Tween-PBS, sections were incubated
overnight with primary antibodies against alpha-smooth muscle actin (xSMA; 1:10,000,
A2547, Sigma), platelet endothelial cell adhesion molecule (PECAM-1; 1:1000, AF3628,
R&D, Abingdon, UK), laminin (1:200; Z0097, Dako, Santa Clara, CA, USA), collagen IV
(1:100; 1340-01, SouthernBiotech, Birmingham, AL, USA), or Ki67 (1:100, AB9260, Millipore,
Amsterdam, the Netherlands), followed by incubation with an alexa-conjugated secondary
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antibody (Thermo Fisher, Bleiswijk, the Netherlands). Slides were mounted using DAPI
containing Prolong Gold Antifade reagent (Thermo Fisher). All slides were scanned with
the Pannoramic 250 slide scanner (version 1.23, 3DHISTECH Ltd., Budapest, Hungary)
and analyzed using Caseviewer (version 2.4, 3DHISTECH Ltd.).

2.3. Measurements

Measurements of original leaflet and SIT thickness were performed on sections stained
for elastin at the midline or in between the midline and the commissure of the aortic valve
leaflet (see indications in Figure 1A) using Caseviewer software. The surfaces of the original
leaflet, of the SIT on the ventricular side of the aortic valve (ventricular SIT, vSIT) and of
the SIT on the aortic side of the aortic valve (aortic SIT, aSIT), were measured at the level
of the leaflet body and of the free edge, and divided by the length of the leaflet (either
whole leaflet or original leaflet) to obtain the respective average thickness (Figure 1A).
Image] software was used to determine the intensity of Masson’s trichrome and Alcian
blue staining and the xSMA-positive area. For each parameter, only the valve samples that
allowed measurement of the complete indicated area(s) were included.

2.4. Statistical Analysis

GraphPad Prism 9 was used for statistical analysis. Data were tested for significance
as indicated in each legend using analysis of variance (ANOVA) with Sidék’s correction
or Kruskal-Wallis with Dunn'’s correction for multiple groups and unpaired t-test or the
Wilcoxon matched-pairs signed rank test for comparison of 2 groups, and correlations
were determined using the Pearson’s r-correlation test. Data are reported as means = SEM.
A p-value below 0.05 was considered significant.
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Figure 1. SIT distribution in regurgitant and stenotic valves. (A) schematic drawings indicating the defined regions of the
aortic valve. (B-F) Elastin stainings indicating the borders between the original leaflet (OL) and the SIT on the ventricular
(blue arrow) and aortic side (green arrow) of the aortic leaflet, and rendering of the same leaflet with blue representing the
original leaflet, orange representing the SIT, yellow representing the calcific region, and gray representing the cartilaginous
region. (G) Graph indicating the contributions of the SIT and OL to the average thickness of each leaflet. (H-N) Graphs
indicating the average thicknesses of the indicated regions in the regurgitant and stenotic leaflets. (O,P) Graphs depicting
the comparisons of the average thicknesses of the SIT at the midline of the aortic valve (mid) with the region closer to
commissure (side) at the indicated parts of the regurgitant (O) and stenotic valve (P). Data are presented as means &= SEM.
One-way ANOVA followed by Sidék’s multiple comparisons test was performed for graphs (H,I K-M), an unpaired ¢-test
was performed for graph (J), and a Kruskal-Wallis test followed by Dunn’s multiple comparisons test was performed for
graph N. The Wilcoxon matched-pairs signed rank test was performed for graphs (O,P) to evaluate significant differences.
*p <0.05, *** p < 0.001, **** p < 0.0001. Scale bar is 1000 pm.

3. Results
3.1. SIT Distribution in Regurgitant and Stenotic Aortic Valves

To determine whether SIT contributes to the thickness of the aortic leaflet, sections
from the midline of the aortic leaflet (Figure 1A) were stained for elastin to allow the
visualization of the borders of the original leaflet. A thick elastin layer outlined the
ventricularis of the valve (blue arrow in Figure 1B,C), which defined the border of the
original leaflet at the ventricular side. The border of the original leaflet at the aortic side of
the valve was in turn defined by a relatively thin elastin layer (green arrow in Figure 1B-F).
In both regurgitant and stenotic aortic valves, SIT was observed on the ventricular side
(vSIT) and on the aortic side (aSIT; Figure 1A—C) of the leaflet and was found to contribute
up to 50% of the total average thickness of the aortic leaflet (Figure 1G). SIT distribution
was variable, from rather focal (Figure 1B) to diffuse throughout the entire leaflet, and from
proximal (near attachment to the annulus) to distal (free edge; Figure 1C). Additionally,
SIT appeared to smoothen the irregular surface of the original leaflet (Figure 1D,E) and in
stenotic valves was found to cover large parts of the calcified regions (Figure 1C,F).

Although the average thickness of the original leaflet was significantly larger in
stenotic valves (Figure 1H), the average SIT thickness did not differ between regurgitant
and stenotic valves (Figure 1H). However, when dividing the leaflet in a body and free edge
part (Figure 1A), regurgitant valves showed a significantly thicker free edge compared to
stenotic valves due partly to a thicker original leaflet, but mostly to a thicker SIT (Figure 1I).
In particular, the SIT in the tip of the free edge (stippled line in Figure 1A-C) was more than
7 times thicker in regurgitant valves compared to stenotic valves (average 1.07 mm, SEM:
+0.23 for regurgitant valves, average 0.14 mm, SEM: 4-0.03 for stenotic valves; Figure 1]).
In turn, stenotic valves showed a thicker body part due to a thicker original leaflet but not
to a thicker SIT (Figure 1K). Although the overall thickness of the aSIT and the vSIT did
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not differ between regurgitant and stenotic valves (Figure 1L), the vSIT and aSIT at the
level of the free edge was thicker in regurgitant valves (Figure 1M), whereas the aSIT was
thicker in stenotic valves at the level of the leaflet body (Figure 1N).

The extent and types of mechanical stresses that the aortic valve experiences might be
different in the regions more distant from the midline of the aortic valve [3,9,10]. To de-
termine whether this has consequences for the extent of SIT formation, the thicknesses
of the SIT at the midline of the valve (mid) were compared to the thicknesses closer to
the commissure of the valve (side; Figure 1A) within each regurgitant and stenotic valve.
The aSIT and vSIT at the free edges of regurgitant valves were found to be thinner closer
to the commissure (Figure 10). The vSIT of the body part and free edge part of stenotic
valves was also thinner in the regions closer to the commissure (Figure 1P). Interestingly,
the aSIT of the free edge appeared to be thicker closer to the commissure in the stenotic
valves (Figure 1P).

The contribution of SIT to the thickness of aortic valves therefore greatly varies
depending on the pathology and the specific location on the leaflet (aortic vs. ventricular;
body vs free edge; midline vs. side).

3.2. Extracellular Matrix Composition of the SIT in Regurgitant and Stenotic Aortic Valves

To determine the extracellular matrix composition of SIT, stainings for elastin fibers,
collagen fibers (Masson’s trichrome), and glycosaminoglycans (Alcian blue) were per-
formed (Figure 2). SIT was found to have a wide range of extracellular matrix com-
ponent expression, with regions characterized by high levels of glycosaminoglycans
(Figure 2(E1,E2)) or collagens (Figure 2(C2,F1,F2)) and thick layers of fragmented elastin
(Figure 2(A2,D3)), and other regions in turn characterized by relatively low levels of gly-
cosaminoglycans (Figure 2(B1,B2,E3)) or collagens (Figure 2(C1,F2,F3)) and lower amounts
of elastin (Figure 2(A1)). However, on average, the collagen content in SIT was comparable
to the collagen content in the original leaflet (Figure 2G), but was higher in stenotic valves
as compared to regurgitant valves (Figure 2G). In turn, no significant difference in gly-
cosaminoglycan intensity was found between stenotic and regurgitant valves (Figure 2H).

3.3. Presence and Distribution of Myofibroblasts in Regurgitant and Stenotic Aortic Valves

Diseased aortic valves are known to be characterized by an increased presence of
activated valvular interstitial cells [11,12], i.e., myofibroblasts characterized by the expres-
sion of xSMA. To determine their distribution within the SIT and the original leaflet in
regurgitant and stenotic valves, xSMA staining was performed and the xSMA-positive
area was measured. Myofibroblasts were predominantly observed in the SIT as compared
to the original leaflet in both regurgitant and stenotic aortic valves (Figure 3A-C). However,
the distribution of myofibroblasts within the SIT differed between regurgitant and stenotic
valves. Whereas the SIT of the body part of stenotic valves had a larger xXSMA-positive
area as compared to regurgitant valves (Figure 3D), the SIT at the free edge of regurgi-
tant valves had a larger xSMA-positive area as compared to stenotic valves (Figure 3E).
To determine whether the myofibroblasts in SIT proliferate [13-15], Ki67 staining was
performed (Figure 3F). Single Ki67-positive myofibroblasts were observed throughout the
SIT, whereas groups of Ki67-positive myofibroblasts were observed in the free edge of
regurgitant valves (3 out of 4), indicating an ongoing active expansion of the SIT (yellow
arrows in Figure 3(F2)).
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Figure 2. Extracellular matrix composition of SIT in regurgitant and stenotic valves. Stainings for elastin (A,D), gly-
cosaminoglycans (GAGs; (B,E), and collagen (C,F) on regurgitant (A-C) and stenotic aortic leaflets (D-F). (G,H) Graphs of
the collagen (G) and GAGs (H) staining intensities in the original leaflet and SIT of regurgitant and stenotic aortic leaflets.
Data are presented as means + SEM. One-way ANOVA followed by Sidak’s multiple comparisons test was performed to
evaluate significant differences for graphs G and H. **** p < 0.0001. Scale bar is 1000 um.
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Figure 3. Presence and distribution of myofibroblasts in regurgitant and stenotic aortic valves.
(A,B) Elastin and «SMA stainings on regurgitant (A) and stenotic (B) aortic valves. (C-E) Graphs
indicating the xXSMA-positive area of the indicated regions in the regurgitant and stenotic leaflets.
(F) Elastin staining of a regurgitant valve (F) and PECAM-1, Ki67, and «SMA-co-staining (F1,F2)
of the area indicated by box in E. Yellow arrows indicate Ki67-positive myofibroblasts. Data are
presented as means + SEM. One-way ANOVA followed by Sidak’s multiple comparisons test was
performed to evaluate significant differences for graphs (C-E). * p < 0.05, ** p < 0.01, *** p < 0.0001.
Scale bar is 1000 pm.

3.4. Comparison of the Subendothelial Basement Membrane in Regions of Regurgitant and Stenotic
Aortic Valves with and without SIT

To determine whether the SIT was located beneath or on top of the endothelial lining,
stainings for endothelial cell marker PECAM-1 and for subendothelial basement membrane
markers collagen IV and laminin [10] were performed (Figure 4). Differences in the
expression of these markers were found in regions of regurgitant and stenotic valves with or
without SIT. In the regions without SIT, collagen IV was found in both aortic and ventricular
basement membranes, with lower expression on the ventricular side in regurgitant valves
(n = 4; Figure 4(A1)), but similar expression levels in stenotic valves (n = 5; Figure 4(B1)),
while laminin was predominantly expressed on the ventricular side in both regurgitant
and stenotic valves and hardly present on the aortic side (1 = 4 for regurgitant valves;
n =5 for stenotic valves; Figure 4(A1,B1). In the regions with SIT, the expression of
PECAM-1, collagen IV, and laminin was mostly observed on the luminal side of the SIT
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(either ventricular or aortic), suggesting that SIT forms beneath the endothelial lining
(Figure 4(A2,B2)). The laminin expression was in most parts higher than at the regions
without SIT on both the aortic and ventricular sides (1 = 4 for regurgitant valves; n = 6 for
stenotic valves; Figure 4(A1,A2,B1,B2)). PECAM-1, collagen IV, and laminin expression
were, however, also observed dispersed within the SIT mostly in the free edge of regurgitant
valves (Figure 4(A3)) andat the border of the original leaflet and the SIT in the body part of
the stenotic valves (Figure 4(B2,B3)).
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Figure 4. Comparison of the subendothelial basement membrane in regions of regurgitant and
stenotic valves with and without SIT. Regurgitant (A) and stenotic (B) aortic valves stained for elastin,
collagen IV (Coll IV), laminin (Lam), and PECAM-1 in regions without SIT (A1,B1) and with SIT
(A2,B2). A3 and B3 indicate regions with SIT in the free edge of the regurgitant valve (A3) and in
the ventricular SIT of the body part of the stenotic valve (B3), where the expression of collagen 1V,
laminin, and PECAM-1 is not confined to the luminal side but is present within the SIT. Yellow
arrows in B2 and B3 indicate PECAM-positive cells at the border of the original leaflet and SIT. Scale
bar is 1000 pm.

3.5. Characterization of Original Leaflet Folding in the Free Edge of Regurgitant and Stenotic
Aortic Valves

Examination of the free edge morphology on elastin-stained sections showed that the
original leaflet part of the free edge can be folded toward the ventricular side or toward
the aortic side (Figure 5). However, this folding was mostly masked by the presence of SIT
surrounding the original leaflet (Figure 5). We therefore defined 7 potential grades of free
edge folding (Figure 5A) to describe this phenomenon and compare it between stenotic and
regurgitant valves (Figure 5B). Folding of the original leaflet in the free edge was observed
in most of the regurgitant leaflets (93%; all original leaflet folding grades except grade 0)
and the direction in 83% of the cases was toward the ventricular side with different grades
(folding scores 1,2, and 3; Figure 5B,C). In 17% of the cases the tip of the original leaflet
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was folded to the aortic side (folding scores —1, —2, and —3; Figure 5B,C). On the other
hand, stenotic valves did not show folding of the original leaflet in the free edge in 38% of
the cases (folding grade 0), and only 1 sample showed a slight folding to the aortic side
(Figure 5B,C).
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Figure 5. Characterization of the original leaflet folding in the free edge of regurgitant and stenotic
valves. (A) Schematic drawings depicting the original leaflet folding types. The grade is based on
the direction and the extent that the original leaflet deviates from the course of the free edge part of
the leaflet, which is indicated by the red line. A grade 0 indicates no folding, whereas values above
0 indicate folding toward the ventricular side and values below 0 indicate folding toward the aortic
side. The red line also indicates the border between the ventricular SIT (vSIT) and aortic SIT (aSIT).

214



J. Cardiovasc. Dev. Dis. 2021, 8,79

(B) Elastin stainings of aortic valves displaying the different folding types and the rendering of
these leaflets, with blue representing the original leaflet and orange representing the SIT. (C) Graph
showing the relative distribution of the original leaflet folding grades at the midline of regurgitant
and stenotic aortic valves. (D) Graphs depicting the relative contribution of the vSIT and aSIT to
the total SIT of the free edge in regurgitant (D1) and stenotic (D2) valves per original leaflet folding
grade. (E) Graph showing the relative distribution of the original leaflet folding grades on the side
region of regurgitant and stenotic aortic valves. Correlations between the relative contribution of
the vSIT and aSIT to the total SIT and the original leaflet folding grade was determined using the
Pearson’s r-correlation test. Scale bar is 1000 pm.

In addition, the type and grade of folding of the original leaflet was correlated with the
relative contribution of the SIT to the ventricular or aortic side of the free edge. The vSIT
and aSIT in each folding type was defined as indicated by a red stippled line in Figure 5A
along the line of the leaflet. A strong correlation was found for the regurgitant valves,
with relative larger vSIT when the original leaflet was folded toward the ventricular side
(Figure 5(D1)), and larger aSIT when the original leaflet was folded toward the aortic
side (Figure 5(D1)). For the stenotic valves in turn, only a weak correlation was found
(Figure 5(D2)).

The folding was less and often absent in the regions closer to the commissure
(Figures 1A and 5E) compared to the midline location in both the regurgitant and stenotic
aortic valves (Figure 5C), suggesting that hemodynamic stresses are likely involved in the
regulation of original leaflet folding in the free edge.

4. Discussions

In this study, we reported for the first time the systematic presence of SIT in both
regurgitant and stenotic aortic valves. Differences in the extent, location, and composition of
SIT were found between stenotic and regurgitant aortic valves, suggesting the involvement
of mechanical and hemodynamic stresses in the initiation and progression of SIT formation.

4.1. Aortic Valve SIT Formation

The healthy aortic valve is demarcated by the aortic and ventricular elastin lamina,
which are only separated from the aortic and ventricular lumen by a layer of valvular en-
dothelial cells and their basement membrane. In cases of aortic valve pathology, most leaflet
alterations (such as calcification or myxoid degeneration) occur within the elastic lamina,
leading to an expansion of leaflet layers and valve thickening. However, observations of
tissue expansion outside the elastic lamina also were made by Otto et al. [8] in sclerotic and
stenotic aortic valves on the aortic side, being considered subendothelial lesions with a dis-
placement and/or reduplication of the elastic lamina. Similar observations were made by
Kuusisto et al. [7], who observed atherosclerosis-like lesions on the aortic side of the aortic
valve of non-stenotic young and elderly patients after necropsy. Interestingly, the suben-
dothelial lesions that were observed on the aortic surface of non-stenotic aortic valves were
characterized by inflammatory cell infiltration, lipid deposition, and micro-calcifications,
indicating these regions as potential initiation points of the disease. The presence of tissue
outside the elastin lamina has recently also been observed on the ventricular side of early
stenotic aortic valves [11]. Therefore, the presence of an additional tissue superimposed on
the original leaflet, i.e., SIT, has been already suggested, especially in the early phase of
aortic stenosis, but has not been systematically assessed and characterized in patients with
advanced stenotic valves or in aortic valve regurgitation.

In this study, which included a large sample of aortic valves of patients with moderate
or severe stenosis or regurgitation (secondary to aortic dilatation), we observed in every
sample the presence of SIT formation on either the aortic, the ventricular, or both sides
of the leaflet. Although no significant difference was found in the average SIT thickness
between regurgitant and stenotic valves, the distribution of the SIT differed between the
two pathologies. Regurgitant aortic valves showed more SIT formation in the free edge,
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leading to a thicker leaflet at that level, while stenotic aortic valves had relatively more
SIT formation on the aortic side of the body part of the leaflet. These findings might be
explained by the different mechanical stresses that stenotic and regurgitant valves are
subjected to, and which are responsible for SIT formation [5]. The regurgitation etiology
of the aortic valves used in the current study was aortic dilatation (and not a primary
defect of the aortic valve). Leaflet remodeling of these regurgitant aortic valves, including
the formation of SIT, was therefore likely caused by the hemodynamic stresses related
to the dilatation and (central) regurgitation. The observed relatively high levels of SIT
formation on the leaflet free edge, which was mostly subjected to the regurgitant flow,
supports this hypothesis. The examined stenotic aortic valves had in turn a primary
leaflet alteration (calcifications and fibrosis) causing pathologic remodeling of specifically
the body part of the valve. This remodeling has been shown to change the mechanical
properties of the valve and therefore the hemodynamic and mechanical stresses that the
valve experiences [3]. SIT formation at this level might therefore also be initiated by
hemodynamic and mechanical stress, which could explain the differential distribution of
SIT between stenotic and regurgitant aortic valves. The presence of overall less SIT in the
valvular regions closer to commissures also indicates the involvement of hemodynamics
in SIT formation, as these regions are exposed to lower hemodynamic stresses [16,17].
Only the aSIT of the stenotic valves at the free edge part showed more SIT formation,
which might suggest exposure to a different type of mechanical stress compared to the
regurgitant valves.

4.2. Aortic Valve SIT Composition

The extracellular matrix composition of SIT greatly differed between and within the
aortic leaflets, which was likely due to the “age” of the SIT and to the different mechanical
and molecular stimuli each region was exposed to, as suggested by for the SIT formation in
the mitral valve [5]. Some regions were shown to be highly cellular and consisted mostly of
glycosaminoglycans, whereas other regions had a lower cell density and consisted mostly
of collagen. Of interest, we observed a relatively higher expression of collagen in the SIT of
the stenotic valves as compared to regurgitant ones, which might indicate that fibrosis in
the SIT contributes to overall leaflet fibrosis and therefore to the mechanical properties of
stenotic aortic valves.

Myofibroblasts are known to be present in diseased aortic valves and are thought to
be the main cell type that actively remodels the extracellular matrix by the degradation
and secretion of extracellular matrix components [12]. Both in stenotic and regurgitant
valves, we observed that myofibroblasts, as identified by «SMA expression, are highly
present in SIT but not in the original leaflet, indicating that the SIT is the more active area
of the leaflet in terms of extracellular matrix remodeling in end-stage diseased aortic valves.
Proliferation of these myofibroblasts in some regions of the valve at the time of isolation
suggests that expansion of the SIT is still occurring in end-stage diseased aortic valves.
Interestingly, xXSMA cells were hardly observed in the SIT-like subendothelial lesions in
stenotic aortic valves in the early disease stage [7,8].

4.3. Mechanisms of Aortic SIT Formation

To obtain more insights into the mechanisms of SIT formation in aortic valves, stainings
for the basement membrane markers collagen IV and laminin were performed. In most
regions, SIT was present underneath the basement membrane, which had increased levels
of laminin compared to the regions without SIT. However, we also observed regions where
valvular endothelial cells and the basement membrane markers were present at the border
between the original leaflet and the SIT or dispersed throughout the part of the SIT area
with xSSMA expression (presumably with active remodeling). These observations in the
aortic valve support the hypothesis formulated on the basis of the mitral valve ex vivo
mouse model [5], that migration of activated valvular interstitial cells (XSMA-positive) and
resident macrophages through breakages in the endothelial lining are responsible for SIT
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formation on top of the endothelial cell layer. The fact that most regions with SIT were also
covered by valvular endothelial cells might indicate that these cells migrate (possibly from
the sides) on top of the newly formed SIT, whereas the valvular endothelial cells within or
underneath the SIT disappear over time. Future in vivo and ex vivo studies should focus
on SIT formation at different time points to gain more insight into the precise mechanisms.

4.4. Aortic Valve Free Edge Folding

While examining the free edges of the diseased aortic valves, we frequently observed
folding of the original leaflet of various degrees toward either the ventricular or aortic side.
This characteristic has never been reported before and was not visible by gross examination
due to the formation of SIT around the folding. The folding occurred more frequently in
the regurgitant valves and was mostly directed toward the ventricular side, suggesting
that the regurgitant flow caused the folding of the original leaflet. In the regions closer
to the commissure, the folding was reduced or absent, supporting the involvement of the
flow in the formation of the folding.

4.5. Limitations

Our study suggests that SIT formation is driven by hemodynamic and mechanical
stresses; therefore, differences in SIT distribution and composition were expected between
the aortic valve samples from patients with moderate or severe regurgitation or stenosis.
The number of samples with moderate stenosis or regurgitation in our study was, however,
too small to perform a robust comparison, which will therefore be included in future studies.
In addition, to further characterize the composition of the SIT and substantiate differences
between SIT formation in regurgitant and stenotic aortic valves, additional stainings for
different extracellular matrix components are needed. In our study, xSMA staining was
used to identify myofibroblasts; smooth muscle cells, however, also express xXSMA and
have been shown to be present in normal aortic valves and more abundant in calcified
aortic valves [18,19]. Expression studies using smooth muscle cell-specific markers should
be performed to distinguish the two cell types.

5. Conclusions

Overall, we have shown that SIT is a major feature of stenotic and regurgitant valves,
contributing greatly to the thickness of the leaflets. The SIT appeared to be a highly active
area with various extracellular matrix compositions potentially modifying the mechanical
properties and therefore the function of the valves. The distribution and composition of the
SIT differed between stenotic and regurgitant valves, indicating disease-specific regulation
of SIT formation. Understanding the mechanisms underlying SIT formation is crucial to
understand the initiation and progression of aortic valve disease and might open new
pathways to the development of new therapeutic treatments.
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Abstract: The bicuspid aortic valve (BAV) is the most common congenital cardiac malformation
associated with aortopathy. The current study provides surgical clinical data on the patient char-
acteristics and long-term survival of this less common adult purely BAV population undergoing
surgical aortic valve replacement (SAVR) with concomitant aortic surgery. Adult patients with purely
BAV who underwent SAVR and concomitant aortic surgery were included. Prevalence, predictors of
survival, and outcomes for this patient population were analyzed. A total of 48 patients (mean age
58.7 £ 13.2 years, 33% female) with purely BAV underwent SAVR and concomitant aortic surgery
between 1987 and 2016. The majority (62%) of the patients had pure aortic stenosis (AS). A total of
12 patients died. Survival was 92%, 73%, and 69% at 1, 5, and 20 years of follow-up. At 15 years of
follow-up, the survival was close to that of the Dutch population, with a relative survival of 77%.
Adult patients with a purely bicuspid aortic valve morphology undergoing SAVR and concomitant
aortic root and/or ascending aorta present with excellent survival.

Keywords: aortic valve replacement; surgical; aortic surgery; bicuspid aortic valve; Bentall

1. Introduction

Bicuspid aortic valve (BAV) disease is the most prevalent congenital heart defect,
with approximately 1% prevalence in the general population [1,2]. A classification system
for BAV from 304 surgical specimens showed an incidence of only 7% purely BAV in an
autopsied population [3]. Although much data are present in patients with BAV and a
raphe, data in patients with the less common purely bicuspid aortic valve are still relatively
limited [3].

BAV is associated with aortopathies that lead to clinical manifestations such as aortic
dilation, aneurysm, and dissection [4]. In the adult population, BAV patients undergoing
aortic valve surgery are younger than the tricuspid aortic valve population. Patients
with BAV present earlier with aortic stenosis (AS) and tend to undergo more frequent
concomitant aortic surgery due to aortopathy [5].

Studies assessing the clinical profiles of BAV patients with a purely bicuspid aor-
tic valve undergoing surgical aortic valve replacement (SAVR) and concomitant aortic
surgery remain scarce. Therefore, the purpose of this study is to (i) describe the clinical
characteristics of purely BAV patients undergoing SAVR with concomitant aortic surgery
and (ii) assess the long-term survival and predictors of survival in this subpopulation of
BAV patients.

2. Methods
2.1. Study Design

Patients older than 18 years of age undergoing SAVR between 1987 and 2016 at
the Erasmus Medical Centre, Rotterdam, were included. In this SAVR population (total
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n =4404), 16% of the patients who had undergone SAVR had purely BAV (1 =711), and only
7% of these purely BAV patients underwent concomitant aortic surgery (n = 48, as shown
in Figure 1). Patients without pure BAV were excluded (Sievers 0) [3]. Likewise, patients
without concomitant aortic surgery were excluded. Patients who did not receive a biological
or mechanical aortic valve prosthesis were also excluded. The valvular morphology was
classified during the operation and defined by the attending surgeon. Electronic medical
records were used to obtain patient and procedural characteristics. For inclusion in this
study, the bicuspid aortic valve was classified as a purely bicuspid aortic valve according
to the Sievers classification (Sievers 0). All of the authors vouch for the validity of the data
and adherence to the protocol.

100%1
82.7%
o 72.8%
75% - 68.3% 68.3%
g
T 50%
7
25%
0%
0 5 10 15 20
Follow-up (years)
Number at risk
| 48 33 17 10 1

Figure 1. Long-term survival after surgical aortic valve replacement (SAVR) with aortic surgery.
Survival in overall cohort. The shaded area represents the 95% confidence interval.

2.2. Endpoints and Definitions

The primary aim was to assess the characteristics of patients with purely BAV requiring
surgery. A further aim was to assess the survival after surgery of patients with purely
BAV. The primary indication for operation (AS, aortic regurgitation (AR), or combined AS
and AR) was determined based on the initial echocardiogram and according to the clinical
guidelines in use at the time of the surgery.

2.3. Statistical Analysis

Discrete variables are presented as numbers, percentages, or proportions and com-
pared with either the chi-square test or the Fisher exact test, where appropriate. Continuous
variables are presented as means + standard deviation or medians with the interquartile
range (IQR) if there was evidence of skewed data according to the Kolmogorov-Smirnov
test, and values were compared with either the two-sample ¢-test or Wilcoxon rank-sum
test, where appropriate.

The relative survival can be used as an estimate of cause-specific mortality. It is de-
fined as the ratio between the observed survival rates and the expected survival rates in the
general population [6]. The Human Mortality Database was used to obtain the age-, sex-,
and calendar year-matched expected survival data of the general population in The Nether-
lands [7]. The Human Mortality Database is continuously updated and includes mortality
data from The Netherlands up until 2016. Relative survival was estimated through the
Ederer I method [8,9]. Predictors of mortality were identified in a Cox proportional haz-
ards model. Significant variables on univariable analyses were included in a multivariable
Cox proportional hazards model. Sensitivity analysis was performed for isolated SAVR.
Two-sided p-values < 0.05 were considered to be statistically significant. Data analyses
were done using SPSS 25.0 (SPSS Inc, Chicago, IL, USA) and R software, version 3.5 (R
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Foundation, Vienna, Austria). Figures were generated using Microsoft Excel (Microsoft,
Redmond, WA, USA) and R software, version 3.5 (R Foundation, Vienna, Austria).

3. Results
3.1. Characteristics of Patients with Bicuspid Aortic Valves

A total of 48 purely BAV patients underwent SAVR with concomitant aortic surgery
(Figure 2). The mean age of operated patients was 58.7 4= 13.2, with 9 patients younger than
50 and 10 patients being 70 or older. The prevalence of comorbidities such as hypertension
(32%), hypercholesterolemia (10%), and diabetes mellitus (4%) is shown in Table 1.
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Figure 2. Long-term relative survival after SAVR with aortic surgery compared to the Dutch popula-
tion. Relative survival compared to the age-, gender-, and year-matched population in the overall
cohort. The shaded area represents the 95% confidence interval.

Table 1. Baseline and procedural characteristics in the overall cohort.

Overall Cohort
Age at operation 58.7 £13.2
Gender (female) 16 (33.3)
Indication -
AS 30 (62)
AR 9(19)
Combined 9 (19)
Previous cardiac operation 6 (13)
Creatinine 0.93 (0.86-1.07)
>2mg/dL 0
Atrial fibrillation 5(10)
Diabetes mellitus 2 (4)
Decompensation cordis 4(8)
Hypertension 15 (32)
Hypercholesterolemia 5(10)
Previous myocardial infarction 3(6)
Previous PCI 1(2)
COPD 1(2)
Endocarditis 2(4)
History of cancer 3(6)
Stroke/TIA 2 (4)
Stroke 1(2)
TIA 2 (4)
Arterial disease 3(6)
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Table 1. Cont.

Overall Cohort
Carotid 1(2)
Peripheral 2 (4)
Concomitant CABG 8(17)
Aortic surgery -
Aortic root replacement 10 (21)
Supracoronay ascendens replacement 38 (79)
Ascendens + Hemi(arch) 13 (27)
Valve size 248 +23
Urgency -
Emergent 3(7)
Not emergent 42 (93)
LVEF -
Preserved 35 (76)
Mildly reduced 3(7)
Moderately reduced 6 (13)
Severely reduced 2 (4)
Valve (mechanical) 29 (60)

AR, aortic regurgitation; AS, aortic stenosis; CABG, coronary artery bypass graft; COPD, chronic obstructive
pulmonary disease; LVEEF, left ventricular ejection fraction; PCI, percutaneous coronary intervention; TIA, transient
ischemic attack.

3.2. Procedural Characteristics

The indication for surgery was mainly AS (62%), followed by AR (19%) or combined
AS and AR (19%). The type of aortic surgery was aortic root replacement in 21% of the
patients and supracoronary ascendens replacement in 79% of the patients. Additionally, in
13 patients (27%), on top of the aortic root and/or ascending aorta, concomitant (hemi-)arch
replacement was performed. Further concomitant surgery included coronary artery bypass
graft (CABG) in 17% of the patients. The diameter of the implanted valve prosthesis was
24.8 & 2.3. Further concomitant surgeries and characteristics are shown in Table 1.

3.3. Long-Term Outcomes after Surgery

A total of 12 patients died during follow-up. Survival was 92%, 90%, 83%, 73%, and
68% at 1,2,5, 10, and 20 years of follow-up in the overall cohort for patients with purely
BAV (Figure 1). In age-, sex-, and year-matched Dutch controls, the relative survival in
patients with purely BAV was 99%, 96% 86%, 79%, and 77%, at 1, 2, 5, 10, and 15 years of
follow-up, respectively (Figure 3).

Patients receiving prosthetic aortic valve
at Erasmus MC (1987-2016) (n=4404)

Purely
bicuspid
(n=711)

Patients with purely
bicuspid aortic valves &
concomitant aortic
surgery (n=48)

Figure 3. Flowchart of included patients.
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3.4. Factors Associated with Survival during Follow-Up in the Age-Matched Population

In univariable analyses, the presence of COPD was a predictor of survival (p = 0.02).
However, cardiovascular risk factors such as increasing age (p = 0.20), atrial fibrillation
(p = 0.80), and concomitant CABG (p = 0.64) were not predictors of survival (Table 2).

Table 2. Predictors of survival after SAVR with concomitant aortic surgery.

Characteristics Univariable HR (95% CI); p-Value

Age 1.04 (1.00-1.10); p = 0.20
Sex (female) 1.7 (0.5-5.4); p = 0.37
AS 1.7 (0.4-6.1); p=0.44
AR 0.2 (0.01-3.3); p=0.25
Hypertension 1.1(0.3-3.7); p = 0.86
Hypercholesterolemia 1.0 (0.8-1.1); p=0.29
Diabetes mellitus 1.4(0.9-2.1);p=0.14
Arterial disease 2.3(0.3-18.4); p = 0.44
Renal failure 1.3 (0.6-3.0); p = 0.49
Previous MI 3.1(0.7-14.3); p = 0.14
Previous PCI 1.1(0.6-2.1);p=0.74
Decompensated heart failure 0.8 (0.1-6.1); p = 0.82
LVEF < 50% 1.8 (0.5-6.2); p=0.35
Atrial fibrillation 0.7 (0.1-6.0); p = 0.80
Previous stroke or TIA 2.0 (0.2-15.3); p = 0.52
COPD 1.9 (1.3-2.8); p = 0.002
Concomitant CABG 1.4 (0.4-5.1); p=0.64
Emergent SAVR versus non-emergent 1.7 (0.2-13.5); p = 0.62
Mechanical prosthesis 1.0 (0.2-4.3); p =0.97

AR, aortic regurgitation; AS, aortic stenosis; CABG, coronary artery bypass graft; COPD, chronic obstructive
pulmonary disease; LVEF, left ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary
intervention; SAVR, surgical aortic valve replacement; TIA, transient ischemic attack.

4. Discussion

This study describes patients’ characteristics and outcomes with purely bicuspid aortic
valves that underwent aortic root, ascendens, and arch replacement as concomitant surgery
to SAVR as the long-term survival and predictors of survival in this population. We found
that the purely BAV population requiring SAVR and concomitant aortic surgery (i) mostly
consists of young patients, (ii) has few cardiovascular risk factors that were not found
predictive for their survival, and (iii) has excellent long-term survival.

The mechanisms leading to the development of BAV and the associated aortopathies
are a matter of ongoing discussion. Adriana C. Gittenberger-de Groot and her team
have performed an extensive number of indispensable studies on the spectrum of BAV
disease and associated aortic anomalies over the past three decades. This contribution
includes several developmental, histopathological, and anatomical studies on animal
as well as human tissue, such as the meticulous explanation of cardiac development in
congenital malformations [10], anatomical description of BAV and the aortic root [11], and
the contribution of several cell lineages to the development of BAV and the associated aortic
root anomalies [12-14]. In addition, other groups have reported that patient-specific factors
such as aortic valve stenosis (AS), in combination with the specific leaflet morphology
(the type of BAV) and the resultant shear stress, were associated with dilatation of the
aorta [15,16].

Our cohort consisted of relatively young patients with purely BAV, a minority of
the BAV population [3,17]. Our patients often presented with aortic stenosis, yet aortic
regurgitation incidence was close to 40%. This prevalence of aortic regurgitation was higher
than the standard surgical aortic valve replacement population, which could be partly due
to aortic root or proximal aorta dilatation [4]. A bicuspid aortic valve indicates abnormal
leaflet modeling, subsequently leading to turbulence downstream and upstream of the
aortic valve [18]. This turbulence increases the aortic wall shear stress and abnormal helical
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flow in the ascending aorta, as shown with previous 4D magnetic resonance imaging [19,20].
In addition, increased matrix metalloproteinase activity in the aorta of BAV patients can
affect the structural flexibility by altered elastin, collagen, and smooth muscle composition
of the elastic laminae (aortic media) and can therefore lead to reduced compliance and
increased aortic stiffness [4,21]. Therefore, BAV is associated with an increased prevalence
of aortic root dilatation and ascending aortic aneurysms [22], even in patients without
developed valvular dysfunction [23]. Moreover, gender differences in the aortic dimension
of the patients with BAV were associated with aortopathy. Male patients more often present
with larger aortic annulus and sinotubular junction dimensions [24]. The majority of our
patients (two-thirds) described in this study were male. This finding is similar to previous
studies [4]. Patients with bicuspid valves also present with fewer cardiovascular risk
factors compared to patients with tricuspid aortic morphology and at an earlier age. This
is partly due to accelerated calcification [25]. Aside from aortopathy and subsequent aortic
dissection, endocarditis was prevalent in 4% of our cohort. This rate is lower than the
previously noted higher prevalence [26].

In our cohort, the majority of the patients received mechanical valvular prostheses.
Mechanical prostheses are undoubtedly superior regarding long-term durability and sur-
vival in the younger population [27]. However, a mechanical prosthesis might affect the
patient’s quality of life due to anticoagulant medication and known bleeding risks, es-
pecially in an aging population [28,29]. Nevertheless, our cohort’s overall survival was
exceptionally high, with 68% of the population surviving at 20 years of follow-up. The
relative survival of this population (79%) is close to that of the Dutch general population.
This could be partly explained by the lower prevalence in the cardiovascular risk profile of
those patients.

Limitations

Given its retrospective and nonrandomized nature, our study could be subject to
shortcomings related to data capture and inherent confounders. Second, our study evalu-
ated patient characteristics and long-term mortality as outcomes. Other aspects of clinical
outcome and specific valve-related outcomes, including symptom improvement, qual-
ity of life, and structural valve dysfunction at long-term follow-up, were not assessed
and should be assessed in further studies. In our study, we only included patients with
purely BAV (Type 0) to create a homogenous BAV morphology. However, we are missing
other BAV types with associated raphe and a comparison between our population and the
TAV population in terms of the prevalence of aortopathy, clinical patient characteristics,
and survival.

5. Conclusions

Patients with purely BAV undergoing SAVR with concomitant aortic surgery present
with excellent survival rates. Additional studies are needed to examine the exact effect of
the intervention on other endpoints, such as quality of life.
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Abstract: Objectives the exact timing of aortic valve replacement (AVR) in asymptomatic patients
with severe aortic stenosis (AS) remains a matter of debate. Therefore, we described the natural
history of asymptomatic patients with severe AS, and the effect of AVR on long-term survival.
Methods: Asymptomatic patients who were found to have severe AS between June 2006 and May
2009 were included. Severe aortic stenosis was defined as peak aortic jet velocity Vmax > 4.0 m/s or
aortic valve area (AVA) < 1 cm?. Development of symptoms, the incidence of AVR, and all-cause
mortality were assessed. Results: A total of 59 asymptomatic patients with severe AS were followed,
with a mean follow-up of 8.9 + 0.4 years. A total of 51 (86.4%) patients developed AS related
symptoms, and subsequently 46 patients underwent AVR. The mean 1-year, 2-year, 5-year, and
10-year overall survival rates were higher in patients receiving AVR compared to those who did
not undergo AVR during follow-up (100%, 93.5%, 89.1%, and 69.4%, versus 92.3%, 84.6%, 65.8%,
and 28.2%, respectively; p < 0.001). Asymptomatic patients with severe AS receiving AVR during
follow-up showed an incremental benefit in survival of up to 31.9 months compared to conservatively
managed patients (p = 0.002). Conclusions: The majority of asymptomatic patients turn symptomatic
during follow-up. AVR during follow-up is associated with better survival in asymptomatic severe
AS patients.

Keywords: aortic valve replacement; aortic stenosis; asymptomatic; early surgery; watchful waiting

1. Introduction

Aortic stenosis (AS) is the most common valvular heart disease, with a prevalence of
approximately 5% in adults above the age of 65 years [1]. The prevalence is expected to grow
exponentially in the coming decades due to the aging population in developed countries [2].
Patients with symptomatic severe AS currently hold a class IB recommendation for surgical
aortic valve replacement (SAVR) treatment, due to the dismal prognosis once symptoms
are present [3,4]. Yet, up to 50% of the patients with severe AS report no symptoms at
initial diagnosis [5].

Due to the low risk of sudden cardiac death, which is believed to be approximately
1%, a conservative approach is currently the treatment of choice in the asymptomatic
population. New evidence challenges this belief, and the incidence of sudden death might
be higher than previously expected [6]. In addition, the majority of these patients develop
AS related symptoms and require intervention within the first 2 years of follow-up [7].
In the present study, we aimed to study the natural history of a cohort of consecutive
asymptomatic patients with severe AS, and to evaluate the implications of aortic valve
intervention (AVR) on long-term survival.
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2. Methods
2.1. Patient Population

This retrospectively analyzed, prospective multicenter study enrolled asymptomatic
adult (>18 years) patients diagnosed with severe AS at seven Cardiology clinics in the
Rotterdam area between June 2006 and May 2009. Patients were deemed asymptomatic if
they had no cardiac symptoms at baseline visit (angina, shortness of breath, or syncope).
In accordance with the European Society of Cardiology and American College of Cardiol-
ogy/American Heart Association Guidelines for the Management of Patients With Valvular
Heart Disease, severe AS was defined as aortic jet maximal velocity Vmax > 4.0 m/s or
aortic valve area (AVA) < 1 cm? [8,9]. Patients had a normal left ventricular ejection fraction
(>50%). After inclusion in the present cohort, asymptomatic patients were invited for exer-
cise testing at baseline. A positive exercise test was defined according to the ACC/AHA
guidelines [10]. The study was approved by the medical ethics committee of the Erasmus
University Medical Center, and patient informed consent was waived. All authors vouch
for the validity of the data and adherence to the protocol.

2.2. Endpoints and Definitions

The primary endpoint was all-cause mortality. The secondary endpoints were the
development of AS related symptoms and the need for AVR with either SAVR or tran-
scatheter aortic valve implantation (TAVI). SAVR within 24 h of establishing the indication
was classified as urgent.

2.3. Statistical Analysis

Discrete variables are presented as numbers, percentages, or proportions. Continuous
variables are presented as means =+ standard deviation, and presented as median with the
interquartile range (IQR) if there was evidence of skewed data according to the Kolmogorov—
Smirnov test. Discrete variables were compared with either the Chi Square test or the
Fisher exact test, where appropriate. Continuous variables were compared with either the
two-sample t-test or Wilcoxon rank-sum test, where appropriate.

Cumulative incidences were assessed using Kaplan-Meier curves to estimate the
probability of: (i) symptom development, (ii) AVR, (iii) all-cause mortality in the overall
cohort, and (iv) all-cause mortality in patients separated by whether they underwent AVR
during follow-up. The incidence of AVR during follow-up was calculated and expressed
as the number of AVRs per 1000 patient-years.

Predictors of (i) all-cause mortality and (ii) AVR were identified by a Cox propor-
tional hazards model. Significant variables on univariable analyses were included in a
multivariable Cox proportional hazards model. Furthermore, the restricted mean survival
time at 10-years of follow-up was calculated to substantiate the overall treatment effect.
Two-sided p-values < 0.05 were considered to be statistically significant. Data analyses
were performed using SPSS 25.0 (SPSS Inc., Chicago, IL, USA) and R software, version 3.4
(R Foundation, Vienna, Austria).

3. Results
3.1. Baseline Characteristics

The final study population consisted of 59 asymptomatic patients with severe AS
(Supplementary Materials, Figure S1). The mean age of the patients was 68.2 & 10.7 years.
Patients receiving AVR during follow-up were younger compared to patients with a
conservative approach, 66.5 + 10.6 versus 74.1 & 8.9; p = 0.022, respectively. Asymptomatic
patients with AVR during follow-up had a trend toward being female (30.4% versus 7.7%,
p = 0.096) and had less diabetes mellitus (13.0% versus 46.2%, p = 0.009). No difference in
baseline severity of AS was noted, based on AVA (0.85 £ 0.27 versus 0.80 £ 0.30, p = 0.536)
and Vmax (4.23 £ 0.68 versus 4.28 £ 0.70, p = 0.823). Further baseline characteristics for
the overall cohort and patients undergoing AVR and no AVR during follow-up are shown
in Table 1.
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Table 1. Baseline characteristics of the asymptomatic population.

All (n = 59) Conservative Treatment (1 = 13) AVR (n = 46) p-Value
Age (years) 68.8 +10.6 741+ 89 66.5 + 10.6 0.022
Female 15 (25.4) 1(7.7) 14 (30.4) 0.096
BMI 271 +£3.7 27.5+39 269 £3.7 0.661
BSA 1.93 +0.20 2.00 +0.12 191 £0.21 0.226
Previous CABG 2(3.4) 0 2 (4.3) 0.444
Smoking 42 (71.2) 10 (76.9) 32 (69.6) 0.605
Atrial fibrillation 4(7.0) 2(15.4) 2 (4.5) 0.179
Carotid disease 1(1.7) 1(7.7) 0 0.058
Coronary artery disease 4 (6.8) 0 4(8.7) 0.271
COPD 6(10.2) 2 (15.4) 4(8.7) 0.481
Diabetes 12 (20.3) 6 (46.2) 6 (13.0) 0.009
Hyperlipidemia 29 (49.2) 8 (61.5) 21 (45.7) 0.312
Hypertension 29 (49.2) 5(38.5) 24 (52.2) 0.383
Myocardial infarction 4(6.8) 0 4(8.7) 0.271
Peripheral arterial disease 5(8.5) 0 5(10.9) 0.214
Stroke 12 (20.3) 3(23.1) 9 (19.6) 0.781
NT-proBNP (pmol/1) 32.0 (18.0-97.0) 33.0 (12.8-149.3) 32.0 (18.0-89.0) 0.976
Baseline positive stress test 15 (25.4) 4 (30.8) 11 (24.4) 0.646
Logistic EuroSCORE 4.0 (2.1-6.9) 4.7 (3.2-8.1) 3.9 (2.1-5.5) 0.485
STS score 3.8 (2.0-6.0) 5.2 (2.2-8.6) 3.6 (2.0-5.0) 0.403
No medication 13 (22.0) 2(15.4) 11 (23.9) 0.512
Diuretics 11 (18.6) 3(23.1) 8(17.4) 0.642
Ace Inhibitor 14 (23.7) 4(30.8) 10 (21.7) 0.499
A2 antagonist 11 (18.6) 5(38.5) 6 (13.0) 0.038
B blocker 15 (25.4) 1(7.7) 14 (30.4) 0.096
Calcium antagonist 8(13.6) 2 (15.4) 6(13.0) 0.828
Digoxine 4(6.8) 0 4(8.7) 0.271

Echocardiographic Parameters

Vmax (m/s) 424 +0.68 428 £0.70 423 +0.68 0.823
AVA (cm?) 0.85+0.28 0.80 + 0.30 0.85 +0.27 0.536
iAVA (cm?/m?) 0.44 +£0.15 041 +0.16 044 +0.14 0.423
MAG (mmHg) 428 +15.0 443 +174 423+ 144 0.684
PAG (mmHg) 73.2+23.6 753 +24.1 72.6 +23.7 0.720
AR grade I/II 29 (50.0) 6 (46.2) 23 (51.1) 0.753
MR grade I/11 12 (20.7) 4 (30.8) 8(17.8) 0.308
LVEF 625+59 61.1+59 62.7 £5.7 0.374
LF/LG AS (%) 5(8.5) 0 5(10.9) 0.214
LVH (%) 14 (25.5) 2(16.7) 12 (27.9) 0.429
TAPSE (mm) 25.1+37 23.6 +£2.8 255+39 0.104
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Table 1. Cont.

All (n = 59) Conservative Treatment (1 = 13) AVR (n = 46) p-Value

LVEDD (mm) 49.0 £ 6.0 49.6 £ 5.1 255 +39 0.687
LVESD (mm) 31.4+62 30.3 £5.7 31.7 £ 6.4 0.466
LVFS (%) 36.1 8.8 38.6 £ 11.0 354 +8.1 0.248
LA (mm) 413+ 64 422+ 68 41.0+63 0.563
IVSd (mm) 126 £2.7 125+2.0 12.6 £2.9 0.834
IVCd (mm) 174 £ 3.6 164 +£2.7 17.7 £ 3.8 0.252
PWd (mm) 10.8 £2.0 115+17 10.7 £2.1 0.161
E’ (cm/s) 79.5 £ 23.6 69.1 +29.9 82.0 £ 21.4 0.103
A’ (cm/s) 89.9 +37.2 104.2 £59.9 86.0 £ 27.9 0.134
E'A’ ratio 1.0 £0.57 0.8+05 1.1£06 0.120
LVET (ms) 3221 £32.2 312.6 439 324.8 +28.4 0.296
DT (ms) 239.4 + 63.3 217.5 £ 52.6 245.3 £ 65.2 0.198

Values are presented as mean = SD or 1 (%). A’, peak velocity of diastolic mitral annular motion; AR, aortic regurgitation; AVA, aortic
valve area; BMI, body mass index; BSA, body surface area; COPD, chronic obstructive pulmonary disease; DT, deceleration time; iAVA,
indexed aortic valve area; E/, peak velocity of early diastolic mitral annular motion; E'A’ ratio, ratio of E’ to A’; IVCd, inferior vena cava
dimension; IVSd, interventricular septum dimension; LA, left atrium; LF/LG AS, low-flow /low-grade AS; LVEDD, left ventricular end
diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end systolic diameter; LVET, left ventricular ejection time;
LVFS, left ventricular fractional shortening; LVH, left ventricular hypertrophy; MAG, mean aortic gradient; MR, mitral regurgitation; PAD,
peripheral arterial disease; PAG, peak aortic gradient; PWd, posterior wall dimension; TAPSE, tricuspid annular plane systolic excursion;
Vmax, maximal velocity.

100%

3.2. Natural Course of Asymptomatic Severe Stenosis

Forty-seven out of the 59 patients underwent an exercise stress test at baseline. Of
these 47 patients, 15 (32%) tested positive and 32 (68%) patients tested negative. The other
twelve patients were unable to undergo an exercise stress test. Nearly half of the patients
had their symptoms unmasked by baseline exercise test or eventually developed symptoms
within the first year after initial diagnosis (1 = 26; 44%), but the vast majority of patients
had symptoms (1 = 51/59, 86.4%) before AVR or death (Figure 1). Mean time to symptom
onset was 2.6 &+ 0.4 years. During follow-up, 46 patients required AVR, of whom 11 (24.4%)
had a positive exercise test at baseline. Three patients underwent TAVI. Eight patients
died before undergoing AVR. Cumulative incidence of AVR was 13.6% and 91.4% at 1-year
and 10-years, respectively (Figure 1). The linearized incidence rate of AVR was 95.5 per
1000 patient-years. Baseline characteristics of patients who did not undergo AVR according
to survival status is shown in Table S1.
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Figure 1. Survival during follow-up. Actual survival of asymptomatic patients according to having received AVR during
follow-up. Blue line represents patients who underwent AVR during follow-up. Red line represents patients who did not

undergo AVR during follow-up. Shaded region represents the 95% confidence interval. AVR, aortic valve replacement.
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3.3. Survival

During the mean follow-up time of 8.9 & 0.4 years, 35 patients (59.3%) died. Early
(30-day) mortality after AVR occurred in 0 patients. The incidence of all-cause mortality
was 38.9% at 10-years in the overall cohort (Figure 2C). The mean 1-year, 2-year, 5-year,
and 10-year overall survival rates was higher in patients receiving AVR compared to
conservatively managed patients (100%, 93.5%, 89.1%, and 69.4% versus 92.3%, 84.6%,
65.8%, and 28.2% respectively; p < 0.001) (Figure 2). Patients receiving AVR during follow-
up had a 31.9-month survival benefit over 10 years of follow-up (95% confidence interval
(CI): 13.27-58.44, p = 0.002) compared to conservatively managed patients (Table 2).
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Figure 2. Cumulative incidence rates in the overall cohort. (A) symptom development, (B) aortic valve replacement (either
surgical or transcatheter), and (C) all-cause mortality. Shaded region represents the 95% confidence interval.
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Table 2. Between-group differences in mortality among treatment strategies (conservative ver-
sus AVR).

Overall Cohort
Restricted Mean Survival Time at 10 Years 95% CI p-Value
Difference—months 31.85 13.27-58.44 0.002
Ratio 1.51 1.11-2.05 0.008
Ratio of restricted mean time lost 0.28 0.13-0.60 0.001

AVR, aortic valve replacement; CI, confidence interval.

3.4. Predictors of Outcome

In univariable analyses, being older (HR 1.11, 95% CI 1.06-1.17), having higher NT-
proBNP levels (HR 1.002, 95% CI 1.001-1.004), having diabetes mellitus (HR = 4.57, 95%
CI 1.91-10.96), atrial fibrillation (HR 4.98, 95% CI 1.40-17.72), and AVR during follow-up
(HR 0.24, 95% CI 0.10-0.58) were predictors of all-cause mortality (Table 3). Age remained
the only predictor after multivariable analysis (HR 1.08, 1.01-1.16, p = 0.026). Univariate
predictors of AVR in asymptomatic patients are shown in Table S2.

Table 3. Predictors of all-cause mortality in the overall cohort during follow-up.

Univariable HR (95% CI),
p-Value

Multivariable HR (95% CI),
p-Value

Age 1.11 (1.06-1.17), p < 0.001 1.08 (1.01-1.16), p = 0.026
Gender (female) 0.43 (0.16-1.37), p = 0.125
Atrial fibrillation 4.98 (1.40-17.72), p = 0.013 3.10 (0.68-14.26), p = 0.146
Coronary artery disease 0.62 (0.08—4.59), p = 0.639
COPD 1.60 (0.48-5.39), p = 0.446
Diabetes mellitus 4.57 (1.91-10.96), p < 0.001 2.36 (0.87-6.44), p = 0.094
Hyperlipidemia 1.65 (0.72-3.78), p = 0.234
Hypertension 1.50 (0.66-3.37), p = 0.332

Myocardial infarction
Peripheral arterial disease

1.14 (0.27-4.86), p = 0.862
1.58 (0.46-5.34), p = 0.466

Stroke 2.11 (0.90-4.92), p = 0.086
Exercise test (positive) 0.74 (0.27-1.98) p = 0.543
NT-proBNP 1.002 (1.001-1.004) p < 0.001 1.002 (1.00-1.003), p = 0.053

STS score 1.06 (0.99-1.14), p = 0.098
Logistic EuroSCORE 1.22 (1.09-1.35), p < 0.001 0.98 (0.81-1.18), p = 0.830
AVR 0.24 (0.10-0.58) p = 0.002 1.17 (0.31-4.36), p = 0.820

LVEF 0.96 (0.90-1.04), p = 0.315

Vmax 0.95 (0.53-1.70), p = 0.851

AVA 0.19 (0.03-1.11), p = 0.065

iAVA 0.05 (0.00-1.141), p = 0.078

MAG 1.01 (0.99-1.03), p = 0.460

PAG 1.00 (0.98-1.10), p = 0.817

AVA, aortic valve area; AVR, aortic valve replacement; COPD: chronic obstructive pulmonary disease; iAVA,
indexed aortic valve area; LVEEF, left ventricular ejection fraction; MAG, mean aortic gradient; PAG, peak aortic
gradient; STS, Society of Thoracic Surgery; Vmax, maximal jet velocity.

4. Discussion

This study describes the natural history of asymptomatic patients with severe AS and
the impact of intervention in this patient population. We found that (i) the majority of the
patients eventually develop AS related symptoms, (ii) subsequently requiring AVR, and
that (iii) patients who received AVR had a survival benefit of close to three years compared
to conservatively managed patients.

Adriana C. Gittenberger-de Groot and her team have performed an extensive number
of indispensable studies on the spectrum of aortic valvular disease over the past decades,
including histopathological, anatomical, and developmental studies on animal, as well as
human, tissue [10].
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The majority of asymptomatic patients developed symptoms within the first 3 years
after initial diagnosis [11], with up to 86.4% at 10-years in our cohort. The asymptomatic
patient might be “falsely” labelled as asymptomatic. In our cohort 79.7% underwent exer-
cise stress testing at baseline, of whom 31.9% of the patients had a positive test. Abnormal
exercise test is associated with impaired 2-year event-free survival [12-14], and is a clear
indication of AVR [3,4]; especially in elderly patients who are subconsciously adapting
their exercise to their tolerance and underrepresent their symptoms. It is still concerning
that relatively few asymptomatic patients in practice undergo routine stress testing [15].
Several difficulties with exercise testing exist in the elderly population, including (1) its
lower predictive value compared to a younger population, (2) limited exercise capability
in the elderly due to non-cardiac conditions limiting mobility, and (3) the differences in
exercise protocol and definition of an abnormal exercise test [16,17]. The relevancy and
accuracy of exercise testing is therefore still a debated topic.

The majority of the asymptomatic population with severe AS who develop symptoms
underwent AVR (91.4%). Our rate was higher in comparison with earlier reports, wherein
approximately 57% of the patients underwent AVR at 10-years of follow-up [11]. This
discrepancy could be caused by the recommendation of the physician. The current asymp-
tomatic patient with severe AS does not have a formal indication for intervention, unless the
patient has (1) depressed LVEEF, or (2) is undergoing concomitant cardiac surgery [3,4]. Yet,
it is expected that the degree of AS will gradually increase, and the initially asymptomatic
patient eventually will develop symptoms due to disease progression, and subsequently
requiring the guideline recommended AVR. The upfront gain obtained by delaying surgery
might not outweigh the risk of AVR being delayed with conservative treatment. This is
especially the case in patients who are older, and subsequently have increased operative
risk [18]. In those patients the long-term hemodynamic consequences might outweigh the
positive outcomes of an early interventional strategy [19,20].

Asymptomatic patients with severe AS undergoing AVR during follow-up had better
survival compared to conservatively managed patients. In the first randomized controlled
trial, a total of 145 asymptomatic patients with very severe AS were randomized to early
surgery (n = 73) and conservative care (n = 72) [21]. Early surgery resulted in improved
survival at 8-years of follow-up compared to patients treated with a conservative approach
(90% versus 74%, p = 0.003, respectively). However, this study only provides a perspective
on patients with very severe AS. Initial data in asymptomatic patients with severe AS on
all-cause mortality at 5-year from the CURRENT AS registry indicate a survival benefit for
patients undergoing surgery within 3-months compared to conservative treatment, 26.4%
vs. 15.4%; p = 0.009, respectively [20]. While a pre-emptive strategy seems superior in those
with (very) severe AS [21], the exact timing and benefit of AVR in asymptomatic patients
with severe AS remains to be defined. The exact timing may be refined with improvements
in imaging modalities. Measuring the aortic valve calcium score through computed tomog-
raphy has emerged as a strategy to assess the severity and progression of aortic stenosis,
especially in asymptomatic patients with echocardiographic discordance [22]. With the
advent of TAVI, conservative treatment is a solution that almost nobody still considers. The
role of minimally invasive techniques and imaging modalities in the asymptomatic cohort
with severe AS will need to be substantiated in the future (NCT03094143 and NCT03042104,
Table S3).

5. Limitations

Several limitations need to be acknowledged. First, this is an retrospective study, with
the inherent shortcomings. Second, the number of patients and subsequent events was
relatively low, with shortcomings related to overfitting of multivariable analyses. Given the
fact that patients were not randomized into early surgical management and conservative
treatment, potential selection bias cannot be eliminated, wherein an older patient was less
likely to undergo AVR, as the indication for treatment was left to the discretion of the
treating physician.
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6. Conclusions

The vast majority of asymptomatic patients with severe AS develop symptoms during
follow-up and subsequently require intervention. Intervention during follow-up is associ-
ated with better long-term survival, and early intervention is likely to improve survival.
Close clinical follow-up is warranted for all patients, and pre-emptive elective aortic valve
procedures may be considered in selected elderly patients at low procedural risk. Further
results from the currently ongoing clinical trials will give us more insight into the role of
early intervention in asymptomatic patients with severe AS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcdd8040035 /51, Figure S1. Flowchart of the patients during follow-up. A total of 59 asymp-
tomatic patients with severe AS were included. Total of 51 patients did develop symptoms and
8 did not. Of whom who did develop symptoms underwent 42 AVR, and 15 patients died after AVR.
Of whom who did not develop symptoms 3 underwent AVR, and 1 died after AVR. Five patients
died after symptoms without undergoing AVR. Four patients died with no symptoms without
undergoing AVR.
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Abbreviations

A/ peak velocity of diastolic mitral annular motion
AR aortic regurgitation

AS aortic stenosis

AVA aortic valve area

AVR aortic valve replacement

BMI body mass index

BSA body surface area

CI confidence interval

COPD chronic obstructive pulmonary disease

E peak velocity of early diastolic mitral annular motion
E’'A’ ratio ratio of E/ to A

EuroSCORE  European system for cardiac operative risk evaluation
HR hazard ratio

iAVA indexed aortic valve area

IvCd inferior vena cava dimension

Ivsd interventricular septum dimension

LA left atrium

LF/LG AS low-flow /low-grade AS

LVEDD left ventricular end diastolic diameter

LVEF left ventricular ejection fraction

LVET left ventricular ejection time
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LVESD  left ventricular end systolic diameter
LVFS left ventricular fractional shortening
LVH left ventricular hypertrophy

MAG mean aortic gradient

MR mitral regurgitation

PAD peripheral arterial disease

PAG peak aortic gradient

PWd posterior wall dimension

RCT randomized controlled trial

SAVR  surgical aortic valve replacement

STS society of thoracic surgery

TAPSE  tricuspid annular plane systolic excursion
TAVI transcatheter aortic valve implantation

Vmax  maximal velocity
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Abstract: (1) Background: The pathophysiologic basis of an acute type A aortic dissection (TAAD)
is largely unknown. In an effort to evaluate vessel wall defects, we systematically studied aortic
specimens in TAAD patients. (2) Methods: Ascending aortic wall specimens (1 = 58, mean age
63 years) with TAAD were collected. Autopsy tissues (1 = 17, mean age 63 years) served as controls.
All sections were studied histopathologically. (3) Results: Pathomorphology in TAAD showed
predominantly moderate elastic fiber fragmentation/loss, elastic fiber thinning, elastic fiber degener-
ation, mucoid extracellular matrix accumulation, smooth muscle cell nuclei loss, and overall medial
degeneration. The control group showed significantly fewer signs of those histopathological features
(none-mild, p = 0.00). It was concluded that the dissection plane consistently coincides with the vasa
vasorum network, and that TAAD associates with a significantly thinner intimal layer p = 0.005).
(4) Conclusions: On the basis of the systematic evaluation and the consistent presence of diffuse,
pre-existing medial defects, we hypothesize that TAAD relates to a developmental defect of the
ascending aorta and is caused by a triple-hit mechanism that involves (I) an intimal tear; and (II) a
diseased media, which allows (III) propagation of the tear towards the plane of the vasa vasorum
where the dissection further progresses.

Keywords: acute aortic syndrome; cardiovascular disease; aorta

1. Introduction

An acute aortic dissection is a medical catastrophe [1] with an estimated mortality
of 26% in patients undergoing acute surgery and up to 58% in patients not receiving
surgical treatment [2]. Reported incidences of an aortic dissection vary between 3 and 9 per
100,000 person-years [1-4], but with an aging population further increases are anticipated
for the future.

An aortic dissection is hallmarked by a tear in the intimal layer, which allows blood to
access the middle layer of the wall, causing the vascular layers to separate (dissect) from
one another, resulting in formation of a “’false” lumen. One or multiple re-entry tears down-
or upstream allow flow in the false lumen. Pressure build-up in the false lumen may result
in compression of the aortic side branches. Depending on the degree of occlusion, and the
side branches involved, this may result in life-threatening ischemia.

The large majority of dissections are continuous with the actual arterial lumen via
one or more intimal “entry tears”, yet some dissections may present without an apparent
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continuity with the actual lumen [1]. Based on their location and extent, an aortic dissection
is classified as Stanford type-A (TAAD) dissections (dissections involving the aortic root
and/or ascending aorta, which can propagate to the aortic arch and further into the
descending aorta), and type-B dissections (dissections that do not involve the ascending
aorta) [5]. The focus of this study is on TAAD.

The pathophysiologic basis of TAAD is poorly understood. Although the disease
is associated with hypertension [1-3], the great majority of patients with hypertension
will not develop a dissection. Observed associations between sporadic TAAD and genetic
disorders that associate with structural aortic defects such as Marfan-, Ehlos-Danlos-, and
Turner’s syndrome [1,3] imply impaired aortic wall integrity as a predisposing factor for
TAAD.

A role for (an) underlying aortic defect(s) as predisposing factor for TAAD is further
supported by a number of histological evaluations [6-8]. Unfortunately, while diffuse me-
dial defects are consistently reported in the literature, the published studies are extremely
heterogeneous with respect to the histopathological descriptions and the nomenclature
used [9]. Moreover, most evaluations so far are based on conventional Haematoxylin and
Eosin (H&E) staining, a staining that while highly useful for obtaining a gross overview of
cell shape and cellular density lacks the level of information required for the appreciation
of putative matrix defects.

With the aim of harmonizing the histomorphological characterization of degenerative
vascular pathologies, the Society for Cardiovascular Pathology along with the Association
for European Cardiovascular Pathology recently issued a consensus statements with an
unambiguous nomenclature [9]. This nomenclature allows for a systematic and uniform
description of the histomorphology of non-inflammatory degenerative vascular patholo-
gies [9]. In order to systematically map and describe putative aortic wall defects in TAAD,
we now applied the consensus scoring and nomenclature on histological sections of 58
successive TAAD patients that underwent ascending aortic replacement for a type-A dis-
section. In order to optimally map putative matrix defects, H&E staining was combined
with MOVAT pentachrome and Resorcin Fuchsin (elastin) stainings.

2. Materials and Methods
2.1. Ethics

Our study complies with the Declaration of Helsinki. Approval for this study was
granted by the Medial Ethical Committee of Leiden University Medical Center (LUMC),
Leiden. All control specimens were obtained post mortem. Obduction has been performed
according the guidelines of the pathology department. Tissue collection was performed
according to the regulations and protocols for secondary tissue use of the dept. of pathology
at the Leiden University Medical Center. We have obtained permission to include the
specimens in our study and obduction.

2.2. Patients and Tissue Samples

Ascending aortic wall samples were obtained from the aortotomy site as residual
aortic wall material during an ascending aortic replacement in patients with acute TAAD.
Seventeen control aortas were obtained during post-mortem autopsies. The wall samples
were formalin-fixed, decalcified using Kristensens solution, and paraffin-embedded.

Successive 4 um sections were, respectively, Haematoxylin-Eosin (HE)-, Resorcin-
Fuchsin (RF)-, and MOVAT-pentachrome-stained. Vasa vasorum were visualized by CD31
staining (M0823, Agilent, Amsterdam, the Netherlands), 1/1000 after Tris EDTA (0.01 M,
pH 8) heat retrieval. The anti-mouse Envision+ System HRP (K4007, Agilent) and DAB
solution (K3468, Agilent) were used for visualization.

2.3. Morphology

Histomorphological grading was performed according to the consensus classification
for degenerative aorta pathology [9]. Elastic fiber fragmentation/loss, elastic fiber thinning,
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elastic fiber disorganisation, mucoid extracellular matrix accumulation, smooth muscle cell
nuclei loss, and overall medial degeneration were described as none (0), mild (1), moderate
(2), or severe (3). Standard H&E staining was used to examine smooth muscle cell nuclei
loss; elastic fiber fragmentation/loss, elastic fiber thinning, and elastic fiber disorganisation
were graded by RF staining, and mucoid extracellular matrix accumulation and medial
degeneration were scored in the MOVAT pentachrome staining. Scoring was performed by
two independent researchers. Inter-observer variation was estimated with Cohen’s kappa
coefficient [10]. Excellent (>0.8) Cohen’s kappas [10] were observed for all parameters
(Table 1).

Table 1. Morphological aspects included in the Pathology Consensus Score with the calculated kappa
coefficient.

Morphological Feature Kappa
Elastic fiber fragmentation/Loss 0.915
Elastic fiber thinning 0.880
Elastic fiber degeneration 0.801
Mucoid extra cellular matrix accumulation 0.938
Smooth muscle cell nuclei loss 0.978
Overall medial degeneration 0.879

2.4. Anatomical Location of Dissection Plane

The relative position of the dissection plane in the media was estimated as the ratio
of the distance from the first major internal elastic lamella (lamina elastica interna) to the
dissection plane over the full medial thickness (i.e., inner to outer elastic lamina (lamina
elastica externa) (Figure 1). For the relative position of the vasa vasorum, the ratio of
the distance from the lamina elastica interna to the vasa vasorum and the full medial
thickness were calculated (Figure 2). Distance ratios were assessed for three different fields
using Philips Standalone Viewer software (Philips, Eindhoven, The Netherlands), and the
average relative position was used.

2.5. Statistical Analysis

Statistical analysis was performed using the IBM SPSS statistics software, version
26. Chi-square test was used to compare the morphology between the dissection and the
control group. Independent samples ¢-test was used to compare the ratio of the dissection
plane to ratio of the vasa vasorum plexus.
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Figure 1. Ratio dissection plane. Transverse histologic sections of the ascending aorta 4 um stained with MOVAT pen-
tachrome staining. (A) Overview ascending aorta I = intima, m = media, a = adventitia. (B) 1: Lamina elastica interna (LEI),
2: dissection plane (DP), and 3: lamina elastica externa (LEE). (C) 4: Distance between LEI and DP, 5: distance between LEI
and LEE. Ratio dissection plane is defined as distance 4 divided by distance 5.
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Location of dissection plane

45.5X

Location of vasa vasorum

Inner media

Middle media

| Quter media

Figure 2. Ratio vasa vasorum. Transverse histologic sections 4 um stained for CD31 (A,B,E) and MOVAT (C,D) in a control
patient (A-E). A shows an overview of the ascending aorta, with the dashed lines indicating the lamina elastica interna
(LEI), with a detailed view of the LEI in B in a CD31 stained section and in C in a MOVAT stained section. The second
dashed line (A) indicates the lamina elastica externa (LEE), with a detailed view in the MOVAT stained section (D). The
asterisk indicates the nearest vasa vasorum (A,E). The ratio of the vasa vasorum is calculated by dividing the distance
between LEI and nearest vasa vasorum (indicated by 1 in A) by the distance between LEI and LEE (indicated by 2 in A).
The location of the dissection plane is shown on the left and the vasa vasorum on the right in graph F. Each triangle and
asterisk (F) represents one TAAD patient. The red line represents the median location of the dissection plane, and the green

line represents the median location of vasa vasorum. The dashed lines are the borders between the inner, middle, and

outer media.

3. Results
3.1. Patient Characteristics

This study includes 58 successive TAAD patients and 17 control patients. Baseline
characteristics of the patients are shown in Table 2.
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Table 2. Baseline characteristics.

Type A Aortic Dissection

Control Group

Variable Group n = 58 n=17

Age, years 63 £ 10.36 63 £ 5.46
Gender
- Female 26 (45%) 9 (53%)
- Male 31 (53%) 8 (47%)
- Unknown 1(2%) 0 (0%)
Arterial hypertension
- Yes 28 (48%) 5 (29%)
- No 29 (50%) 5 (29%)
- Unknown 1(2%) 7 (42%)
Peripheral arterial disease
- Yes 0 (0%) 0 (0%)
- No 57 (98%) 0 (0%)
- Unknown - 1(2%) - 17 (100%)
Valve Morphology
- Tricuspid aortic valve - 52 (90%) - 17 (100%)
- Bicuspid aortic valve - 4 (7%) - 0 (0%)
- Unknown - 2 (3%) - 0 (0%)
Connective tissue disorder
- Marfan syndrome - 2 (4%) - 0 (0%)
Diabetes Mellitus
- Yes - 1(2%) - 1(6%)
- No - 57 (98%) - 9 (53%)
- Unknown - 0 (0%) - 7 (41%)

3.2. Histopathology of the Vascular Wall

Putative aortic wall abnormalities in TAAD were mapped according to the revised,
consensus nomenclature for noninflammatory, degenerative aortic histopathologies [9].
Conclusions for this systematic evaluation of TAAD wall and control aorta are summarized
in Table 3 and Figure 3. While all degenerative aspects covered in the consensus classifica-
tion were classified moderately severe in TAAD, in the control group predominantly mild
degenerative aspects were observed, with a significant difference between both groups
(Table 3) (Figure 3). After excluding the BAV and MFS patients from the TAAD group, the
observed differences remained significant.

Wall thicknesses in TAAD and control were similar, but the intimal thickness was
consistently less in the TAAD group (mean thickness 131 £+ 122 um (mean =+ sd) vs.
193 £ 132 um (mean = sd) in the control group (p = 0.044) (Figure 4). Intimal thickness of
the 6 patients with Marfan syndrome or BAV disease included in this study was 47 + 29
um (mean =+ sd). After excluding the BAV and MFS patients from the TAAD group, the
intima was still significantly thinner than in the control group.
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Table 3. Histomorphological features in the aortic dissection and control group.

. Type A Aortic
Morlg:ah(t)lzglcal Score Dissection Cont;]o:o/c)roup p-Value
eature Group N (%) °
- None - 0(0) - 2(12)
Elastic fiber frag- - Mild - 1909 - 1482
mentation/loss -  Moderate - 29(50) - 1(6) 0.000
- Severe - 10 (17) - 0 (0)
- None - 0(0) - 2 (12)
Elastic fiber - Mild - 12 (21) - 15 (88)
thinning - Moderate - 41 (71) - 000 0.000
- Severe - 5(8) - 0 (0)
- None - 0(0) - 2(12)
Elastic fiber - Mild - 1B@ - 13(76)
disorganization -  Moderate - 28(48) - 2(12) 0.000
- Severe - 17 (29) - 0 (0)
- None - 000 - 0(0)
Overall medial - Mild - 6 (10) - 16 (94)
degeneration - Moderate - 27(47) - 1(6) 0.000
- Severe - 25 (43) - 0 (0)
Mucoid - None - 00 - 000
extracellular - Mild - 8(10) - 15(88)
matrix - Moderate -  32(55) - 2(12) 0.000
accumulation - Severe - 18(3D) - 0(0)
- None - 0(0) - 000
Smooth rn.uscle _ Mild _ 10 (17) _ 8 (47) 0.023
cellnucleiloss . Moderate - 33(57) - 9(53)
- Severe - 14 (24) - 0 (0)
Severe
[ Dissection
[ Control
Moderate ot -
Mild - - = =
None
EFF/L EFT EFD EMD  MEMA  SMCNL

Figure 3. Graph of median morphology scores comparing the dissection and control group. Boxplot
of median morphological scores comparing the dissection and control group. Boxes represent median
morphological score (bold horizontal lines) and interquartile ranges (75%; 25%). Extremes are
presented as asterisks. Blue corresponds to the dissection group and red to the control group. EFF/L:
elastic fiber fragmentation/loss; EFT: elastic fiber thinning; EFD: elastic fiber degeneration; OMD:
overall medial degeneration; MEMA: mucoid extracellular matrix accumulation; SMCNL: smooth

muscle cell nuclei loss.
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Figure 4. Intimal thickness. Transverse histologic sections (4 um) stained for Resorcin Fuchsin (RF), Haematoxylin Eosin
(HE), and MOVAT. The intimal layer, indicated with the dashed line, is significantly thinner in the dissection group (a patient
without Marfan or a bicuspid aortic valve) (A-D) than in the control group (E-H) (Graph I). Magnification (AE) 1.5,

(B-D,F-H) 11.5x, *: p < 0.05.
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3.3. Dissection Plane

From the histological evaluation, the picture emerged of a uniform dissection plane
for all TAAD specimens in the study. We therefore evaluated the level of the dissection
plane for the 41 cases for which full-thickness aortic wall samples were available. For the
remaining 17 samples, the adventitial aspect of the media was either lost or fully separated
from the media in the process of tissue procurement. In the available full thickness samples,
the dissection plane was consistently located in the outer aspect of the media (at 83% (SD
0.08) of the full medial thickness), a level that coincides with the aortic vasa vasorum
network (Figure 2). The level of the vasa vasorum was calculated in the specimen with an
intact vasa vasorum network in the outer media (n = 25).

4. Discussion

This systematic histological evaluation of aorta segments of type A dissections shows
universal presence of diffuse, moderately-severe medial defects, a thinner intima, and a
dissection plane that is consistently located at the level of the vasa vasorum network in the
outer media. On basis of these observations, the picture emerges of aortic dissection being
the consequence of a multi-hit process that involves a potentially more vulnerable (thinner)
intima, a pre-existing incompetent media that is unable to withstand the tear forces exerted
by the blood following an intimal tear, thereby allowing the blood access to an area of least
resistance (the actual dissection plane) at the level of the vasa vasorum network in the
outer medial layer.

Histological evaluation indicated universal presence of medial defects in all TAAD
cases included in this evaluation. Medial defects were systematically inventoried by apply-
ing the recently issued consensus grading from the Society for Cardiovascular Pathology
and the Association For European Cardiovascular Pathology [9]. This consensus grading
system was developed in order to harmonize the nomenclature for histopathology of
vascular diseases. The ultimate aim of the nomenclature is to facilitate data integration of
results obtained from different groups or from different diseases [11]. Evaluation of the
grading performance showed excellent Cohen’s kappas for all parameters in the consensus
grading.

This is the first study to apply the consensus classification to TAAD wall samples.
Based on this grading, it was concluded that TAAD universally associates with moderately
severe elastic fiber pathology, overall medial degeneration, mucoid extracellular matrix
accumulation, and smooth muscle cell nuclei loss. Additionally, MOVAT staining implied
further pathological changes not included in the consensus classification [11] such as
extensive (micro) fibrotic changes [12] and adventitial remodeling in subset of cases.

Apart from the consistent presence of the moderately severe medial defects, this
systematic histological inventory also revealed a remarkably thin intima, and the existence
of uniform dissection plane, as consistent findings in the 58 TAAD cases.

Although one could speculate that the observed thin intima in TAAD constitutes
the primary defect, with thin intima’s being more prone to dissection and the medial
defects reflecting a bystander phenomenon, such a theory is not compliant with the clinical
observations that intimal tears or medial injuries in a healthy vessel do not result in
dissection. Localized intimal tears are observed as incidental findings in elderly patients or
after trauma [13]. Similarly, iatrogenic medial injuries following aortic cannulation [14],
subintimal angioplasty [15], and end-atherectomy [16] do not associate clinically with
dissection. Consequently, a healthy, competent media is able to fully resist exposure to
perpendicular dissecting forces that develop when directly exposed to the blood stream.
Mechanistically, this stability resides in the tissue’s network behavior that allows forces
to be evenly distributed over the wall, and that prevents dissection of the individual
layers [17,18].

An alternative explanation for the thin intima is that it reflects an underlying develop-
mental and/or differentiation defect of the mesenchymal cell population [19]. Relative thin
intima’s are present in Marfan Syndrome and in aortas from patients with bicuspid valve
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disease [20,21], conditions with clear developmental aortic maturation defects [22]. The
universal finding of a reduced intimal thickness and the diffuse, moderately severe medial
pathology suggest that TAAD relates to some form of underlying developmental defect in
the ascending aorta.

A further remarkable observation was the uniform localization of the dissection plane
(a preferential position in the outer media was reported in two earlier reports) [23,24]. The
more detailed analysis herein shows that the dissection plane consistently co-localizes with
the plane of the vasa vasorum network in the outer media.

One could speculate that the level harboring this vascular network structure is an
inherently mechanically weak plane that is less able to resist the wedge forces exhibited by
the blood than the other segments of the media, thereby creating an inherently weak plane
within the aortic wall along which the dissection progresses. Considering the fact that the
mean blood pressure in the vasa vasorum network is lower than the central blood pressure,
we consider it unlikely that TAADs that present without an apparent continuity with the
actual lumen relate to a bleeding from the vasa vasorum plexus.

In conclusion: this systematic histological evaluation of 58 successive TAAD shows
that TAAD uniformly associates with pre-existing ascending aortic wall defects and consis-
tently proceeds along a plane that coincides with the vascular plexus in the outer media. On
this basis, a picture emerges of a TAAD-susceptible phenotype that relates to an inherently
mechanically incompetent media, and a common final pathway reflecting propagation of
the dissection along the plane of least resistance (the vasa vasorum network).

This is an observational study. As such, the study comes with several limitations:
the evaluation is based on histological evaluation surgical specimens obtained at the time
of aorta replacement, hence information on non-operated patients is missing. Moreover,
information on the natural history of the medial changes, and on the molecular aspects of
TAAD, is missing.
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Abstract: The aorta is not a rigid tube, it is an “organ” with lamellar units, consisting of elastic fibers,
extracellular matrix and smooth muscle cells in between as parenchyma. Several diseases may occur
in the natural history of the aorta, requiring replacement of both semilunar cusps and ascending
aorta. They may be congenital defects, such as bicuspid aortic valve and isthmal coarctation with
aortopathy; genetically determined, such as Marfan and William syndromes; degenerative diseases,
such as atherosclerosis and medial necrosis with aortic dilatation, valve incompetence and dissecting
aneurysm; inflammatory diseases such as Takayasu arteritis, syphilis, giant cell and IgM4 aortitis;
neoplasms; and trauma. Aortic homografts from cadavers, including both the sinus portion with
semilunar cusps and the tubular portion, are surgically employed to replace a native sick ascending
aorta. However, the antigenicity of allograft cells, in the lamellar units and interstitial cells in
the cusps, is maintained. Thus, an immune reaction may occur, limiting durability. After proper
decellularization and 6 months” implantation in sheep, endogenous cell repopulation was shown to
occur in both the valve and aortic wall, including the endothelium, without evidence of inflammation
and structural deterioration/calcification in the mid-term. The allograft was transformed into
an autograft.

Keywords: aorta; homograft; semilunar valves

1. Introduction

Along with natural history, the aorta, the highway of our body, transforms from a
smooth, pliable vessel in children into a rigid tube in the elderly (Figure 1) [1,2]. If normal
or nearly normal, it may be donated at the time of death to serve as an arterial allograft for
repair of both congenital and acquired diseases.

Figure 1. (a) Normal thoracic aorta in a child; (b) Severe atherosclerosis of the aorta in an old man.
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Here we will review gross and histologic features of normal and diseased aorta. More-
over, we will summarize the results of an experimental investigation, showing endogenous
repopulation of decellularized aortic allografts implanted in juvenile sheep.

2. Normal Anatomy

The aorta is a smooth great vessel consisting of intima, media and adventitia. It
is an elastic artery with variations in diameter during ventricular systole and diastole
(“compliance”), thanks to elastic fibers of the tunica media (Figure 2a). They appear
parallel with smooth muscle cells in between (Figure 2b). The number of elastic fibers
varies from 56 in the ascending aorta and gradually decreases to 28 in the abdominal aorta.
The intima is lined with endothelium and with time appears as a myointimal layer.

There are lamellar units in the media consisting of elastic fibers, smooth muscle cells
and extracellular matrix (Figure 2c). The biological concept of the lamellar unit was put
forward by Glagov in 1967 [3]. The aorta was considered as an organ with smooth muscle
cells as parenchyma. The precise role of smooth muscle cells, whether synthetic, contractile
or both, is still a matter under investigation [4,5]. The tunica adventitia consists of collagen
fibers, nerves and vasa vasorum. The latter supplies the outer part of the tunica media in
the thoracic aorta and not in the abdominal aorta, which is thinner because there are fewer
lamellar units.

(@) (b)

Figure 2. Histology of thoracic aorta. (a) The media consists of lamellar units with parallel elastic
fibers. Weigert Van Gieson stain. (b) Smooth muscle cells, dark stained by anti-SMC immunohisto-
chemistry, are the “parenchyma”. (c) The lamellar unit consists of elastic fibers, with vascular smooth
muscle cells (VSMCs) and extracellular matrix (ECM) in between. Adapted from [4].
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Type 1

3. Pathology

The pathology may be congenital (structural defect present at birth), genetically deter-
mined with onset during childhood or even later, or acquired (inflammatory, degenerative,
neoplastic, traumatic).

3.1. Congenital Malformations

Congenital malformations may affect the aortic valve, the ascending aorta and the
aortic arch [6].

Bicuspid aortic valve (BAV) is a congenital defect with an incidence of 0.5-0.8% by
echo in children (Figure 3) [7,8]. One of the two sinuses shows a raphe, most probably an
aborted commissure during embryonic development.

Author, Year N. BAV Prevalence
%
Basso et al. 817 4 0.5
@ | Am J Cardiol 2004
) Nistri et al. 20,946 167 0.8
Am ] Cardiol 2005

T.PAZ: 37.8C
T.TEE: 38:8C, A

Figure 3. Prevalence of BAV in children (a) and conscript soldiers (b,c) by echo. Adapted from [7,8],

with permission.

In BAV type I the cusps appear antero-posterior (ventro-dorsal) with the raphe in
the anterior sinus, due to embryonic fusion of anterior right and left cushions [9]. Both
the coronary arteries originate from the anterior (ventral) sinus. In BAV type II the cusps
appear side by side (latero-lateral) and the raphe the fusion of right and posterior cushions,
with coronary arteries originating each from the opposite sinus. Under the raphe there is
no interleaflet triangle (Figure 4). Rare cases of BAV without raphe do exist.

Figure 4. Bicuspid aortic valve, type 1 and 2. Note the raphe without the interleaflet triangle underneath.
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Natural history of BAV is characterized by progressive calcification of the cusps with
aortic valve stenosis [10] and by aortopathy (Figure 5) with dilatation of the ascending
aorta, valve incompetence and aortic dissection (Figure 6) [11-13].

@ o)  ©

Figure 5. Aortopathy in the bicuspid valve. Note normal (a) vs. dilated (b) ascending aorta with loss of lamellar units at
histology (c). (Weigert Van Gieson stain).

Figure 6. (a) Dissection of dilated ascending aorta in the bicuspid aortic valve, with intimal tear just
above the commissures. (b,c) On histology, wave front propagation of the dissecting hematoma and
medial necrosis. (Weigert Van Gieson stain).

BAV represents a well-known risk factor for infective endocarditis (Figure 7a,b). It is a
cardiovascular risk factor in which antibiotic prophylaxis is recommended, for instance, in
case of dental procedures.
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(b)

Figure 7. Infective endocarditis (a) with cocci (b) in a young drug addict with bicuspid aortic valve.
(Gram stain).

Calcification of BAV is similar to senile calcific aortic stenosis and requires inter-
ventional repair with transcatheter aortic valve implantation (TAVI) or surgical repair-
replacement. It occurs in adults and the elderly, usually ten years earlier than calcific senile.

Aortopathy develops with time in nearly 50% of BAV patients. Disruption of elastic
fibers in the tunica media explains loss of wall elasticity as well as aneurysmal dilatation
of both sinusal and tubular portions of the ascending aorta, with valve incompetence and
even aortic dissection (Figure 6). Surgical replacement of the aorta, with repair of the
valve, is indicated when the diameter of the aorta exceeds 5 cm [14]. Both increased aortic
diameter and impaired elasticity of the stiffened wall can be assessed by 2D echo [15].
A hereditary Mendelian transmission with scanty penetrance has been advanced, but a
definitive molecular genetic background, such as in Marfan syndrome, has not been proven
so far.

The role of neurocrest in the development of BAV aortopathy has been conjectured
since BAV is frequently (40-50%) associated with isthmic coarctation (Figure 8) [16].

Non-infective aneurysm of the sinuses of Valsalva represent a curious congenital
malformation of the aortic root [17].

3.2. Genetically Determined Diseases of Thoracic Aorta

William’s syndrome is a dominant hereditary disease, due to molecular deletion of the
elastic gene located in chromosome 7, accounting for increased wall thickness and stiffness
of the ascending aorta [18,19]. The number of elastic fibers may be increased. Supravalvu-
lar aortic stenosis occurs in the shape of an hour-glass (Figure 9) in the diaphragm or
hypoplastic ascending aorta. The aortic valve may be also involved with cusp thickening.
Insulation of the coronary ostia may be observed because of the fusion of the cusps with
sinus aortic wall.
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(@) (b)

(@) (b)

Figure 9. Long-axis (a) and hour-glass appearance (b) of supravalvular aortic stenosis in William’s syndrome.

In Marfan syndrome, the molecular defect consists in a mutation of the gene coding
fibrillin 1, a protein connecting smooth muscle cells with elastic fibers of lamellar units in
the tunica media [20]. The disease is hereditary dominant, frequently has de novo mutation,
and involves joints, lens and the cardiovascular system. It is associated with aortopathy,
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similar to that of BAV, with disruption and loss of elastic fibers, medial necrosis, aortic
dilatation and aortic and mitral valve incompetence. Loss of elastic fibers accounts for
weakness and fragility of the aorta to such a degree that aortic dissection may occur, with
risk of premature sudden death (Figure 10).

(b)

Figure 10. Aortic dissection in Marfan syndrome and sudden death. (a) Gross view: intimal tear in
the tubular ascending aorta and mitral valve prolapse. (b) Histology of the aortic wall: severe elastic
fibers frequent in aortic dissection. (Weigert Van Gieson stain).

Recently, a new syndrome (Loeys-Dietz) has been reported, with an autosomal domi-
nant pattern showing aortic lesions (Figure 11) similar to Marfan. It is due to mutations of
genes coding transforming growth factor beta receptor (TGF BR) 1 or 2 [21]. The patho-
genetic pathways in Marfan and Loeys-Dietz are similar [22]. Mutations of fibrillin 1 and
TGF BR 1 and 2 all result in dysregulated TGB signaling. The main clinical characteristics
are hypertelorism, cleft palate and bifid uvula, besides aortic tortuosity prone to dissection.

Ehlers-Danlos syndrome is a soft connective tissue disease, secondary to mutations
in one of the genes coding collagen fiber or enzymes involved in collagens synthesis [23].
Six different forms of disease have been recognized. Pathological manifestations in the
cardiovascular system are aortic aneurysm and dissection [24].
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(b)

Figure 11. The aorta in Loeys-Dietz syndrome. Notice the large anuloaortic ectasia (a,b) by tomogra-
phy. From Rizzo S et al. Ann Thorac Surg. 2016 Mar; 101(3):1193-5, with permission.

Turner syndrome is characterized by the absence of one X chromosome in a female.
Aneurysmal dilatation of the aorta, BAV and isthmic coarctation are the phenotype, prone
to aortic dissection [25].

3.3. Degenerative Diseases of the Aorta

Atherosclerosis is the “malignant” disease of the cardiovascular system, mostly related
to aging and life style risk factors (smoke, lipid-rich foods ... ). Premature atherosclerosis
is promoted by genetic hypercholesterolemia, the most frequent hereditary cardiovascular
disorder (1:500). The disease starts in the intima with atherosclerotic plaque as an ele-
mentary lesion, which may complicate with rupture of the fibrous cap and thrombosis
(atherothrombosis), a source of peripheral embolism and cause of stroke (Figure 12). The
ulcer of an aortic plaque may penetrate into the media and create a local dissection with
mural hematoma and false aneurysm at risk of external rupture (Figure 13). Moreover. the
ulcerated plaque may be a site of microorganism settlement in the case of bacteremia, with
development of mycotic aneurysm.
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Figure 12. (a) Atherothrombosis of the thoracic aorta, gross view. (b,c) Histology of atherosclerotic
plaque. (Weigert Van Gieson and C-68 immuno stains).

AORTIC ATHEROSCLEROTIC ULCERS

Atheroma Intimal uvicer,
Wtina — & &
Modis — e = ==
Adventitia eSS
Aortic atheroma Plaque ulceration

Intimal
laque ulceration Medial hematoma Adventitial Transmural rupture
e false aneurysm

Figure 13. Ulcer of atherosclerotic plaque with intramural hematoma, false aneurysm and external

rupture.

Atherosclerotic aneurysm is the complication of progressive thinning of the tunica
media due to the release of proteases (elastase included) by monocytes, which play a
pivotal role in the onset and progression of atherosclerosis [26]. Release of proteases in the
intima may lead to thinning and rupture of the fibrous cap with thrombus deposition. On
the outer side of the media, the release accounts for progressive thinning of the aortic wall
with aneurysm formation (Figure 14). The occurrence of aortic atherosclerotic aneurysm is
more frequent in the abdominal aorta, where the wall is thinner and the number of elastic
lamellae is much lower.
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Figure 14. Atherosclerotic saccular aneurysm of the abdominal aorta. (a) Gross features. (b) Histology
with atheroma disrupting the tunica media, with loss of elastic fibers and thinning. (Weigert Van
Gieson stain).

Degenerative disease may primarily affect the tunica media with medionecrosis, elastic
fiber fragmentation and an increase in extracellular ground substance in the lamellar units,
even in the absence of a genetically determined disorder (Figure 15). It may account for
aortic dilatation of the ascending aorta and aortic valve regurgitation, nowadays the most
frequent cause of aortic incompetence. Both sinusal [27,28] and tubular portions appear
dilated (Figures 16 and 17). It was Currigan of Dublin who first recognized in 1832 the
existence of a non-inflammatory cause of aortic incompetence, besides syphilis, rheumatism
and infective endocarditis. It represents a fragile substrate favoring aortic dissection, which
is featured by intimal tear and dissecting hematoma, triggered by mechanical stress [29]
(Figure 18). Hypertensive attack is the main precipitating factor of dissecting aneurysm
(Figure 19), which may originate either from the ascending or descending aorta. A more
benign form does exist (so-called intramural hematoma), which lacks an intimal tear and is
located in the thoracic aorta with the blood source from the vasa vasorum [30] (Figure 20).
Hypertension is largely the more frequent risk factor (85%) of aorta dissection [31,32],
followed by BAV and Marfan syndrome. Cases have been reported with familiarity (2-3%),
distinct from Marfan [33-35].

Classic aortic dissection starts from an intimal tear and proceeds forward (antegrade
dissection) in the outer tunica media, with risk of external rupture, hemopericardium
and cardiac tamponade in the case of the ascending aorta or left hemothorax in the case
of the descending aorta. The dissection transforms the aorta into two lumens (true and
false) and may involve vital arteries, such as carotid and renal, with organ ischemic injury.
Reentry may occur with distal intimal tears, leading a double barrel chronic dissection of
the aorta (Figure 21) [36]. Retrograde dissection towards the aortic root may be responsible
for commissural dehiscence with aortic valve incompetence and coronary stems dissection
with myocardial infarction. (Figure 22). Hemorrhagic infiltration of the aorto-atrial space
and atrial septum may account for av block due to atrio-nodal discontinuity.
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Figure 15. Elementary degenerative lesions in the tunica media of the aorta. (a) Non-inflammation
loss (medionecrosis) of smooth muscle cells (SMCs). (b) Elastic fragmentation. (c) Cystic medial
necrosis. (Hematoxylin-eosin (a), Weigert Van Gieson (b), and Alcian PAS (c) stains).

(a) (b)

Figure 16. (a) Gross view of a dilated ascending aorta with aortic valve incompetence (anuloaortic-
ectasia), due to degenerative disease of the aortic tunica media, not genetically determined. (b)
Severe disruption of the elastic fibers in the tunica media. (Weigert Van Gieson stain).
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(a) (b)

Figure 17. Angiographic (a) and intraoperative (b) gross views of non-inflammatory anuuloaortic
ectasia with valve incompetence.

@ ' ®)

Figure 18. Aortic dissection with intimal tear (a) and dissection of the ascending aorta (b).
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(a) )

Figure 19. (a) Scanning electron microscopy views of an intimal tear in aortic dissection. (b) Stretch
of the aorta during hypertension attack, accounting for intimal tear and aortic dissection. Adapted
from [29], with permission.

() (b) (©)

Figure 20. Intramural hematoma in the absence of intimal tear. (a) Schematic drawing. (b) Gross cross section of the aorta,
with intramural hematoma. (c) Scattered elastic disruption. (Weigert Van Gieson stain). (a) Adapted from [30].
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(b)

Figure 21. Double barrel aorta in chronic aortic dissection. (a) Gross view. (b) Corresponding
histology. (Weigert Van Gieson stain).

L\

(d)
Figure 22. (a—c) Drawing of aortic incompetence due to retrograde aortic dissection. (d,e) Retrograde
dissection involves and occludes the left coronary artery main stem (Azan Mallory stain).

3.4. Inflammatory Diseases of the Aorta

Inflammatory diseases of the aorta may be infectious or immune-mediated [37-39].

Syphilitic aortitis occurs late in the third stage of the disease [40]. The setting of
Treponema pallidum in the tunica media triggers colliquative necrosis (gumma) with giant
cells, and disruption of the tunica media (mesoaortitis). The sequela is the development
of sacciform aneurysm of the ascending aorta and aortic arch, the rupture of which may
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precipitate sudden death (Figure 23a). Scarring with retraction of the tunica intima ac-
counts for the specific pavement-like feature and superimposed atherosclerotic plaques
(Figure 23b). An alternative theory for mesoaortitis is an obstructive disease of the vasa
vasorum of the adventitia with plasma cell infiltrates (Figure 23¢,d) causing ischemic dam-
age to the lamellar units of the tunica media. This would explain the absence of syphilitic
mesoaortitis in the abdominal aorta, where no vasa vasorum do exist. The mesoaortitis may
involve also the sinus portion of the ascending aorta, with valve incompetence, coronary
ostia stenosis and angina pectoris.

Figure 23. (a) Huge saccular syphilitic aneurysm of the aortic arch (from the Morgagni Museum of the Institute of
Pathological Anatomy, University of Padua, with permission). (b) Syphilitic ascending aorta with pavement-like appearance
of the intima. (¢,d) Plasma cell inflammatory infiltrates in the obstructed vasa vasorum. (Hematoxylin-eosin and anti-CD79

immuno stain).

Infective endocarditis of the aortic valve may involve the annulus, accounting for
abscesses and aneurysms in the Valsalva sinus. Optimal repair requires replacement of
both valves and the ascending aorta using a homograft [41,42].

Mycotic aneurysm is another infectious disease of the aorta. The adjective refers to
the look of the aneurysm, similar to a mushroom (or to a nuclear bomb). It develops as the
consequence of microorganisms settling in the tunica media, usually cocci bacteriemia via
the vasa vasorum, with a neutrophil inflammatory reaction, abscess and transmural necro-
sis, wall weakening, pseudo-aneurysm and external rupture (Figure 24). Atherosclerotic
ulcers are an ideal nidus for bacteria implantation, directly from the aortic blood.

Giant cell angiitis involves non-infectious inflammation of the systemic arteries, with
giant cell infiltrates in the absence of epithelioid granuloma. It usually affects the temporal
artery in adult-elderly people (Horton arteritis). The involvement of the thoracic aorta,
whether isolated or in association with the temporal artery, can be complicated with an
aneurysm when the tunica media is extensively affected [43] (Figure 25). The diagnosis
may come as a surprise at the time of surgical pathology examination since, clinically, it
had been considered atherosclerotic.
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Figure 24. Mycotic aneurysm of the ascending aorta. (a) Gross appearance. (b) Histology: through
and through laceration of the aortic wall with false aneurysm (Alcian PAS stain). (c) Same as (b)
(Weigert Van Gieson stain). (d) Abscess by cocci in the aortic wall (hematoxylin-eosin stain).

Figure 25. Giant cell aortitis with massive inflammatory disease: (a) panoramic view; (b) high-power
view: note the giant cells (hematoxylin-eosin stain).
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Takayasu angiitis is a necrotizing arteritis typically involving the ascending aorta,
the aortic arch and brachiocephalic arteries, with non-granuloma giant cells inflammation
and elastic fiber disruption [44]. It affects mostly the young and is associated with intimal
proliferation of brachiocephalic arteries and coronary stems (Figure 26) as well as fibrotic
thickness of the adventitia, hindering aneurysm formation.

(2) (b) ()

Figure 26. Takayasu arteritis in a 17-year-old girl. (a) Angiogram with typical obstruction of the
brachiocephalic arteries. (b) Cross-section of the left carotid artery: note the severe stenosis of the
lumen and the thickness of the adventitia (Weigert Van Gieson stains). (c) Giant cell inflammatory
infiltrates (hematoxylin-eosin stain). (d) Necrotizing angiitis with disruption of the tunica media
(close up of (b)). (e) Left coronary artery stem stenosis by selective coronary angiography with
obstructed ostium. (f) Corresponding histology (Weigert Van Gieson stain).

IgG4 aortitis-periaortitis occurs in 8% of IgG4-related systemic arteritis [45]. It involves
more frequently the abdominal rather than thoracic aorta and is characterized by wall
thickening and inflammatory infiltrates, consisting of IgGM-positive plasma cells and
lymphocytes (Figure 27). When the ascending aorta is involved, coronary ostia may
become stenotic as to require stenting.

Ankylosing spondylitis frequently affects the aorta, both thoracic and abdominal, in
the form of aortitis [46—49].

Rheumatoid aortitis [48,50], Reiter’s Syndrome [51], Bechet’s Disease [52-54] and We-
gener’s granulomatosis [55,56] represent other systemic morbid entities with inflammatory
involvement of the aorta.

3.5. Neoplasms

Malignant neoplasms of the aorta may be primary or secondary [57].
As far as primary sarcoma, they arise from the intima and appear at clinical imaging
as a focal mass protruding into the aortic lumen, mimicking atherothrombosis (Figure 28).
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Figure 27. 1gG4 aortitis. (a) Ascending aorta with increased thickness of the wall. (b) Histology: the
thickness is located in the adventitia. Weigert Van Gieson stain. (c—f) Inflammatory infiltrates consist
mostly of plasma cells. (¢) Hematoxylin-Eosin. (d) CD79a immunohistochemistry for plasma cells.
(e) Immunohistochemistry for any IgG. (f) Inmunohistochemistry for IgG4.

'“’

(c) (d)

Figure 28. Intimal masses protruding into the lumen of the descending thoracic aorta at selective (a) and at tomography
angiography (b). (c) Gross appearance of the specimens removed at surgery. (d) Malignant histiocytoma at histology
(hematoxylin-eosin).
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As far as secondary malignancies, carcinoma of the esophagus (close to the aorta)
may infiltrate and penetrate the aortic wall up to the aortic lumen (Figure 29). Massive
gastrointestinal hemorrhage may occur, with blood leaking from the mouth like a fountain.

(@

Figure 29. Carcinoma of the esophagus, infiltrating the adjacent aorta and penetrating in the aortic lumen, with massive
hematemesis (a) Gross view. (b) Close up.

3.6. Thoracic Trauma

Penetrating or blunt trauma of the thorax may lead to aortic rupture, usually located in
the region of the aortic arch, where the aorta is fixed to the pulmonary artery by the arterial
ligament [58]. Traumatic torsion with stretching creates a transmural tear accounting for
pseudoaneurysm and external rupture. (Figure 30). An overt aortic dissection is rare.

In conclusion, the aorta is like an organ, with smooth muscle cells of lamellar units as
the “parenchyma”. Several diseases may affect the thoracic aorta: congenital, genetically
determined, degenerative, inflammatory (both infectious and immune), neoplastic and
traumatic. In several morbid entities, the aortic valve, ascending aorta and aortic arch
represent an anatomo-pathological unit. Surgical replacement, of both the native aortic
valve and ascending aorta, with an aortic homograft is an attractive therapeutic option
(see below).
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Figure 30. Fatal case of traumatic transmural aortic rupture at isthmic level by blunt trauma.

4. Aorta as Homograft

Aortic homograft from a cadaver, including both tubular and sinus portions with
valves, is surgically employed to replace the native ascending aorta and aortic valve in
several of the above-mentioned morbid conditions [59]. However, the ideal graft has not
been accomplished so far; the antigenicity of the wall and valve cells triggers an immune
cellular reaction.

Tissue engineering techniques can provide a valid approach to solve the problem.

So far, the main common techniques to realize bioengineered grafts are (1) in vitro
cell seeding on biodegradable synthetic scaffolds, (2) in vitro cell seeding of decellularized
natural scaffolds and (3) in vivo repopulation of decellularized natural scaffolds by circu-
lating endogenous cells [60]. The last choice, however, can be the best to investigate cell
repopulation and interaction with the extracellular matrix (ECM), which seems to play
a pivotal role in tissue maintenance and regeneration, and modulates cell adhesion and
migration, growth factor storage and release, stem cell activation and differentiation [61].
The decellularized homograft appears to be the best scaffold to realize the ideal graft with
in vivo self-repopulation [62,63] because it can preserve regeneration capabilities, while
the recipient child grows up.

Decellularization of natural scaffold-like aorta (or pulmonary) allografts represents
the first step to remove immunogenic cells from both valve and lamellar units [64-66].

With this purpose, we carried out an investigation based on the hypothesis that de-
cellularized homograft may serve as a scaffold for endogenous self-repopulation, thus
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preventing immune reaction and dystrophic calcification, which is a nightmare with current
homografts. The research was carried out in healthy juvenile sheep (35-45 kg) by achiev-
ing complete decellularization in unimplanted aortic homograft through 0.5% sodium
deoxycholate and 0.5% sodium dodecylsulphate and then implanted in allograft recipients,
with a follow up of 14-18.5 months. The morphological study was performed in both
aortic cusps and wall, with gross, X-ray, histology, immunohistochemistry, transmission
electron microscopy and spectroscopy examinations. Results in detail have been reported
elsewhere [67]. In summary:

1. Decellularization in unimplanted allografts appeared complete, both in the lamellar
units of the tunica media and valvular interstitium with disappearance of endothelial
lining (Figure 31);

2. Cellular repopulation was observed in the outer part of implanted homograft wall
by novel smooth muscle cells in the lamellar units (Figure 32a,b) and in the intima
with a novel myointimal layer; this layer was noticed also in small animals such as
rodents [68]. Novel endothelial cells appeared to line both the aortic wall intima and
inflow /outflow at the cusp surface, as well as vasa vasorum, and valve spongiosa
appeared repopulated by interstitial cells (Figure 32¢,d);

3. The ultrastructure of the wall revealed that novel smooth muscle cells have immature
aspects, with a central oval nucleus, few contractile filaments and focal densities
mainly located close to cytoplasmic membrane and in the paranuclear region; re-
populated cells of the cusps are scarcely differentiated cells, in some case showing
short intercellular junctions, rough endoplasmic reticulum and focal basal lamina
(Figure 33), whereas others exhibited a fibroblast-like morphology;

4. The undifferentiated nature of the repopulated cells is demonstrated by colocalization
of some biomarkers. Novel wall cells showed positivity both for x-SMA and vimentin
and novel cusp cells for SMA, vWF, VEGE, VEGF R2, x-SMA and CD57 (HNK-1),
which is a neural crest marker;

5. The origin of repopulated cells may be vasa vasorum for the homograft outer wall and
the blood stream itself for cusps. Recently it has been demonstrated in a GFP rodent
model that all novel cells belong to the recipient [68]. Bone marrow may be a source
of progenitor cells (endothelial and mesenchymal cells) contributing to recruitment
of smooth muscle-like cells [69,70]. Circulating bone-marrow-derived endogenous
cells can be recruited in vivo by adhering to the intimal surface [71,72] and then
recruited, undergoing an endothelial-to-mesenchymal transition (EMT) within the
valve, followed by differentiation into interstitial cells that ultimately synthesize and
remodel the ECM;

6.  Cell density, when compared to non-decellularized control allografts, showed 20%
repopulation both in the aortic wall and at the cusp level (Figure 34);

7. Mean calcium content by spectroscopy in aortic homografts at 14 months from implant
was scanty: 4.24 &+ 2.17 mg/g dry weight in the wall vs. 0.530 in controls and
5505 =+ 2.04 in the cusps vs. 0.936 in the controls.

In conclusion, cell endogenous repopulation of decellularized homografts occurs
at both aortic wall and cusps and persists after implantation, thus providing biological
compatibility. An immune inflammatory reaction was not observed. The aortic cusps and
wall showed no structural deterioration with negligible mineralization. Decellularized
homograft may serve as ideal scaffold for self-repopulation from the recipient, transforming
homograft into autograft, even if changes in the ECM constitution were found as compared
to native tissue, which could lead to problems in cell growth and migration [63].
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Figure 31. Decellularization of unimplanted aortic homograft: wall (a,b) and cusps (c,d). Elastic
fibers and ground substance of extracellular matrix are preserved (hematoxylin-eosin, Heidenhein
and Alcian PAS stain). From [67], with permission.

Figure 32. Repopulation by smooth muscle cells of the outer aortic wall (a,b) with neo endothelial
lining (a) of a decellularized homograft, 14 months from implant (anti-x-SMA). (¢,d) Repopulation
after 14 months of implantation of decellularized homograft aortic cusps by smooth muscle cells and
endothelial cells (anti-o-SMA and VWE). From [67], with permission.
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Figure 33. (a) Repopulating smooth muscle cells with basal lamina (arrows) and few contractile
filaments with focal densities, close to the cytoplasmic membrane and in the paranuclear region (ar-
rowheads). (b) Implanted pulmonary homograft cusps: poorly differentiated cells with intercellular
junctions (arrows), rough endoplasmic reticulum, and focal basal lamina (arrowhead). From [67].
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Figure 34. Histogram displaying cell density per millimeter squared in native vs. implanted decellu-
larized conduit wall and cusps. A 20% repopulation occurred. All values are expressed as mean +
S.D. From [67].

These results, however, represent a significant advancement when compared with cry-
opreserved homografts, which retain allografts cells as a target for immune inflammatory
rejection and early calcification.

Finally, investigation of other more specific immunoreactive precursor cell markers
is mandatory to study the repopulation cell phenotype and their proliferation modality,
especially for the poorly differentiated elements found in the cusps.

Funding: This study was supported by the Registry for Cardio-cerebro-vascular Pathology, Veneto
Region, Italy.

271



J. Cardiovasc. Dev. Dis. 2021, 8,76

Acknowledgments: We thank the technical staff of Cardiovascular Pathology Unit of the University
of Padua for the excellent collaboration.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Isselbacher, E.; Eagle, K.; Desanctis, R. Disease of the aorta. In Heart Disease: A Textbook of Cardiovascular Medicine; Braunwald, E.,
Ed.; W.B. Saunders Co.: Philadelphia, PA, USA, 1997; pp. 1546-1581.

2. Buja, L.M.; Butany, J. Cardiovascular Pathology, 4th ed.; Academic Press; Elsevier: London, UK, 2016; ISBN 978-0-12-420219-1.

3. Wolinsky, H.; Glagov, S. A Lamellar Unit of Aortic Medial Structure and Function in Mammals. Circ. Res. 1967, 20, 99-111.
[CrossRef]

4. El-Hamamsy, L.; Yacoub, M.H. Cellular and molecular mechanisms of thoracic aortic aneurysms. Nat. Rev. Cardiol. 2009, 6,
771-786. [CrossRef] [PubMed]

5. Majesky, M.W. Developmental Basis of Vascular Smooth Muscle Diversity. Arter. Thromb. Vasc. Biol. 2007, 27, 1248-1258.
[CrossRef]

6.  Thiene, G.; Corrado, D.; Basso, C. Sudden Cardiac Death in the Young and Athletes: Text Atlas of Pathology and Clinical Correlates;
Springer: Milan, Italy, 2016.

7. Basso, C.; Boschello, M.; Perrone, C.; Mecenero, A.; Cera, A.; Bicego, D.; Thiene, G.; De Dominicis, E. An echocardiographic
survey of primary school children for bicuspid aortic valve. Am. ]. Cardiol. 2004, 93, 661-663. [CrossRef] [PubMed]

8. Nistri, S.; Basso, C.; Marzari, C.; Mormino, P.; Thiene, G. Frequency of bicuspid aortic valve in young male conscripts by
echo-cardiogram. Am. J. Cardiol. 2005, 96, 718-721. [CrossRef] [PubMed]

9. Fernandes, S.M.; Khairy, P; Sanders, S.; Colan, S.D. Bicuspid Aortic Valve Morphology and Interventions in the Young. J. Am.
Coll. Cardiol. 2007, 49, 2211-2214. [CrossRef] [PubMed]

10. Sabet, H.Y.; Edwards, W.D.; Tazelaar, H.D.; Daly, R.C. Congenitally Bicuspid Aortic Valves: A Surgical Pathology Study of 542
Cases (1991 through 1996) and a Literature Review of 2715 Additional Cases. In Mayo Clinic Proceedings; Elsevier BV: Amsterdam,
The Netherlands, 1999; Volume 74, pp. 14-26.

11.  McKusick, V.A. Association of congenital bicuspid aortic valve and Erdheim’s cystic medial necrosis. Lancet 1972, 1, 1026-1027.
[CrossRef]

12.  Roberts, C.S.; Roberts, W.C. Dissection of the aorta associated with congenital malformation of the aortic valve. J. Am. Coll.
Cardiol. 1991, 17, 712-716. [CrossRef]

13.  Verma, S; Siu, S.C. Aortic Dilatation in Patients with Bicuspid Aortic Valve. New Engl. |. Med. 2014, 370, 1920-1929. [CrossRef]
[PubMed]

14. El-Hamamsy, I.; Yacoub, M.H. A measured approach to managing the aortic root in patients with bicuspid aortic valve dis-ease.
Curr. Cardiol. Rep. 2009, 11, 94-100. [CrossRef]

15. Nistri, S.; Grande-Allen, J.; Noale, M.; Basso, C.; Siviero, P.; Maggi, S.; Crepaldi, G.; Thiene, G. Aortic elasticity and size in bicuspid
aortic valve syndrome. Eur. Heart |. 2007, 29, 472-479. [CrossRef] [PubMed]

16. Kappetein, A.P,; Gittenberger-de Groot, A.C.; Zwinderman, A.H.; Rohmer, J.; Poelmann, R.E.; Huysmans, H.A. The neural crest
as a possible pathogenetic factor in coarctation of the aorta and bicuspid aortic valve. J. Thorac. Cardiovasc. Surg. 1991, 102,
830-836. [CrossRef]

17.  Sakakibara, S.; Konno, S. Congenital aneurysm of the sinus of Valsalva Anatomy and classification. Am. Heart |. 1962, 63, 405-424.
[CrossRef]

18. Morris, C.A.; Loker, J.; Ensing, G.; Stock, A.D. Supravalvular aortic stenosis cosegregates with a familial 6;7 translocation which
disrupts the elastin gene. Am. |. Med. Genet. 1993, 46, 737-744. [CrossRef] [PubMed]

19. Williams, J.C.P.,; Barratt-Boyes, B.G.; Lowe, J.B. Supravalvular Aortic Stenosis. Circulation 1961, 24, 1311-1318. [CrossRef]
[PubMed]

20. Dietz, H.C; Cutting, C.R.; Pyeritz, R.E.; Maslen, C.L.; Sakai, L.Y.; Corson, G.M.; Puffenberger, E.; Hamosh, A.; Nanthakumar, E.J.;
Curristin, S.M.; et al. Marfan syndrome caused by a recurrent de novo missense mutation in the fibrillin gene. Nat. Cell Biol. 1991,
352, 337-339. [CrossRef] [PubMed]

21. Loeys, B.L.; Schwarze, U.; Holm, T.; Callewaert, B.L.; Thomas, G.H.; Pannu, H.; De Backer, ].F.; Oswald, G.L.; Symoens, S.;
Manouvrier, S.; et al. Aneurysm syndromes caused by mutations in the TGF-beta receptor. N. Engl. ]. Med. 2006, 355, 788-798.
[CrossRef]

22. Neptune, ER.; Frischmeyer, P.A.; Arking, D.E.; Myers, L.; Bunton, T.E.; Gayraud, B.; Ramirez, F; Sakai, L.Y.; Dietz, H.C.
Dysregulation of TGF-beta activation contributes to pathogenesis in Marfan syndrome. Nat. Genet. 2003, 33, 407—411. [CrossRef]
[PubMed]

23. De Paepe, A.; Malfait, F. The Ehlers-Danlos syndrome.; a disorder with many faces. Clin. Genet. 2012, 82, 1-11. [CrossRef]
[PubMed]

24.  Wenstrup, R.J.; A Meyer, R; Lyle, ].S.; Hoechstetter, L.; Rose, P.S.; Levy, H.P.; A Francomano, C. Prevalence of aortic root dilation
in the Ehlers-Danlos syndrome. Genet. Med. 2002, 4, 112-117. [CrossRef]

25. Turtle, EJ.; A Sule, A.; Webb, D.J.; E Bath, L. Aortic dissection in children and adolescents with Turner syndrome: Risk factors

and management recommendations. Arch. Dis. Child. 2015, 100, 662-666. [CrossRef] [PubMed]

272



J. Cardiovasc. Dev. Dis. 2021, 8,76

26.

27.
28.

29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Thompson, R.W.; Parks, W.C. Role of Matrix Metalloproteinases in Abdominal Aortic Aneurysms. Ann. N. Y. Acad. Sci. 1996, 800,
157-174. [CrossRef] [PubMed]

Cooley, D.A. Annuloaortic Ectasia. Ann. Thorac. Surg. 1979, 28, 303-304. [CrossRef]

Ellis, PR.; Cooley, D.A.; De Bakey, M.E. Clinical considerations and surgical treatment of annulo-aortic ectasia. J. Thorac. Cardiovasc.
Surg. 1961, 42, 363-370. [CrossRef]

Beller, C.J.; Labrosse, M.; Thubrikar, M.].; Robicsek, F. Role of Aortic Root Motion in the Pathogenesis of Aortic Dissection.
Circulation 2004, 109, 763-769. [CrossRef] [PubMed]

Evangelista, A.; Mukherjee, D.; Mehta, R.H.; O’Gara, P.T,; Fattori, R.; Cooper, J.V.; Smith, D.E.; Oh, J.K.; Hutchison, S.; Sechtem,
U.; et al. International Registry of Aortic Dissection (IRAD) Investigators. Acute in-tramural hematoma of the aorta: A mystery
in evolution. Circulation 2005, 111, 1063-1070. [CrossRef]

Larson, E.W.; Edwards, W.D. Risk factors for aortic dissection: A necropsy study of 161 cases. Am. J. Cardiol. 1984, 53, 849-855.
[CrossRef]

Goldfinger, ].Z.; Halperin, J.L.; Marin, M.L.; Stewart, A.S.; Eagle, K.A.; Fuster, V. Thoracic Aortic Aneurysm and Dissection. J. Anz.
Coll. Cardiol. 2014, 64, 1725-1739. [CrossRef] [PubMed]

Jondeau, G.; Boileau, C. Familial thoracic aortic aneurysms. Curr. Opin. Cardiol. 2014, 29, 492-498. [CrossRef] [PubMed]
Ladich, E.; Butany, J.; Virmani, R. 5-Aneurysms of the Aorta: Ascending, Thoracic and Abdominal and Their Management. In
Cardiovascular Pathology, 4th ed.; Buja, L.M., Butany, J., Eds.; Academic Press: Cambridge, MA, USA, 2016; pp. 169-211. ISBN
9780124202191.

Pyeritz, R.E. Heritable thoracic aortic disorders. Curr. Opin. Cardiol. 2014, 29, 97-102. [CrossRef] [PubMed]

Vaideeswar, P; Dixit, V.; Butany, J.; David, T.E.; Feindel, C. Surgical pathology of chronic ascending aortic dissections. Pathology
2008, 40, 505-512. [CrossRef]

Gornik, H.L.; Creager, M.A. Aortitis. Circulation 2008, 117, 3039-3051. [CrossRef]

Virmani, R.; Burke, A.P. Pathologic features of aortitis. Cardiovasc. Pathol. 1994, 3, 205-216. [CrossRef]

Virmani, R.; McAllister, H. Pathology of the aorta and major arteries. In Aortitis: Clinical, Pathologic, and Radiographic Aspects;
Lande, A., Borkman, Y., McAllister, H., Eds.; Raven Press: New York, NY, USA, 1986; pp. 7-53.

Heggtveit, H.A. Syphilitic aortitis. A clinicopathologic autopsy study of 100 cases, 1950 to 1960. Circulation 1964, 29, 346-355.
[CrossRef]

Musci, M.; Weng, Y.; Hiibler, M.; Amiri, A.; Pasic, M.; Kosky, S.; Stein, ]J.; Siniawski, H.; Hetzer, R. Homograft aortic root
replacement in native or prosthetic active infective endocarditis: Twenty-year single-center experience. J. Thorac. Cardiovasc. Surg.
2010, 139, 665-673. [CrossRef]

Yanagawa, B.; Mazine, A.; Tam, D.Y,; Jiini, P.; Bhatt, D.L.; Spindel, S.; Puskas, ].D.; Verma, S.; Friedrich, ].O. Homograft Versus
Conven-tional Prosthesis for Surgical Management of Aortic Valve Infective Endocarditis: A Systematic Review and Meta-analysis.
Innovations 2018, 13, 163-170. [CrossRef]

Evans, ].M.; Bowles, C.A.; Bjornsson, J.; Mullany, C.J.; Hunder, G.G. Thoracic aortic aneurysm and rupture in giant cell arteritis. a
descriptive study of 41 cases. Arthritis Rheum. 1994, 37, 1539-1547. [CrossRef]

Lupi-Herrera, E.; Sdnchez-Torres, G.; Marcushamer, J.; Mispireta, J.; Horwitz, S.; Vela, J.E. Takayasu’s arteritis. Clinical study of
107 cases. Am. Heart. ]. 1977, 93, 94-103. [CrossRef]

Stone, ].H.; Khosroshahi, A.; Deshpande, V.; Stone, ].R. IgG4-related systemic disease accounts for a significant proportion of
thoracic lymphoplasmacytic aortitis cases. Arthritis Rheum. 2010, 62, 316-322. [CrossRef]

Ansell, B.M.; Bywaters, E.G.L.; Doniach, I. The aortic lesion of ankylosing spondylitis. Br. Heart ]. 1958, 20, 507-515. [CrossRef]
Bulkley, B.H.; Roberts, W.C. Ankylosing spondylitis and aortic regurgitation. Description of the characteristic cardiovascular
lesion from study of eight necropsy patients. Circulation 1973, 48, 1014-1027. [CrossRef]

Arnason, ].A.; Patel, A K; Rahko, P.S.; Sundstrom, W.R. Transthoracic and transesophageal echocardiographic evaluation of the
aortic root and subvalvular structures in ankylosing spondylitis. ]. Rheumatol. 1996, 23, 120-123. [PubMed]

Palazzi, C.; D’ Angelo, S.; Lubrano, E.; Olivieri, I. Aortic involvement in ankylosing spondylitis. Clin. Exp. Rheumatol. 2008, 26
(Suppl. 49), S131-5134.

Reimer, K.A.; Rodgers, R.F; Oyasu, R. Rheumatoid Arthritis With Rheumatoid Heart Disease and Granulomatous Aortitis. JAMA
1976, 235, 2510-2512. [CrossRef]

Paulus, H.E.; Pearson, C.M.; Pitts, W., Jr. Aortic insufficiency in five patients with Reiter’s syndrome. A detailed clinical and
pathologic study. Am. J. Med. 1972, 53, 464-472. [CrossRef]

Chajek, T.; Fainaru, M. Behcet’s disease. Report of 41 cases and a review of the literature. Medicine 1975, 54, 179-196. [CrossRef]
Hamza, M. Large artery involvement in Behcet’s disease. ]. Rheumatol. 1987, 14, 554-559.

Tuzun, H.; Besirli, K.; Sayin, A.; Vural, ES.; Hamuryudan, V.; Hizli, N.; Yurdakul, S.; Yazici, H. Management of aneurysms in
Behcet’s syndrome: An analysis of 24 patients. Surgery 1997, 121, 150-156. [CrossRef]

Blockmans, D.; Baeyens, H.; Van Loon, R.; Lauwers, G.; Bobbaers, H. Periaortitis and aortic dissection due to Wegener’s
granu-lomatosis. Clin. Rheumatol. 2000, 19, 161-164. [CrossRef]

Unlii, C.; Willems, M.; Ten Berge, 1.].; Legemate, D.A. Aortitis with aneurysm formation as a rare complication of Wegener’s
granulomatosis. J. Vasc. Surg. 2011, 54, 1485-1487. [CrossRef]

273



J. Cardiovasc. Dev. Dis. 2021, 8,76

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Chiche, L.; Mongrédien, B.; Brocheriou, I.; Kieffer, E. Primary Tumors of the Thoracoabdominal Aorta: Surgical Treatment of 5
Patients and Review of the Literature. Ann. Vasc. Surg. 2003, 17, 354-364. [CrossRef]

Neschis, D.G.; Scalea, T.M.; Flinn, W.R.; Griffith, B.P. Blunt Aortic Injury. N. Eng. ]. Med. 2008, 359, 1708-1716. [CrossRef]
[PubMed]

Eugene, H.B.; Frank, L.H.; James, K.K.; Nicholas, T. Kouchoukos Kirklin/Barratt-Boyes. Cardiac Surgery; Expert Consult. Saunders:
Milan, Italy, 2012; ISBN 9781416063919.

Mendelson, K.; Schoen, FJ. Heart valve tissue engineering: Concepts, approaches, progress, and challenges. Ann. Biomed. Eng.
2006, 34, 1799-1819. [CrossRef]

Flaumenhaft, R.; Moscatelli, D.; Saksela, O.; Rifkin, D.B. Role of extracellular matrix in the action of basic fibroblast growth factor:
Ma-trix as a source of growth factor for long-term stimulation of plasminogen activator production and DNA synthesis. J. Cell.
Physiol. 1989, 140, 75-81. [CrossRef] [PubMed]

Baraki, H.; Tudorache, I.; Braun, M.; Hoffler, K.; Gorler, A.; Lichtenberg, A.; Bara, C.; Calistru, A.; Brandes, G.; Hewicker-
Trautwein, M.; et al. Orthotopic replacement of the aortic valve with decellularized allograft in a sheep model. Biomaterials 2009,
30, 6240-6246. [CrossRef]

Grauss, R.W.; Hazekamp, M.G.; Oppenhuizen, E; Van Munsterena, C.J.; Groot, A.C.G.-D.; DeRuiter, M.C. Histological evaluation
of decellularised porcine aortic valves: Matrix changes due to different decellularisation methods. Eur. J. Cardio-Thorac. Surg.
2005, 27, 566-571. [CrossRef]

Cebotari, S.; Lichtenberg, A.; Tudorache, I.; Hilfiker, A.; Mertsching, H.; Leyh, R.; Breymann, T.; Kallenbach, K.; Maniuc, L.;
Batrinac, A.; et al. Clinical application of tissue engineered human heart valves using autolo-gous progenitor cells. Circulation
2006, 114, 1132-1137. [CrossRef]

Cebotari, S.; Tudorache, I; Jaekel, T.; Hilfiker, A.; Dorfman, S.; Ternes, W.; Haverich, A.; Lichtenberg, A. Detergent Decellular-
ization of Heart Valves for Tissue Engineering: Toxicological Effects of Residual Detergents on Human Endothelial Cells. Artif.
Organs 2010, 34, 206-210. [CrossRef]

Tudorache, L; Theodoridis, K.; Samir, S.; Bara, C.; Meyer, T.; Hoffler, K.; Hartung, D.; Hilfiker, A.; Haverich, A.; Cebotari, S.
Decellular-ized aortic allograft vs pulmonary autograft for aortic valve replacement in growing sheep model: Haemodynamic
and morphological results after implantation for 20 months. Circulation 2014, 130, A20027.

Della Barbera, M.; Valente, M.; Basso, C.; Thiene, G. Morphologic studies of cell endogenous repopulation in decellularized aortic
and pulmonary homografts implanted in sheep. Cardiovasc Pathol. 2015, 24, 102-109. [CrossRef]

Dedja, A.; Padalino, M.A_; Della Barbera, M.; Rasola, C.; Pesce, P.; Milan, A.; Pozzobon, M.; Sacerdoti, D.; Thiene, G.; Stellin,
G. Heterotopic Implantation of Decellularized Pulmonary Artery Homografts In A Rodent Model: Technique Description and
Preliminary Report. . Investig. Surg. 2017, 31, 282-291. [CrossRef]

Sata, M.; Fukuda, D.; Tanaka, K.; Kaneda, Y.; Yashiro, H.; Shirakawa, I. The role of circulating precursors in vascular repair and
lesion formation. J. Cell. Mol. Med. 2005, 9, 557-568. [CrossRef]

Frid, M.G.; Kale, V.A.; Stenmark, K.R. Mature vascular endothelium can give rise to smooth muscle cells via endotheli-al-
mesenchymal transdifferentiation: In vitro analysis. Circ. Res. 2002, 90, 1189-1196. [CrossRef]

Deb, A.; Wang, S.H.; Skelding, K.; Miller, D.; Simper, D.; Caplice, N. Bone marrow-derived myofibroblasts are present in adult
human heart valves. |. Heart Valve Dis. 2005, 14, 674-678.

Armstrong, E.J.; Bischoff, J. Heart valve development: Endothelial cell signaling and differentiation. Circ. Res. 2004, 95, 459-470.
[CrossRef]

274



Journal of
Cardiovascular

Development and Disease

Case Report

The Clinical Spectrum of Kommerell’s Diverticulum in Adults
with a Right-Sided Aortic Arch: A Case Series and
Literature Overview

Philippe J. van Rosendael 12, J. Lauran Stéger 3, Philippine Kiés 12, Hubert W. Vliegen "2, Mark G. Hazekamp 14,
David R. Koolbergen 4, Hildo J. Lamb 3, Monique R. M. Jongbloed *>* and Anastasia D. Egorova /2-**

Citation: van Rosendael, PJ.; Stoger,
J.L.; Kies, P; Vliegen, HW.;
Hazekamp, M.G.; Koolbergen, D.-R ;
Lamb, HJ.; Jongbloed, M.R.M.;
Egorova, A.D. The Clinical Spectrum
of Kommerell’s Diverticulum in
Adults with a Right-Sided Aortic
Arch: A Case Series and Literature
Overview. J. Cardiovasc. Dev. Dis.
2021, 8, 25. https://doi.org/
10.3390/jcdd8030025

Received: 11 January 2021
Accepted: 22 February 2021
Published: 26 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Center for Congenital Heart Disease Amsterdam-Leiden (CAHAL), Leiden University Medical Center,
2333 ZA Leiden, The Netherlands; p.j.van_rosendael@lumc.nl (P].v.R.); p.kies@lumc.nl (PX.);
H.W.Vliegen@lumc.nl (H.W.V.); M.G Hazekamp@lumc.nl (M.G.H.); D.R.Koolbergen@lumc.nl (D.R.K.);
M.R.M Jongbloed@lumc.nl (M.R.M.].)

2 Department of Cardiology, Heart Lung Centre, Leiden University Medical Centre, 2333 ZC Leiden,
The Netherlands

3 Department of Radiology, Leiden University Medical Center, 2333 ZA Leiden, The Netherlands;

J.L.Stoger@lumc.nl (J.L.S.); h.j.lamb@lumc.nl (H.]J.L.)

Department of Cardiothoracic Surgery, Leiden University Medical Center, 2333 ZC Leiden, The Netherlands

Department of Anatomy and Embryology, Leiden University Medical Center, 2333 ZC Leiden,

The Netherlands

*  Correspondence: a.egorova@lumc.nl; Tel.: +31715262020; Fax: +31715266809

1t These authors contributed equally.

Abstract: Background: Kommerell’s diverticulum is a rare vascular anomaly characterized as an
outpouch at the onset of an aberrant subclavian artery. In the variant of a right-sided aortic arch,
the trachea and esophagus are enclosed dorsally by the arch. In the configuration of an aberrant left
subclavian artery, a Kommerell’s diverticulum and persisting ductus arteriosus or ductal ligament
enclose the lateral side, forming a vascular ring which may result in (symptomatic) esophageal or
tracheal compression. Spontaneous rupture of an aneurysmatic Kommerell’s diverticulum has also
been reported. Due to the rarity of this condition and underreporting in the literature, the clinical
implications of a Kommerell’s diverticulum are not well defined. Case summary: We describe
seven consecutive adult patients with a right-sided aortic arch and an aberrant course of the left
subclavian artery (arteria lusoria), and a Kommerell’s diverticulum, diagnosed in our tertiary hospital.
One patient had severe symptoms related to the Kommerell’s diverticulum and underwent surgical
repair. In total, two of the patients experienced mild non-limiting dyspnea complaints and in four
patients the Kommerell’s diverticulum was incidentally documented on a computed tomography
(CT) scan acquired for a different indication. The size of the Kommerell’s diverticulum ranged
from 19 x 21 mm to 30 x 29 mm. In the six patients that did not undergo surgery, a strategy of
periodic follow-up with structural imaging was pursued. No significant growth of the Kommerell’s
diverticulum was observed and none of the patients experienced an acute aortic syndrome to date.
Discussion: Kommerell’s diverticulum in the setting of a right-sided aortic arch with an aberrant left
subclavian artery is frequently associated with tracheal and esophageal compression and this may
result in a varying range of symptoms. Guidelines on management of Kommerell’s diverticulum are
currently lacking. This case series and literature overview suggests that serial follow-up is warranted
in adult patients with a Kommerell’s diverticulum with small dimensions and no symptoms, however,
that surgical intervention should be considered when patients become symptomatic or when the
diameter exceeds 30 mm in the absence of symptoms.

Keywords: Kommerell’s diverticulum; right sided aortic arch; anomalous left subclavian artery;
arteria lusoria; tracheal compression; esophageal compression
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1. Introduction: From Embryology to Clinical Presentation

A Kommerell’s diverticulum is a rare vascular anomaly and is characterized by an
aneurysmatic onset of an aberrant left or right subclavian artery [1]. A Kommerell’'s
diverticulum was first described by the radiologist Burckhard Kommerell in 1936 in a
patient with dysphagia due to esophageal compression that was related to an aneurysmatic
onset of an aberrant right subclavian artery from a left-sided aortic arch [2,3]. Currently,
the definition also includes an aneurysmatic origin of an aberrant left subclavian artery
from a right-sided aortic arch, and it may also be present in patients with a double aortic
arch [4]. From surgical and radiology series, it has been estimated that the prevalence of a
left-sided aortic arch with an aberrant right subclavian artery ranges between 0.7-2.0% and
between 0.04-0.4% for a right-sided aortic arch with an aberrant left subclavian artery [3,5].
Overall, it is reported that 20-60% of the aberrant subclavian arteries are associated with
a Kommerell’s diverticulum, defined as an offset diameter being more than 50% larger
than the diameter of the distal segment of the aberrant subclavian artery [3,5,6]. Recently,
Erben et al. reported a retrospective analysis of the radiological database of Yale from the
years 1999 to 2006. Of the 75 patients with a Kommerell’s diverticulum 63% had a left-
sided arch with aberrant right subclavian artery and 37% had a right-sided arch with left
subclavian artery [7]. In contrast, a retrospective analysis of the radiology database of the
Mayo clinic of the years 1990 to 2014 by Poterucha et al. (Congress abstract data, American
Cardiology College 2015) showed that in 863 patients who were identified with an aberrant
subclavian artery, that a Kommerell’s diverticulum was observed in 14% (n = 121), and of
those patients 60% (1 = 73) had a right-sided aortic arch and aberrant left subclavian
artery [8]. The discrepancies between the data of Erben et al. and Poterucha et al. may in
part be explained by differences in the used criteria to define a Kommerell’s diverticulum
or due to diagnostic underreporting.

From an embryological perspective and based on extensive studies in animal models,
a Kommerell’s diverticulum has been suggested to result from incomplete regression of the
4th pharyngeal arch artery (PAA) [6,9,10]. The embryological vascular system is initially
bilateral, and both a right and left-sided aortic arch can be identified (Figure 1A). In the
right and left aortic arches several different segments can be recognized (Figure 1A), that are
partly derived from the PAAs, embryological bilateral vascular structures that during early
development arise from the aortic sac, the first part of the developing aorta that can be
recognised. Part of the left and right aortic arches are derived from the right and the left
4th PAA [9-12]. The right and left 4th PAAs give rise to the aortic segment in between
the carotid and subclavian arteries (also referred to as the aortic B segment) and connect
distally via so-called beta- and alpha-segments to the descending aorta (Figure 1A) [9-12].

During development of a normal left aortic arch (Figure 1B), the right alpha-segment
(i-e., the part connecting the right arch to the descending aorta, after the offset of the right
common carotid and the right subclavian artery) regresses [10]. In this case the left 4th
PAA will persist to form the normal left aortic arch, that is connected via the left beta- and
alpha-segment to the descending aorta. The aortic arch tributaries are also largely derived
from the embryonic PAAs. The left and right third PAA will contribute to the left and right
common carotid arteries. The subclavian arteries are derived from the 7th intersegmental
arteries, and will eventually connect to the aortic arch at the level of the beta-segment
(Figure 1A,B). During normal development, the right 4th PAA and beta-segment will
eventually form the origin of the right subclavian artery (Figure 1B), connecting it to the
aorta via the brachiocephalic trunk [13]. If, however, the right 4th PAA shows an abnormal
regression, this connection cannot be established resulting in an aberrant, more distal
origin of the right subclavian artery from the descending aorta, via a persisting right
alpha-segment [3] (Figure 1C). This aberrant subclavian artery courses posteriorly to the
esophagus and trachea, to supply the right arm [9,10].
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Figure 1. (A) Schematic overview of early development. Embryological segments are superimposed
on the developing vascular system of the cardiac outflow tract. The vascular system evolves from
an initially almost symmetrical bilateral system, into an asymmetrical system. Structures relevant
to development of the outflow tract arteries are indicated. (B) Left sided aortic arch. The right
4th pharyngeal arch artery (PAA) and beta-segment now form the base of the right subclavian artery,
connecting it to the aorta via the brachiocephalic artery. The right alpha-segment has regressed.
(C) Left aortic arch with an aberrant right subclavian artery. Due to deficiency of the right 4th PAA
(asterisk *), the proximal part of the right subclavian artery is deficient, and an aberrant right
subclavian artery is connected distally to the aorta descendens via a persisting right alpha-segment.
(D) Right aortic arch with an aberrant right subclavian artery. In this case, the left 4th PAA is
deficient (asterisk *) and the aberrant left subclavian artery is connected to the aorta descendens via
a persisting left alpha-segment. Abbreviations in the figure: «, alpha-segment; aLSA, aberrant left
subclavian artery; Ao desc, descending aorta; Ao sac, aortic sac; aRSA, aberrant right subclavian
artery; 3, beta-segment; DA, ductus arteriosus; F, foregut (will later form a.o. esophagus and trachea);
L, left alpha-segment, LCA, left carotid artery; LSA, left subclavian artery; Pu, pulmonary trunk;
Ra, right alpha-segment; RCA, right carotid artery; RSA, right subclavian artery. III, IV and VI, 3rd,
4th and 6th pharyngeal arch arteries (PAA) respectively. Color coding: Grey, ascending aorta; green,
carotid arteries, derived form 3rd PAA; purple, aortic B segment (in between carotid and subclavian
artery, derived from 4th PAA, olive green, left subclavian arteries (derived from 7th intersegmental
arteries); dark brown, descending aorta; dark pink, alpha-segment; light pink, beta-segment. Figures
are modified with permission from Molin et al. Cardiovasc Res. 2002 [11] and Molin et.al Birth
Defects Res A Clin Mol Teratol. 2004 [12].
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Anterior view

In case of development of a right (instead of a left) aortic arch, a complete mirror image
of the arch arteries can be encountered: the right arch first gives rise to a left brachiocephalic
trunk, and subsequently a right carotid and right subclavian artery arising directly from
the aortic arch. The right aortic arch in this case connects to the descending aorta via a
persisting right alpha-segment, whereas the left alpha-segment has regressed. If in case of
a right aortic arch, the left 4th PAA (partially) regresses, an aberrant left subclavian artery
will connect to the descending aorta via a persisting left alpha-segment, and will course
dorsally to the esophagus and trachea to supply the left arm [9,10] (Figure 1D). One could
hypothesize that a Kommerell’s diverticulum results from an only partial regression of
the 4th PAA, thus still forming part of the base of the left subclavian artery together with
the beta-segment, but lacking a connection to the proximal part of the aorta (Figure 2).
The arterial duct connects to the aorta in this area, and will thus complete the vascular ring
formed by the right aortic arch. After closure of the duct, traction by the arterial ligament
is considered to be an important factor in growth of the Kommerell’s diverticulum.

Right lateral view Posterior view Left lateral view

aLSA ‘
y

C

Figure 2. A schematic representation of the embryological aortic segments involved in development of a Kommerell’s
diverticulum. Panel (A-D): Different views of 3D reconstructions based on computed tomography angiography (CTA)
images of a patient with a right-sided aortic arch and an aberrant left subclavian artery. Colors superimposed on the figures
indicate segments derived from the embryological pharyngeal arch arteries (PAA) and other embryological aortic segments.
Color coding: Grey: ascending aorta; green: carotid arteries, derived from 3rd PAA; purple: aortic B segment (in between
carotid and subclavian artery, derived from 4th PAA); olive green: subclavian arteries (derived from 7th intersegmental
arteries); dark brown: descending aorta; dark pink: alpha-segment; light pink: beta-segment. Colors and segments are
derived from Molin et al. Cardiovasc Res. 2002 [11], and Molin et al. Birth Defects Res A Clin Mol Teratol. 2004 [12].
(A) Anterior view. Note the right-sided position of the arch in relation to trachea and esophagus. Upstream in the aorta,
the following aortic arch tributaries can be encountered: left carotid artery (LCA), right carotid artery (RCA), right subclavian
artery (RSA) and an aberrant left subclavian artery (aLSA). (B) Right lateral view indicating the embryonic aortic segments
of the right aortic arch. (C) Posterior view and (D) left lateral view. The aLSA connects to a dilated embryonic beta-segment
(arrow), that forms the base of a Kommerell’s diverticulum (KD). The asteriks * indicates where the location of the left 4th
PAA (that is missing here) would have been in case of a double aortic arch. As the 4th PAA borders the beta-segment,
the the segment indicating the dilated beta-segment, may also comprisee part of an incompletely regressed left 4th PAA.
«, alpha-segment; Ao asc, ascending aorta; Ao desc, descending aorta; aLSA, aberrant left subclavian artery; {3, beta-
segment; Es, esophagus; LB, left bronchus; LCA, left carotid artery; LSA, left subclavian artery; KD, Komerell’s diverticulum;
RB, right bronchus; RCA, right carotid artery; RSA, right subclavian artery; Tr, trachea.

The configuration of a right-sided aortic arch and left-sided aberrant subclavian artery
in the presence of a Kommerell’s diverticulum and ductal ligament (or persistent ductus
arteriosus) forms a vascular ring around the esophagus and trachea. This may result in
symptoms related to esophageal and tracheal compression, depending on location and
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degree of compression. For the trachea of an adult, it is estimated that exertional dyspnea
occurs when the tracheal luminal diameter is less than 8mm and that symptoms in rest
occur when the diameter is less than 6 mm [14]. The progression to symptomatic esophageal
and tracheal compression varies and may partly explain the wide spectrum of clinical
manifestations of a Kommerell’s diverticulum, that range from severely symptomatic
cases requiring surgical intervention during the early years of life, to an incidental finding
in asymptomatic adult patients. The latter type is probably underreported in literature.
Additionally, Kommerell’s diverticulum may be associated with an increased risk of acute
aortic/vascular syndromes. Cina and colleagues reported an aortic dissection rate ranging
between 19 to 53% in the 32 case reports available at time of publishing [15]. However,
this rate seems inconsistent with clinical experience and is likely based on significant (over)
reporting bias [7].

As there is currently no clear consensus with regards to the clinical management of
Kommerell’s diverticulum or defined indicators to justify surgery, we discuss the clinical
presentation, diagnosis and management, and follow-up of 7 consecutive patients from our
academic referral center. The current series explores the relation between the anatomy and
the occurrence and severity of symptoms in patients with a right-sided aortic arch, left aber-
rant subclavian artery and a Kommerell’s diverticulum considering this configuration as a
distinct entity rather than also including patients with a left-sided aortic arch.

2. Case Presentation
2.1. Patient 1

A 40-year old male patient was evaluated at the cardiology outpatient clinic prior
to renal transplantation. His history included Ewing’s sarcoma, left nephrectomy due
to metastatic disease five years earlier and subsequent right kidney failure. The initial
Computed Tomography (CT) Angiography (CTA, Figure 3) showed a Kommerell’s divertic-
ulum of 22 x 20 mm (319 mm?) from a right-sided aortic arch with aberrant left subclavian
artery. In addition, the brachiocephalic vein had an aberrant course ventral to the trachea
and in this case, this structure contributed to the mild tracheal compression. The duc-
tus arteriosus had regressed (ductal ligament) leading to an incomplete vascular ring.
The patient experienced no pulmonary complaints. Echocardiography showed normal
biventricular function and no hemodynamically significant valvular disease. Scintigraphy
revealed reversible ischemia of the anterior segments and coronary angiography confirmed
a significant stenosis in the proximal left anterior descending artery, which was treated
with percutaneous coronary intervention and stenting. Patient routinely undergoes chest
and abdominal CT surveillance to exclude recurrence of malignant disease. His most recent
exam, performed five years after initial documentation of the Kommerell’s diverticulum,
showed stable dimensions of the vascular structures.

2.2. Patient 2

A 40-year old male presented to the emergency department with partial paraplegia
due to multiple traumatic cervical fractures after an accident. As an incidental finding,
the CTA (Figure 4) showed a right-sided aortic arch with an aberrant left subclavian artery
and a Kommerell’s diverticulum of 22 x 21 mm (357 mm?) with partial compression of
the trachea due to bowing of the posterior tracheal membrane. This configuration formed
an incomplete vascular ring. He experienced no complaints related to the Kommerell’s
diverticulum, hence a watchful waiting strategy is pursued with periodic CTA follow-up.
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Figure 3. Patient 1. Panel (A) shows a CT-image reconstructed with global illumination rendering (iGIR) (Vitrea®,
Vital Images) in a anterolateral orientation depicting a right-sided aortic arch with an aberrant left subclavian artery.
Panel (B) shows a close up of the oblique posterior view of a Kommerell’s diverticulum as the onset of the aberrant
left subclavian artery. Panel (C) is an axial reconstruction depicting the anatomical relationship between the aortic arch,
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Figure 4. Patient 2. Panel (A) shows a lateral computed tomography reconstruction depicting a right-sided aortic arch
with an aberrant left subclavian artery. The zoomed posterolateral reconstruction in panel (B) shows that the aberrant left
subclavian artery is arising from a Kommerell’s diverticulum. Panel (C) is a coronal reconstruction that reveals tracheal
compression. The axial 3D cross-section (panel (D)) shows partial posterior compression of the trachea which was secondary
to tracheal bowing and not directly to compression by the vascular structures. ASA, aberrant subclavian artery; CCA,
common carotid artery; SA, subclavian artery.

2.3. Patient 3

A 50-year old woman was referred by the pulmonologist with progressive symptoms
of dysphagia since the last three years. The forced expiratory volume during spirometry
was reduced (2.76 L, 90% of predicted) and she had recently developed an inspiratory
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stridor. Chest X-ray revealed a right-sided aortic arch. Further investigation with a CTA
(Figure 5) showed an aberrant left subclavian artery with a Kommerell’s diverticulum
of 30 x 29 mm. At the level of the Kommerell’s diverticulum, there was significant
tracheal (transverse luminal diameter, 7 mm) and esophageal compression (without any
upper gastrointestinal tract complaints). The patient underwent surgical resection of
the Kommerell’s diverticulum with the subsequent placement of a Vascutek prosthetic
aortic patch and re-implantation of the left subclavian artery within a branch of the patch.
The surgery was uneventful and patient’s symptoms resolved. Postoperatively the patient
developed mild symptoms of vocal cord dysfunction, which improved after speech therapy.
Follow-up CTA after 6 and 12 months showed recovery of the tracheal (transverse luminal
diameter 10 mm) and esophageal dimensions. The patient is under periodic follow-up.
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Figure 5. Patient 3. Panels (A-C) pre-operative imaging, panels (D-F) post-operative imaging. Panel (A) shows the
axial reconstructions illustrating a right-sided aortic arch, aberrant left subclavian artery and a Kommerell’s diverticulum
compressing the trachea and esophagus. Panel (B) shows the volume rendering images and panel (C) depicts the compressed
trachea. Panel (D) shows the post-operative result after surgical resection of the Kommerell’s diverticulum in axial
reconstructions and panel (E) in volume rendered reconstructions. Panel (F) depicts the trachea, illustrating some increase
in tracheal dimensions. KD, Kommerell’s diverticulum.

282



J. Cardiovasc. Dev. Dis. 2021, 8, 25

2.4. Patient 4

A 55-year old male was evaluated by his general practitioner due to mild complaints of
dyspnea upon exertion, whilst training for a triathlon. A chest X-ray showing a right-sided
aorta and a reduced maximal expiratory peak flow during spirometry testing prompted
further investigation. Subsequent CTA (Figure 6) showed an aberrant left subclavian artery
with a Kommerell’s diverticulum of 25 x 23 mm (575 mm?) that caused mild tracheal
compression in the absence of a persisting ductus arteriosus. As Kommerell’s diverticulum
carries a risk of rupture, caution was advised with regard to peak and maximal exercise
efforts. CTA was repeated 1 year after diagnosis, revealing stable dimensions of the
Kommerell’s diverticulum. The patient is under periodic follow-up.

Right CCA
A Right SA
-~ Left SA

Kommerell’s 3
! <— 15 mm, 244 mm?
o < 15,134 mm?
e
. ¥ <— 18 mm, 255 mm?

Tracheal
compression

¥ ;ﬁ,"\

ophagus -
(E;omp; D)) \
Q

Descending Kommerell’s
,

pommerells thoracic aorta diverticulum
diverticulum

25 x 23 mm

Figure 6. Patient 4. Panel (A) shows a lateral reconstruction depicting a right-sided aorta and an aberrant left subclavian
artery with Kommerell’s diverticulum. Panel (B) shows the tracheal compression in isolation. Panel (C) provides a
volume rendered axial reconstruction and panel (D) a standard axial reconstruction. CCA, common carotid artery; SA,
subclavian artery.
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2.5. Patient 5

A 63-year old male underwent curative surgery for colorectal carcinoma with hepatic
metastases and underwent 6-monthly CT follow-up to screen for potential recurrence of
malignancy. The first chest CT (Figure 7) revealed a right-sided aortic arch and an aberrant
left subclavian artery arising from a Kommerell’s diverticulum of 24 x 19 mm (343 mm?)
that resulted in asymptomatic esophageal compression. Given the lack of symptoms and
known metastatic disease, it was decided to refrain from intervention and opt for CTA
follow-up. During the subsequent 3 years, diverticular dimensions have remained stable.
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Figure 7. Patient 5. Panel (A) shows a posterolateral view depicting a right-sided aortic arch and an aberrant left subclavian
artery with a Kommerell’s diverticulum. The axial (panel (B)) and oblique sagittal (panel (C)) lateral 3D volume rendering
reconstructions reveal that the Kommerell’s diverticulum causes esophageal compression. Panel (D) shows the axial

reconstruction and in panel (E) the mild tracheal compression is viewed in isolation. CCA, common carotid artery; SA,
subclavian artery.
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2.6. Patient 6

A 23-year old male who was referred by a general practitioner after analysis for
suspected asthma revealed a right-sided aortic arch on a chest X-ray. Subsequent CTA
(Figure 8) showed mirror image branching of the aortic arch arteries and an isolated
Kommerell’s diverticulum of 27 x 21 mm (440 mm?), likely due to traction of an arterial
ligament. This anomaly resulted in mild tracheal and esophageal compression. As the
patient had an excellent exercise capacity (375 Watt at bicycle exercise testing) after the
initiation of bronchodilator therapy, and a relatively small size of Kommerell’s diverticulum,
a strategy of watchful waiting with periodic CTA follow-up was pursued. In addition,
caution was advised with regards to peak and maximal exercise efforts. The patient is
under periodic follow-up.
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Figure 8. Patient 6. Panel (A) shows a posterolateral view of a right-sided aortic arch with mirror imaging branching and
an isolated Kommerell’s diverticulum compressing the trachea (panel (B)) by the formation of a vascular ring (panel (C)).
Panel (D) shows the axial reconstruction. CCA, common carotid artery; SA, subclavian artery.
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2.7. Patient 7

A 25-year old female with the Noonan syndrome and a right-sided aortic arch, was re-
ferred for cardiac screening due to an active pregnancy wish. Echocardiography showed
a structurally normal heart. For better visualization of the thoracic aorta she underwent
CTA (Figure 9) that confirmed the right-sided aortic arch and showed a left aberrant sub-
clavian artery and a Kommerell’s diverticulum of 19 x 21 mm. The trachea and esophagus
were only mildly compressed. In the absence of symptoms and a good exercise capacity
(160 Watt at bicycle exercise testing) a watchful waiting strategy was pursued and the
patient was advised to avoid maximal exercise. The patient is under periodic follow-up.
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Figure 9. Patient 7. Panel (A) shows a posterior view of the descending thoracic aorta, right-sided aortic arch and
Kommerell’s diverticulum as offset for an aberrant left subclavian artery. In panel (B) the short axis configuration is depicted
showing mild tracheal compression. Panel (C) shows the axial reconstruction and panel (D) provides the trachea in isolation.

ASA, aberrant subclavian artery; CCA, common carotid artery; SA, subclavian artery.
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3. Discussion: Clinical Implications

Due to its incidental nature and presumed underreporting in the literature, the nat-
ural history and exact clinical consequences of Kommerell’s diverticulum are unknown.
Consequently, there are currently no guidelines that specifically address how patients with
Kommerell’s diverticulum should be managed. We report our experience with 7 consec-
utive adult patients with the anatomic variant of an aberrant left subclavian artery with
Kommerell’s diverticulum and a right-sided aortic arch.

From the current case-series (Table 1), 1 of the 7 patients had significant symptoms
related to extrinsic esophageal and tracheal compression and underwent successful surgical
repair. The Kommerell’s diverticulum of the operated patient (patient 3) was the largest
of the current series (30 mm). Nonetheless, it should be appreciated that Kommerell’s
diverticulum is frequently an incidental finding. In total, six patients from the current
series had only slight esophageal or tracheal compression on CT that was not associated
with significant symptoms and in these patients a strategy of watchful waiting with serial
CTA follow-up was pursued. Bearing in mind the risk of acute complications, we advised
these patients to avoid peak exercise to reduce the shear stress and vascular strain on the
diverticulum.

Table 1. An overview of the anatomical and clinical characteristics of patients 1-7.

Age at

Diagnosis Gender Anatomy Compression DHEFI;(S]IDOHS Symptoms Management
(Years)
. Right-sided arch, Mild tracheal 22 x 20 mm, Incidental S'truct}lral
Patient 1 40 Male aberrant LSA and . 2 o imaging
compression 319 mm finding
KD follow-up
Patient 2 40 Male Egr};‘;;idfs Aa Z\Cnhci Partial tracheal =~ 22 x 21 mm, Incidental Si’gct;;ral
compression 357 mm? finding 8N
KD follow-up
Right-sided arch, Symptomatic
Patient 3 50 Female aborrant LSA and tracheal and 30 x 29 mzm, Dysphagia and Surg1'ca1
KD esophageal 870 mm dyspnea resection
compression
Mild dyspnea,
Right-sided arch . although Structural
. 4 Mild tracheal 25 x 23 mm, . .
Patient 4 55 Male aberrant LSA and compression 575 mm? ' e%cellent . imaging
KD objective exercise  follow-up
capacity
' Right-sided arch, Asymptomatic 24 % 19 mm, Incidental Sfcruct}lral
Patient 5 63 Male aberrant LSA and esophageal 2 N imaging
. 343 mm finding
KD compression follow-up
Dyspnea,
Right-sided arch, Mild tracheal 27 % 21 mm although Structural
Patient 6 23 Male mirror imaging and esophageal 2 excellent imaging
. . 440 mm’ - .
branching and KD compression objective exercise  follow-up
capacity
Right-sided arch, Mild tracheal . Structural
. 19 x 21 mm, Incidental R .
Patient 7 25 Female aberrant LSA and  and esophageal o imaging
399 mm? finding
KD compression follow-up

LSA, left subclavian artery; KD, Kommerell’s diverticulum.

Colleagues from the Radiology department of the Yale University showed that the
majority (63%) of 75 patients with Kommerell’s diverticulum had a left-sided aortic arch [7],
whereas in the 121 patients reported by Poterucha et al. [8] 60% had a right-sided aor-
tic arch. Bogerijen et al. observed a left-sided aortic arch in 73% of a surgical cohort
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of 22 patients [1]. However, data from larger populations is lacking, particularly from
individuals without symptoms or surgical intervention. The combination of Kommerell’s
diverticulum, an aberrant left subclavian artery, a right-sided aortic arch and persistent
arterial duct may form a vascular ring around the trachea and esophagus. Depending on
the size of the diverticulum, the local anatomy and presence of concomitant (vascular)
anomalies, this variant may more frequently result in symptoms than the combination of
a Kommerell’s diverticulum and an aberrant right subclavian artery which has a retroe-
sophageal course. Nowadays, non-invasive 3D imaging techniques such as CT or magnetic
resonance have largely replaced the need for bronchoscopy or barium swallow testing in
adult patients [3].

Some groups advocate an aggressive intervention strategy in patients with Kom-
merell’s diverticulum based on the reported high rupture rate of up to 53% [15]. Kim and
colleagues recommend surgical resection of a Kommerell’s diverticulum even in asymp-
tomatic patients and reported the retrospective results of 19 adult patients who underwent
surgical correction independent of the size of the Kommerell’s diverticulum, that ranged
from 15-45 mm [16]. In this series, the surgical procedure was complicated by an perioper-
ative type A dissection (5.3%), laryngeal and phrenic nerve injury (10.5%), and transient
neurologic dysfunction (5.3%). Patient 3 in our series had mild symptoms of vocal cord
dysfunction due to perioperative laryngeal nerve injury. Other single centers’ recommen-
dations include an indication for surgery when the Kommerell’s diverticular dimension
exceeds 50 mm in the long-axis [17] or if the maximal orifice diameter exceeds 30 mm [18].
In our center, we consider operative treatment in adult patients with a diverticular ori-
fice diameter of 30 mm or more due to the risk of dissection or rupture, irrespective of
complaints. The lack of international consensus and the periprocedural risks advocate the
importance of anatomical and clinical criteria with regards to patient selection for surgical
management in adults.

There may be factors beyond the absolute diverticular size when it comes to risk
of dissection or rupture. A recent systematic review described 210 patients with a Kom-
merell’s diverticulum (mean age 42 years) and reported a ruptured diverticulum and aortic
dissection as presentation in 4 and 11% of the patients, respectively [3]. Interestingly, in this
population the vast majority (84%) of the patients underwent surgical intervention [3].
The size of the Kommerell’s diverticulum ranged from 15 to 80 mm (mean 38 + 18 mm) in
the overall population, from 20 to 60 mm in the ruptured cases and 25 to 70 mm in those
with an aortic dissection [3]. Backer et al. showed that patients who undergo surgical
repair because of a symptomatic Kommerell’s diverticulum (1 = 20) had more frequently a
right-sided aortic arch (n = 16), probably because this configuration is more likely to lead
to symptomatic esophageal or tracheal enclosure [19]. Due to increased shear stress, it is
hypothesized that the curvature of a right-sided aorta and a larger absolute size of the
Kommerell’s diverticulum may be associated with an increased risk of rupture [20]. The po-
tential role of primary vascular pathology or premature atherosclerosis in this population
remains to be established.

To conclude, Kommerell’s diverticulum is characterized by an aneurysmatic onset
(the diverticulum) of an aberrant left or right subclavian artery. The configuration of a
Kommerell’s diverticulum from an aberrant left subclavian artery from a right-sided aorta
is often associated with some degree of tracheal and esophageal compression, and this may
result in a range of associated symptoms. Although frequently an incidental finding in
asymptomatic adults, one should be aware of the intricate anatomic characteristics and
potential vascular complications of such diverticulum and its presence should always
warrant further investigation. Serial follow-up is warranted in cases with small dimensions
and no symptoms, however, surgical intervention should be considered when patients
become symptomatic, or if the diameter exceeds 30 mm in the absence of symptoms,
or when there is rapid growth. Based on the current literature, defining patients at risk of
acute and potentially life-threatening vascular complications remains a challenge.
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Abstract: The contributions of Professor Dr. Adriana Gittenberger-de Groot in relation to coronary
artery development and classification are described from the viewpoint of a pediatric cardiac surgeon.
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Professor Dr. Adriana Gittenberger-de Groot has contributed in many ways to the
vast field of congenital heart disease. Her research in this area comprises many different
topics and is too extensive to summarize in one paper.

As a surgeon who is specialized in congenital heart disease, I will focus on one
field where Adriana Gittenberger-de Groot has made contributions that have been of
especially great value to me and to my fellow pediatric cardiac surgeons. I here refer
to her work on coronary development and anatomy in congenital heart disease. This
has ultimately resulted in the so-called Leiden Convention, a coronary coding system
where the origin and location of the coronary arteries in hearts with congenital heart
disease, such as transposition of the great arteries (TGA), is described in a way that is
both simple and unequivocal. The strength of the system lies in that it is independent of
the relative anatomical position of the great arteries, which can vary in different forms
of congenital heart disease. This classification greatly facilitates communication between
pediatric cardiologists and pediatric heart surgeons when they speak on how the coronary
arteries are distributed in a patient with TGA. Its simplicity and the fact that it is always
applicable underlines the beauty of the Leiden Convention coronary coding system [1].

The first arterial switch operation in Leiden was performed in 1977, shortly after
Jatene had done his first successful arterial switch in Sao Paulo in 1975 [2]. The most critical
part of this surgical procedure was (and still is) the translocation of the coronary arteries
from their original position in the aorta to their new place in the pulmonary truncus, which
will function as the new aorta after the arterial switch operation. Variations in the origin
and course of the coronary arteries are common, especially when TGA is combined with a
ventricular septal defect. As specific variations significantly increase the risk of the arterial
switch operation, it is of great importance to know the coronary anatomy before surgery is
started. A classification that is both simple and comprehensive was therefore desperately
needed with the evolution of this surgical technique.

The classification that Adriana Gittenberger-de Groot proposed was independent of
the spatial relation between the great arteries and was based on the observation that the
coronary arteries always arise from the facing sinuses. In short, an observer is positioned
in the non-facing sinus of the aorta and looks towards the pulmonary artery. The sinus on
the right-hand side is called “sinus 1”7, and the sinus on the left-hand side is called “sinus
2”. Then the three main coronary arteries are each named with the observer looking in a
counterclockwise fashion, starting in sinus 1. Thus, the most common anatomy in TGA
will be 1LCx-2R, where 1 and 2 denote the sinuses, L is left anterior descending artery,
Cx is the circumflex artery, and R stands for the right coronary artery. The nomenclature
was elegantly described by the Leiden pediatric cardiac surgeon Jan Quaegebeur after
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studying many clinical and autopsy cases of TGA [3]. The Leiden Convention is for all
reasons mentioned above more understandable than other classifications, such as Yacoub
type A-D [4,5].

The embryological aspects of coronary artery development have always been a topic
of interest for Prof. Dr. Gittenberger-de Groot, as demonstrated by several studies that have
led to the refutation of previous theories [6,7]. This work has shown that coronary arteries
do not grow from the aorta towards the periphery, but on the contrary, coronary arteries
grow toward the aorta. This provides explanations for coronary artery variations in TGA,
in common arterial trunk but for also the occurrence of aberrant coronary arteries that arise
from the pulmonary artery [8,9]. All this is of importance to the congenital cardiac surgeon.

Many years later, the same topic resurfaced when Adriana Gittenberger-de Groot
started looking at coronary artery anatomy in relation to bicuspid aortic valve [10,11].
Ultimately, this led to a modification of the Leiden Convention that encompasses coronary
arterial origin and branching not only in hearts with TGA or double outlet right ventricle
but also in hearts with normally related great arteries, hearts with different types of bicuspid
aortic valve, or hearts that have coronary arteries that arise from another aortic sinus. In
bicuspid aortic valve, the Leiden Convention is applicable in 99% of cases (not in the very
rare cases where there is no raphe). Furthermore, the Leiden Convention can be used to
determine which leaflets are fused. The newly modified Leiden Convention stands for a
simple coronary coding system that is broadly applicable (Figure 1).

Figure 1. Ao: aorta, Pu: Pulmonary artery, NF: Non Facing sinus, RCA: Right Coronary Artery, LCA: Left Coronary Artery,
LAD: Left Anterior Descending artery, LCx: Left Circumflex artery. The observer sits in the non-facing sinus of the aorta

and looks towards the facing sinuses. Sinus 1 is on her right-hand side, while sinus 2 is on her left-hand side. The coronary
arteries are described in a counterclockwise fashion: 1IRCA-2LAD LCx. (Adapted with permission from: Gittenberger de
Groot et al. ] Thorac Cardiovasc Surg. 2018 Dec;156(6):2260-2269).

In summary, the contributions of Adriana Gittenberger-de Groot have helped to
advance new theories and change the way of thinking in the field of coronary artery
development and coronary artery variations in TGA and bicuspid aortic valve. The
Leiden Convention and the more recently modified Leiden Convention provide a simple,
unambiguous coding system of coronary artery origin and branching that is of great help
to surgeons who dedicate their efforts to the treatment of congenital heart disease.
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Abstract: Abstract: BackgroundIn single coronary artery (SCA) anatomy, all coronary tributaries
arise from a single ostium, providing perfusion to the entire myocardium. Coronary classification
systems can facilitate the description of SCA anatomy. Aim: Evaluation of the applicability of Lipton
classification and the Leiden Convention coronary coding system in SCA. Methods: All patients
(n = 6209) who underwent computed tomography (CT) scanning between 2014 and 2018 were
retrospectively examined for the presence of SCA and classified, according to Lipton classification
and the Leiden Convention coronary coding system. Results: The prevalence of SCA was 0.51%
(32/6209). Twenty-eight patients (87.5%) had coexisting congenital heart disease (CHD), most
frequently pulmonary atresia (9/32, 28.1%). Ten patients (10/32, 31.25%) could not be classified with
either the Leiden Convention or Lipton classification (pulmonary atresia n = 9, common arterial
trunk (CAT) n = 1). In one case with CAT, Lipton classification, but not the Leiden Convention,
could be applied. In two cases with the transposition of the great arteries and in two cases of double
outlet right ventricle, the Leiden Convention, but not the Lipton classification, could be applied.
Conclusions: Both classifications are useful to detail information about SCA. As Lipton classification
was not developed for structural heart disease cases, in complex CHD with abnormal position of
the great arteries, the Leiden Convention is better applicable. The use of both systems is limited in
pulmonary atresia. In this scenario, it is better to provide a precise description of the coronary origin
and associated characteristics that might affect treatment and prognosis.

Keywords: single coronary artery; Leiden Convention coronary coding system; Lipton classification;
coronary artery anatomy; congenital heart disease

1. Introduction

In single coronary artery (SCA) anatomy, all coronary tributaries arise from a single
ostium, providing perfusion to the entire myocardium [1,2]. The prevalence reported in the
general population is 0.024% to 0.066%, diagnosed by invasive coronary angiography [1].
SCA has been associated with other congenital heart disease (CHD) in 40% of cases [2].

As variations in origin and course are common, classification systems have been
developed to facilitate anatomical description.
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In 1979, Lipton described a SCA classification system based on the origin, branching
pattern, and course of the coronary artery [2]. The classification system describes coronary
anatomy according to predefined patterns. In 1990, the system was modified by Yamanaka
and Hobbs to include a septal course [3] (Figure 1). SCAs originating from the anatomical
right or left sinus are indicated by an R and L, respectively, followed by the numerical
category of the branching pattern (I-III). In Lipton classification, an origin of the coronary
artery from the posterior sinus is not included. The classification was not primarily
developed, however, for CHD with abnormally aligned great vessels.

Group |
PA PA
RCA . Ac .
ReA LAD
Ao LAD
LCx
LCx
RI Ll
Group Il
PA
i .
LAD
LCx
" RIS
RIB RIIP

PA
~ .
LAD
Ao
Lex

LB LIP Lus

LA

Group Il

PA
RCA

LAD

Ao

R

Figure 1. Classification of SCA by Lipton and modified by Yamanaka and Hobbs (marked). Viewed
from caudal to cranial, “imaging view”. Ao: Aorta. L: Left sinus of Valsalva. LAD: Left anterior
descending artery. LCx: Left circumflex artery. PA: Pulmonary artery. R: Right sinus of Valsalva.
RCA: Right coronary artery.

The imaging Leiden Convention coronary is a coronary coding system that was
developed in the 1980s by Prof. Dr. Adriana Gittenberger-de Groot [4,5]. It can be used in
cases with variable and complicated coronary patterns and has the advantage that it can be
used irrespective of the position of the great arteries. The system approaches the coronary
anatomy based on the fact that both great arteries have, in principle, two “facing” sinuses
(Figure 2). Therefore, it applies in structurally normal hearts as well as in CHD, including
bicuspid aortic valves. The system avoids using terms related to the spatial orientation of
the arterial origin from the aorta in the description, and designates the aortic sinuses as
“left or right facing” or “non-facing” relative to the pulmonary valve sinuses. This is based
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on the principle that the non-facing sinus (corresponding to the posterior sinus in the case
of a normal position of the great arteries), will never carry a coronary artery. Originally, the
system was developed for use by cardiac surgeons but was recently extended to provide
its use by interventional and imaging (pediatric) cardiologists as well [5,6]. To correct for
the different angles at which the coronary arteries are viewed by surgeons and imaging
cardiologists, the methods to acquire the same annotation are slightly different for the
imaging than for the surgical perspective of the Leiden Convention coding system. For
the imaging view, the physician positions themselves in the non-facing sinus of the aortic
valve, looking out from the sinus. Positioned in this way, the right-hand sinus is sinus
1, and the left-hand sinus is sinus 2. Then, the branches are described in the order in
which they are encountered when adopting a clockwise rotation starting at sinus 1 [5,6]
(Figure 2). To our knowledge, there are no studies that evaluate the applicability of the two
classification systems (i.e., Lipton classification and the Leiden Convention coronary coding
system) for classification of single coronary arteries in the setting of complex congenital
heart disease. The aims of the present study are (1) to report the prevalence of cases of SCA
diagnosed by coronary computed tomography angiography (CCTA) in a tertiary healthcare
cardiovascular center and (2) to evaluate the applicability of Lipton classification and the
imaging Leiden Convention coronary coding system to annotate the SCA anatomy.

The Leiden Convention

Surgical / interventional A Imaging B
L
Left-hand
P A Right-hand sinus Pu‘
sinus / \
R+L R‘—[—l “
Cx

3

(@4 Sinus 1

counter

clockwise clockwise

Sinus 1

1R-2LCx 1R-2LCx

Figure 2. The Leiden Convention considers a surgical/interventional or an imaging perspective (Fig-
ure derived with permission from Koppel et al. [6]). (A) Surgical /Interventional Leiden Convention.
In this method, the coronary anatomy is examined from above, as a surgeon would see it during
surgery. The physician sits in the non-facing sinus, facing the pulmonary valve. In that position, the
sinus on the right is sinus 1 and the sinus on the left is sinus 2. Starting from sinus 1, the coronary
branches are named in the order that they are encountered when following a counterclockwise rotation.
(B) Imaging Leiden Convention. The physician’s view on the coronary anatomy is from the base of
the aorta upward. The physician sits in the non-facing sinus of the aortic valve, facing outward from
the sinus. From this position, the right-hand sinus is again sinus 1, and the left-hand sinus is sinus 2.
Following a clockwise rotation, starting at sinus 1, the encountered coronary branches are annotated.
A: Anterior. Ao: Aorta. L: Left. NF: Non-facing sinus. P: Posterior. Pu: Pulmonary. R: Right.

2. Materials and Methods

Consecutive patients that were scanned between March 2014 and January 2018 in a
tertiary referral center were evaluated for the presence of SCA. We employed a dual-source
256-MDCT scanner (Definition Flash, Siemens Healthineers, Erlangen, Germany) with a
sectional collimation of 2 x 128 x 0.6. Either ECG-gated or non-ECG-gated high-pitch
protocols were used (pitch factor of 0.17 and 3.4 respectively), at the discretion of the
attending physician, taking into account the patient’s ability to follow instructions, clinical
condition and request. The indication for the CCTA in pediatric patients (24/32, 75%)
was to further investigate previously diagnosed CHD. The indication for the CCTA in the
adult patients (8/32, 25%) was to rule out coronary artery disease. In cardiac-gated scans,
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a prospective acquisition was triggered in systole (40-45% of R-R interval). X-ray tube
parameters of voltage and current were adjusted to patient’s weight as follows: 80 kV if
less than 20 kg and 100 kV if BMI < 25 or weight 20-80 kg, with a current of 10 mA /kg (up
to 9 kg) and 5 mA for each additional kg. A current z-modulation technique (CARE-Dose,
Siemens Healthinneers) was used in all patients. The FOV extended from the carina to the
lower portion of the heart. The contrast transit time was determined with the use of a bolus
tracking technique by placing the region of interest in the ascending aorta. Images were
reconstructed in 0.75 mm thickness and interval reconstruction with a B25f kernel filter.
We used non-ionic contrast material (iobitridol, Guerbet, Roissy, France) at a volume
of 1-1.5 mL/kg of body weight for non-gated scans or 1.5-2 mL/kg for ECG-gated acquisi-
tions. All images were analyzed by an imaging cardiologist with 8 years of experience in
adult and pediatric cardiovascular imaging (M]S). Afterwards, the coronary anatomy was
also reviewed and annotated by CJK. Dedicated cardiac workstations were used (Syngo
Via v2.0, Siemens Healthineers, Forcheim, Germany and Vitrea, Vital images, Inc., Min-
netonka, MN, USA,, resp.), capable of multiplanar and volume rendering reformations.
An institutional review board (IRB) consent form was obtained at the time that CCTA was
performed. The average dose length product (DLP) was 142.5 mGy-cm (16-426 mGy-cm).

3. Results

The prevalence of SCA diagnosed by CCTA was 0.51% (32/6209) in this tertiary
cardiovascular referral center. Twenty patients were female (62.5%); the median age was
16 years and 7 months (range 1 month to 78 years) (Table 1).

Ten patients (31.25%) presented with a concomitant coronary anatomy anomaly (CAA),
including an anomalous origin of a right coronary artery (RCA) from the left anterior
descending coronary artery (LAD) (Figure 3) (6/32, 18.75%) and an absent RCA (4/32,
12.5%). Of the 32 included patients, 4 (12.5%) showed an interarterial course.

Table 1. Patients” demographics, associated congenital heart disease, imaging Leiden Convention and Lipton classification.

Patient Anatomical Leiden Linton Concomitant
Number Gender Age Associated Anomalies Relationship of Convention cl 1pﬁ tion Coronary
umbe the Ao to the PA onventio assiiicatio Anomaly
1 M M D"”b}:not‘r‘itii right Right anterior 2LCx LI Absent RCA
Truncus arteriosus Van "
2 F M Praagh type Ad NA NA NI None
Pulmonary atresia. Single
3 F 6M outlet right ventricle. Right NA NA NI* None
aortic arch.
4 F oM Pulmonar'y atresia. Smgle NA NA NI* None
outlet right ventricle.
5 F 8M Transposition .Of the great Left anterior 2CxRL NI* None
arteries
Clockwise rotation A'n'omalous
6 F 3Y Tetralogy of Fallot . 2RLCx LIJA origin of RCA
of the aortic root
from LAD
Double-outlet right
ventricle. Common
7 M 3Y atrioventricular canal type Left anterior 1LCxR NI* None
C of Rastelli. Right aortic
arch
Stenosis left ventricular
8 F 4Y outflow tract by Right posterior 2LCx LI Absent RCA
fibromuscular protrusion
Clockwise rotation Anpmalous
9 M 4Y Tetralogy of Fallot 2RLCx LIJA origin of RCA

of the aortic root from LAD
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Table 1. Cont.

Patient Anatomical Leiden Lipton Concomitant
Number Gender Age Associated Anomalies Relationship of Convention Classil}ication Coronary
the Ao to the PA Anomaly
Pulmonary atresia.
10 M 2y Arnblguogs atrlf)ventrlct}lar NA NA NI* None
connection. Right aortic
arch
Truncus arteriosus Van
11 F 5Y Praagh type Al. Right NA NA RIII None
aortic arch
12 F 5Y Syndrome Noonan Right posterior 2RLCx LIJA None
13 F 6Y Double-outlet right Right anterior 2LCXR NI* None
ventricle
14 F 8Y Isolated Right posterior 1RLCx RIIS None
Double-outlet right
15 F 9Y ventricle. Pulmonary NA NA NI* None
atresia
16 M 10Y Tetralogy of Fallot Clockwise rotation RLCx RIIA None
of the aortic root
Pulmonary agenesis.
17 F 10Y Commop atrlqventrlcular NA NA NI* None
connection. Single outlet
right ventricle
18 F 11Y Pulmonary atresia NA NA NI* None
Pulmonary agenesis. Single
19 M 12Y outlet right ventricle. Right NA NA NI* None
aortic arch
20 F 13Y Mitral valve prolapse Right posterior 1IRL*Cx RIIT None
21 M 14y [ransposition of the great Left anterior 1LOXR RIIP None
arteries
22 M 15Y Supravalvular aortic Right posterior 2R*LCx LIIB None
stenosis
Clockwise rotation Anomalous
23 M 15Y Tetralogy of Fallot . 2RLCx LIIA origin of RCA
of the aortic root
from LAD
24 M 16y [ransposition of the great Right anterior 1RLCx NI* None
arteries
25 F 18Y Pulmonary atresia NA NA NI* None
Pulmonary atresia. Double
26 F 25Y inlet left ventricle. Right NA NA NI* None
aortic arch
. Anomalous
27 F 37y Atrial septal defect. Right posterior 2R*LCx LuB origin of RCA
Ventricular septal defect
from LAD
Left ventricular Anomalous
28 F 51Y . Right posterior 2RLCx LIIA origin of RCA
non-compaction f
rom LAD
29 M 52Y Isolated Right posterior 2LCx LI Absent RCA
30 M 53Y Dysplastic aortic valve Right posterior 2LCx LI Absent RCA
Coronary artery disease.
31 M 58Y Rupture of right sinus of Right posterior 2LCxR LIIP None
Valsalva aneurysm
Anomalous
32 F 78Y Isolated Right posterior 2RLCx LIIA origin of RCA
from LAD

Ao: Aorta. PA: Pulmonary artery. NA: Not applicable. NI*: Not included in the classification.
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Figure 3. Case 27. CCTA in a 37-year-old woman undergoing preoperative evaluation for an atrial
septal defect. (A) Axial image depicting the origin of the SCA (arrow) from sinus 2. (B) A 3D volume-
rendered image showing that the RCA originates from the middle segment of the LAD with an
interarterial course. According to the Imaging Leiden Convention, the anatomy is 2R*LCx; by Lipton
classification, it is LIIB. (C,D) The RCA follows a course between the aorta and pulmonary artery
(level of right ventricular outflow tract). Ao: Aorta. LAD: Left anterior descending coronary artery.
LCx: Left circumflex. NF: Non-facing sinus. PA: Pulmonary artery. RCA: Right coronary artery.

Twenty-eight patients (87.5%) had coexisting CHD (Table 1). The most frequent
were pulmonary atresia/agenesis (9/32, 28.1%), one of which also had a double-outlet
right ventricle, right aortic arch (6/32, 18.75%), double-outlet right ventricle (4/32, 12.5%),
tetralogy of Fallot (4/32, 12.5%), and transposition of great arteries (3/34, 9.4%).

In our cohort, six patients (18.75%) had an anomalous position of the great arteries in
which the anatomical relationship of the aorta in relation to the pulmonary trunk was as
follows: right anterior 3 (9.4%) and left anterior 3 (9.4%). Additionally, four patients with
tetralogy of Fallot had clockwise rotation of the aortic root (Figure 4).

Figure 4. Case 9. A 4-year-old child with tetralogy of Fallot. (A) Oblique image showing infundibular
pulmonary stenosis (*). (B) Axial image reveals coronary origins clockwise rotated along with the
aortic root. According to the Leiden Convention, it is 2RLCx and by Lipton classification, it is
LIIA. (C) A 3D volume-rendered image shows an anomalous origin of the RCA from the LAD. A:
Anterior. Ao: Aorta. LAD: Left anterior descending coronary artery. L: Left. LCx: Left circumflex. P:
Posterior. R: Right. RV: Right ventricle. NF: Non-facing sinus. PA: Pulmonary artery. RCA: Right
coronary artery.

Of the adult patients, (8/32, 25%) the mean calcium score was 11.38 Agatston units
(AU) (0-63.4 AU).
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3.1. Lipton Classification

The most common origin of the SCA was from the left anterior sinus of Valsalva
(13/32, 50%), followed by an origin from the right anterior sinus of Valsalva (5/32, 15.6%),
as observed from the anatomical position of the heart in the thorax. According to this
system, these 18 patients were classified as LI (n = 4, 22.2%), LIIA (n = 6, 33.3%), LIIB
(n=2,11%), LIIP (n =1, 5.5%), RIIA (n =1, 5.5%), RIIP (1 = 1, 5.5%), RIIS (n = 1, 5.5%) and
RIII (n = 2, 11%). However, 9 patients with CHD and abnormally aligned great vessels
had a SCA origin from the anatomically posterior sinus and 4 with pulmonary atresia, and
1 patient with a common arterial trunk Van Praagh type A4 did not have a course around
the pulmonary artery or right ventricular outflow tract, so could not be included in any
category of the Lipton classification (Figure 5, Table 2).

Lipton classification not applicable Leiden Convention not applicable

Case 5. Transposition of the great arteries. Leiden Convention 2CxRL. Lipton Case 11. Truncus arteriosus Van Praagh type A1. Leiden Convention not
classification: coronary course not included. applicable. Lipton classification: RIII

Case 7. Double outlet right ventricle. Leiden Convention 1LCxR. Lipton
classification: not included, because origin SCA in sinus of Valsalva with
posterior location.

Case 13. Double outlet right ventricle. Leiden Convention:2LCxR. Lipton
classification: Not included, because origin SCA in sinus of Valsalva with
posterior location.

Case 24. Transposition of the great arteries. Leiden Convention: 1RLCx. Lipton
classification: Not included, because origin SCA in sinus of Valsalva with
posterior location.

Figure 5. Overview of cases that could be classified only with the Lipton classification or the Leiden Convention. Ao: Aorta.
LAD: Left anterior descending coronary artery. LCx: Left circumflex. R: Right. NF: Non-facing sinus. PA: Pulmonary artery.
RCA: Right coronary artery. SCA: Single coronary artery.

301



J. Cardiovasc. Dev. Dis. 2021, 8, 93

Table 2. Overview of cases not assessable by either classification.

Lipton Classification Leiden Convention
Patient Number Associated Anomaly Preventing Use of Both Classification Systems

2 Posterior sinus Truncus arteriosus type A4

3 Posterior sinus Pulmonary atresia

4 Course not included Pulmonary atresia

10 Course not included Pulmonary atresia

15 Posterior sinus Pulmonary atresia

17 Posterior sinus Pulmonary atresia

18 Posterior sinus Pulmonary atresia

19 Course not included Pulmonary atresia

5 Course not included Pulmonary atresia

26 Posterior sinus Pulmonary atresia
Lipton classification applicable, Leiden Convention not applicable

(Figure 5)

11 RIIT Truncus arteriosus type Al

Lipton classification not applicable, Leiden Convention applicable
(Figure 5)

5 Course not included 2CxRL

7 Posterior sinus 1LCxR

13 Posterior sinus 2LCxR

24 Posterior sinus 1RLCx

3.2. Leiden Convention Coronary Coding System

According to the imaging Leiden Convention, the origin of the SCA was from the
left-hand sinus (sinus 2) in 15 patients (71.4%). In 13 patients, these single coronary arteries
were also designated as originating from the left sinus in the Lipton classification; 2 could
not be classified with Lipton. The origin of the SCA was from the right-hand sinus (sinus
1) in 6 cases (28.5%), according to the Leiden Convention. This corresponded to the right
sinus in the Lipton classification in 4 of these patients; 2 could not be classified according
to Lipton. The imaging Leiden Convention could not be used in 11/32 patients (34%):
nine patients had pulmonary atresia/agenesis, and 2 patients had a common arterial trunk
(1 Van Praagh type Al and 1 with Van Praagh type A4 [7]) (Table 2). As these conditions
do not allow to determine facing and non-facing sinuses, the Leiden Convention coronary
coding system could not be used for these cases.

In summary, 10 patients (10/32, 31.25%) could not be classified with either the imaging
Leiden Convention or Lipton classification (Table 2). Nine had pulmonary atresia, 1 had
a truncus arteriosus Van Praagh type 4A, and in 6 of these, the origin of the SCA was
from the anatomically posterior sinus, near the interatrial septum (Figure 6). Four patients,
2 with TGA and 2 with double outlet right ventricle, could be classified by the Leiden
Convention, but not by Lipton classification, and 1 patient could be classified by Lipton
classification, but not by the Leiden Convention (Figure 5, Table 2). This was a patient with
a truncus arteriosus Van Praagh type Al.
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Figure 6. Case 17. A 10-year-old child with pulmonary atresia and common atrioventricular canal
type C of Rastelli. (A) Oblique axial view showing atrial situs inversus, common atrioventricular
connection, atrial and ventricular septal defect. (B) The SCA (thick arrow) arises from the posterior
sinus, which gives origin to the RCA and left main stem. (C,D) A 3D volume-rendered image
showing a posterior SCA. Ao: Aorta. ASD: Atrial septal defect. LA: Left atrium. LAD: Left anterior
descending coronary artery. LCx. Left circumflex. LV: Left ventricle. NF: Non-facing sinus. RA: Right
atrium. RCA: Right coronary artery. RV: Right ventricle. VSD: Ventricular septal defect.

4. Discussion

We present a case series of SCA diagnosed with CCTA in a tertiary referral center. To
our knowledge, this represents the largest cohort of SCA reported based on CT. The CCTA
allows accurate non-invasive evaluation of the coronary ostial morphology, course, and
distribution area of the coronary arteries. This might be a result of the type of institution
we represent, i.e., a nationwide cardiovascular referral center for complex congenital
heart disease, that may show a higher prevalence of SCA as compared to the population
without structural cardiac defects. In addition, the higher prevalence of the anomaly when
compared to invasive angiography might be the result of the multiplanar capabilities of CT
when compared to a biplanar method with limited visualization of spatial relationships.

Coronary artery anomalies are potentially relevant findings during surgery and for
coronary intervention planning. In terms of clinical diagnosis, in our series, this finding
was incidental in all cases. Although none of the adult patients in this study had significant
atherosclerotic disease, the detection of atherosclerosis in an SCA is important because of
the potential clinical implications of significant coronary artery disease in a single vessel
providing the entire myocardial blood flow. In addition, relevance of its diagnosis also lies
in the fact that this anomaly may cause myocardial ischemia by different mechanisms: due
to angulations or abnormal courses that may affect the distribution of blood flow, even in
the absence of atherosclerotic coronary lesions [2,8-10].

Of the 32 patients included, only 4 (12.5%) showed an interarterial course. This
variation might increase the risk of a major cardiac event, due to potential hemodynamic
compromise. This prevalence is similar to previous reports [10,11]. Additionally, it is worth-
while to notice that approximately one third of the patients had an additional anomalous
coronary branching pattern. In our series, associated CHD was found in almost 87.5% of
cases, and concomitant anomalies in coronary arterial branching patterns were present in
31.25% of the patients.

Knowledge of anatomical variations in the origin and course of the coronary arteries
in patients with CHD is essential to achieve optimal surgical preparation and follow up.
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Coronary classification systems are useful tools to detail important information about
coronary anomalies to cardiologists, radiologists and cardiac surgeons.

Lipton classification was originally designed for patients with normal cardiac anatomy
without additional congenital cardiac anomalies and is based on classifying the coronary
artery as left or right, based on the spatial position (i.e., left or right) of the sinuses of
Valsalva from which they emerge. To assign the branching pattern to a group, the system
takes into account the coronary artery course relative to the pulmonary artery [2,3], which
one might extend to the course around the right ventricular outflow tract for practical
reasons. However, this limits their use in hearts with a rotated orientation of the great
arteries (described as a general feature in congenital malformation of the outflow tract [12])
or pulmonary atresia. Another limitation of Lipton classification is that it contains a pre-set
array of variations, leaving no room for anatomical variations outside this set. However,
for many cases, the variations described by Lipton et al. are sufficient. An advantage
with respect to the Leiden Convention is that posterior, anterior and septal courses of the
coronary artery are directly included in the annotation and not only an interarterial course.

The Leiden Convention coronary coding system was developed to avoid using terms
referring to the spatial anatomical position, such as left, right, posterior and anterior,
which might be ambiguous in cases with malposition of the great arteries; herein lies its
strength for use in (complex) CHD. In Lipton classification, the posterior sinus would, in
many cases, correspond to the non-facing sinus in the Leiden Convention, which does
not carry a coronary artery. However, especially in malrotation of the great arteries, this
correspondence of the posterior sinus to the non-facing sinus is not obligatory.

The nomenclature of the sinuses of the Leiden Convention allows its use also in
cases with congenital heart disease and malposition of the great arteries, regardless of the
position of the great arteries and the spatial position of the sinuses of Valsalva. As the
recognition of facing and non-facing sinuses is a prerequisite of the Leiden Convention
coronary coding system, in principle, it cannot be used in cases of common arterial trunk,
pulmonary atresia, cases with uni/quadri/pentacuspid valves or if the valve morphology
cannot be distinguished [4,5]. The Leiden Convention also cannot be used if the coronary
artery arises from the non-facing sinus. We have, to date, not encountered this situation in
humans.

Neither the Leiden Convention nor Lipton classification could be applied in 10 patients
(Table 2). Nine patients had pulmonary atresia and one patient had a common trunk Van
Praagh type A4. For application of the Lipton classification, the SCA has to course around
the pulmonary trunk or right ventricular outflow tract, so in the absence of a pulmonary
trunk, such as in cases of pulmonary atresia, Lipton classification cannot be used. In
addition, cases with the SCA originating from the posterior sinus make Lipton classification
inapplicable. A coronary artery originating from a non-facing sinus is extremely rare, and
we, therefore, do not consider the posterior sinus to be the equivalent of the non-facing
sinus in these cases.

In some cases of pulmonary atresia where a small pulmonary trunk can be visualized,
the Leiden Convention might still be applicable. However, we believe that in highly
complex CHD where the coronary anatomy cannot be adequately described according
to a classification system, it is better to provide a detailed description, including the
origin, course (especially important in the case of the interarterial course), coronary artery
dominance, the relationship relative to the position of the great vessels, as well as, in
particular cases, the shape of the coronary orifice, acute angle take-off, or presence of
myocardial bridging of a coronary artery. This corresponds to the “associated anomalies”
step of the Leiden Convention coronary coding system.
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5. Study Limitations

This a retrospective study including patients for whom CCTA was performed on a
variety of indications. Therefore, not all scans were made in an ECG triggered way that
would be optimal for evaluation of the coronary anatomy. This may have hampered an
optimal evaluation in some of the cases described.

6. Conclusions

Both Lipton classification and the Leiden Convention are useful to present important
information about coronary anomalies. In complex CHD with an abnormal position of the
great arteries, the Leiden Convention is better applicable. As expected, Lipton classification,
which was principally developed for cases without structural heart disease, is less suitable
for complex CHD with abnormal position of the great arteries. In pulmonary atresia, the
use of both systems is limited. In such cases, it is recommended to provide a detailed
description of the coronary anatomy as well as associated characteristics that might affect
treatment planning and prognosis.

Author Contributions: Conceptualization, D.LK.-T., M.J.-S., EK.-H.; methodology, D.LK.-T., M.].-S.,
CJK.,, MRM]. and E.K.-H.; validation, D.I.K.-T., C.J.K.,, M.RM.]. and H.W.V.; formal analysis,
D.LK.-T. and C.J.K,; investigation, D.LK.-T. and C.J.K.; data curation, D.LK.-T., C.J. K. and M.RM.] ;
writing—original draft preparation, D.I.K.-T., M.].-S., EC.-C., M.D.-Z. and E.K.-H.; writing—review
and editing, D.LK.-T.,, M.].-S., C.J. K., M.RM.]. and E.K.-H.; visualization, D.LK.-T. and C.J.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived, due to the design
of the study. However, it is worth mentioning that all patients in our institution signed a consent
form that includes an approval to use their imaging information for academic purposes in those cases
where retrospective studies are performed.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: All authors declare no conflict of interest. This research did not receive any
specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

References

1.  Aldana-Sepulveda, N.; Restrepo, C.S.; Kimura-Hayama, E. Single coronary artery: Spectrum of imaging findings with multidetec-
tor CT. J. Cardiovasc. Comput. Tomogr. 2013, 7, 391-399. [CrossRef] [PubMed]

2. Lipton, M.J.; Barry, W.H.; Obrez, L; Silverman, J.E; Wexler, L. Isolated single coronary artery: Diagnosis, angiographic classifica-
tion, and clinical significance. Radiology 1979, 130, 39-47. [CrossRef] [PubMed]

3. Yamanaka, O.; Hobbs, R.E. Coronary artery anomalies in 126,595 patients undergoing coronary arteriography. Catheter. Cardiovasc.
Diagn. 1990, 21, 28-40. [CrossRef] [PubMed]

4. Gittenberger-de Groot, A.C.; Sauer, U.; Oppenheimer-Dekker, A.; Quaegebeur, J. Coronary arterial anatomy in transposition of
the great arteries: A morphologic study. Pediatr. Cardiol. 1983, 4, 15-24.

5. Gittenberger-de Groot, A.C.; Koenraadt, WM.C.; Bartelings, M.M.; Bokenkamp, R.; DeRuiter, M.C.; Hazekamp, M.G.; Bogers, A.;
Quaegebeur, ].M.; Schalij, M.].; Vliegen, H.W.; et al. Coding of coronary arterial origin and branching in congenital heart disease:
The modified Leiden Convention. J. Thorac. Cardiovasc. Surg. 2018, 156, 2260-2269. [CrossRef] [PubMed]

6. Koppel, C.J.; Vliegen, HW.; Bokenkamp, R.; Ten Harkel, A.D.J.; Kiés, P.; Egorova, A.D.; Jukema, ] W.; Hazekamp, M.G.; Schalij,
M.].; Gittenberger-de Groot, A.C.; et al. The Leiden Convention coronary coding system: Translation from the surgical to the
universal view. Eur. Heart . Cardiovasc. Imaging 2021. [CrossRef] [PubMed]

7. Van Praagh, R.; Van Praagh, S. The anatomy of common aorticopulmonary trunk (truncus arteriosus communis) and its
embryologic implications. A study of 57 necropsy cases. Am. J. Cardiol. 1965, 16, 406—425. [CrossRef]

8. De Agustin, J.A.; Marcos-Alberca, P.; Manzano Mdel, C.; Fernandez-Golfin, C.; Pérez de Isla, L.; Hernandez Antolin, R.; Macaya,
C.; Zamorano, J. Percutaneous Intervention in a single coronary artery: Evaluation of multislice tomography and its feasibility.
Rev. Esp. Cardiol. 2010, 63, 607-611. [CrossRef]

9.  Mandal, S.; Tadros, S.S.; Soni, S.; Madan, S. Single coronary artery anomaly: Classification and evaluation using multidetector
computed tomography and magnetic resonance angiography. Pediatr. Cardiol. 2014, 35, 441-449. [CrossRef] [PubMed]

10. Villa, A.; Sammut, E.; Nair, A.; Rajani, R.; Bonamini, R.; Chiribiri, A. Coronary artery anomalies overview: The normal and the

abnormal. World J. Radiol. 2016, 8, 537-555. [CrossRef] [PubMed]

305



J. Cardiovasc. Dev. Dis. 2021, 8, 93

11.  Zhou, Z; Xu, L.; Zhang, N.; Wang, H.; Liu, W.; Sun, Z.; Fan, Z. CT coronary angiography findings in non-atherosclerotic coronary
artery diseases. Clin. Radiol. 2018, 73, 205-213. [CrossRef] [PubMed]
12.  Houyel, L.; Bajolle, E; Capderou, A.; Laux, D.; Parisot, P.; Bonnet, D. The pattern of the coronary arterial orifices in hearts with

congenital malformations of the outflow tracts: A marker of rotation of the outflow tract during cardiac development? . Anat.
2013, 222, 349-357. [CrossRef] [PubMed]

306



Journal of
Cardiovascular

Development and Disease

Systematic Review

The Coronary Arteries in Adults after the Arterial Switch
Operation: A Systematic Review

Leo J. Engele 1.2 Barbara J. M. Mulder 12 Jan W. Schoones 31 Philippine Kies 4 Anastasia D. Egorova 4 Hubert
W. Vliegen 4, Mark G. Hazekamp °, Berto J. Bouma "*f and Monique R. M. Jongbloed %¢*%

Citation: Engele, L.J.; Mulder, BJ.M.;
Schoones, ].W.; Kigs, P.; Egorova,
A.D.; Vliegen, HW.; Hazekamp,
M.G.; Bouma, B.J.; Jongbloed, M.R. M.
The Coronary Arteries in Adults after
the Arterial Switch Operation: A
Systematic Review. . Cardiovasc. Dev.
Dis. 2021, 8,102. https:/ /doi.org/
10.3390/jcdd8090102

Academic Editor: Andy Wessels

Received: 6 July 2021
Accepted: 21 August 2021
Published: 26 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Center for Congenital Heart Disease Amsterdam-Leiden (CAHAL), Department of Clinical and Experimental
Cardiology, Amsterdam Cardiovascular Sciences, Heart Centre, Amsterdam UMC, University of Amsterdam,
1105 AZ Amsterdam, The Netherlands; 1j.engele@amsterdamumc.nl (L.J.E.);

bj.mulder@amsterdamumec.nl (B.J.M.M.); b,j. bouma@amsterdamumc.nl (B.J.B.)

2 Netherlands Heart Institute, 3511 EP Utrecht, The Netherlands

3 Directorate of Research Policy, Leiden University Medical Center, 2333 ZA Leiden, The Netherlands;
j-w.schoones@lumc.nl

Center for Congenital Heart Disease Amsterdam-Leiden (CAHAL), Department of Cardiology,

Leiden University Medical Center, 2333 ZA Leiden, The Netherlands; p kies@lumc.nl (PK.);
a.egorova@lumce.nl (A.D.E.); h.w.vliegen@lumc.nl (H.W.V.)

Center for Congenital Heart Disease Amsterdam-Leiden (CAHAL), Department of Cardiothoracic Surgery,
Leiden University Medical Center, 2333 ZA Leiden, The Netherlands; m.g.hazekamp@lumc.nl

Center for Congenital Heart Disease Amsterdam-Leiden (CAHAL), Department of Anatomy and Embryology,
Leiden University Medical Center, 2333 ZA Leiden, The Netherlands

*  Correspondence: m.r.m jongbloed@lumc.nl

1t Directorate of Research Policy (Formerly: Walaus Library).

f These authors contributed equally to the manuscript.

Abstract: Coronary artery status in adults long after the arterial switch operation (ASO) is unclear. We
conducted a systematic review to provide an overview of coronary complications during adulthood
and to evaluate the value of routine coronary imaging in adults after ASO, in light of current
guidelines. Articles were screened for the inclusion of adult ASO patients and data on coronary
complications and findings of coronary imaging were collected. A total of 993 adults were followed
with a median available follow-up of only 2.0 years after reaching adulthood. Myocardial ischemia
was suspected in 17/192 patients (8.9%). The number of coronary interventions was four (0.4%), and
coronary death was reported in four (0.4%) patients. A lack of ischemia-related symptoms cannot be
excluded because innervation studies indicated deficient cardiac innervation after ASO, although
data is limited. Anatomical high-risk features found by routine coronary computed tomography
(cCT) included stenosis (4%), acute angle (40%), kinking (24%) and inter-arterial course (11%). No
coronary complications were reported during pregnancy (n = 45), although, remarkably, four (9%)
patients developed heart failure. The 2020 European Society of Cardiology (ESC) guidelines state
that routine screening for coronary pathologies is questionable. Based on current findings and in line
with the 2018 American ACC/AHA guidelines a baseline assessment of the coronary arteries in all
ASO adults seems justifiable. Thereafter, an individualized coronary follow-up strategy is advisable
at least until significant duration of follow-up is available.

Keywords: transposition of the great arteries; arterial switch operation; coronary artery; coronary
complications; imaging

1. Introduction

Transposition of the great arteries (TGA) is a congenital heart defect with a prevalence
of approximately 4.7 per 10,000 newborns and represents 5% to 7% of all congenital heart
disease (CHD) [1,2]. Today, the arterial switch operation (ASO) is the operation of choice
for anatomical correction in newborns with TGA and selected cases of double outlet right
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ventricle (DORV). The ASO is also part of the double switch in congenitally corrected TGA
(ccTGA) patients. The ASO was performed successfully for the first time by Jatene and
colleagues in 1975 [3,4], and after a transition period in the 1980s, it has now replaced the
atrial switch procedures in the vast majority of cases. Translocation of the coronary arteries
is the most critical step during the arterial switch procedure. The coronary arteries are
excised from the aorta (neo-pulmonary trunk) after which the coronary artery is sutured
into the pulmonary artery (neo-aorta) (Figure 1). Several factors contribute to a successful
coronary transfer, including a sufficient length of the coronary artery and the coronary
anatomy. Coronary events are an important cause of death and most often occur early after
ASOQ; previous studies reported a prevalence of coronary obstruction after ASO from 2% to
11% in children [5,6].

1) Coronary artery excision and transfer 2) Coronary buttons

Al. Button-technique: B1. Trap-door technique
Incision ostium LAD and Incision right coronary
Cx artery

TN

A2. Transfer LAD and B2. Right and left coronary
Cx. artery sutured in neo-aorta

Figure 1. (1) Operation techniques for translocation of the coronary arteries during the arterial switch operation.
(A1,A2) Button-technique of coronary artery excision and transfer to the neo-aorta in most common type (1R-2LCx).
(B1,B2) Trap-door technique of coronary artery excision and transfer to the neo-aorta. (2) Coronary buttons in the neo-aorta
in a patient with transposition of the great arteries after arterial switch. Abbreviations: LAD = left anterior descending
artery, Cx = circumflex artery, Neo-Ao = Neo-aorta. Note. Images Al and A2-1D adapted with approval of the author
from the thesis: ‘“The Arterial Switch Operation-Rationale, Results, Perspectives, by ].M. Quaegebeur, 1986, Chapter 1V,
p127, ISBN 90-9001327. Images B1 and B2 are adapted from ‘The importance of neo-aortic root geometry in the arterial
switch operation with the trap-door technique in the subsequent development of aortic valve regurgitation’, by Jhang et al.
European Journal of Cardio-thoracic Surgery, 2012 Nov; 42(5): 794-92013; 96: 1390-1397. Copyright 2021 by Copyright
Clearance Center.

Less is known about the long-term patency of the translocated coronary arteries
and the occurrence of myocardial ischemia during adulthood. Potential mechanisms for
myocardial ischemia after translocation of the coronary arteries include coronary kinking,
anatomical distortion, stretching, and extrinsic compression. Furthermore, growth of the
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neo-aorta and proximal coronary arteries during lifetime may result in an increased risk
for anatomical high-risk features of the coronary arteries including acute angle, mechanical
kinking or stretching [7-9]. Patients with an unusual anatomical coronary pattern may
be at higher risk for the occurrence of late coronary complications [10]. Due to cardiac
denervation after dissecting the cardiac plexus during ASO, patients with a coronary artery
stenosis may be asymptomatic. Previous long-term follow-up studies in children reported
significant coronary stenosis after ASO in asymptomatic patients [6,7].

Due to the lifelong risk of coronary complications after the ASO, periodic surveillance
of the coronary arteries is recommended by current guidelines [11,12]. Non-invasive exam-
inations for detecting myocardial ischemia with ECG, stress echocardiography, exercise
testing, and perfusion scintigraphy have shown low sensitivity for detecting significant
coronary stenosis [6]. However, Cardiovascular Magnetic Resonance (CMR) and coronary
computed tomography (cCT) can be of value in timely detection of coronary complications.
There is currently no consensus regarding the optimal follow-up interval and imaging
modality for surveillance of the translocated coronary arteries.

Currently, the group of young adult ASO patients is growing. Although many studies
reported coronary complications during childhood, a structured overview of available liter-
ature concerning coronary status in adults is lacking. Therefore, we performed a systematic
review to provide an overview of currently available literature reporting on the incidence
of coronary complications specifically during adulthood and the value of coronary imaging
in adults after ASO. Besides, the effects of pregnancy on coronary outcomes and studies
on cardiac innervation, given the potential relevance for symptomatology, were analysed.
Findings will be discussed in light of current coronary follow-up recommendations after
the ASO.

2. Materials and Methods

This systematic review was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta Analyses (PRISMA) checklist [11]. Quality assessment of
included long-term follow-up cohort studies was performed with the Newcastle Ottawa
Scale (NOS) [13]. Studies were scored on the following two domains: (1) selection, including
representativeness of the exposed cohort, ascertainment of exposure, and demonstration
that the outcome of interest was not present at the start of the study; (2) outcome, including
assessment of outcome, follow-up period, and adequacy of follow-up. The maximum
number of awarded stars was six.

2.1. Search Strategy

A comprehensive literature search was performed in PubMed, Embase, Web of Science,
Cochrane Library and Emcare. Language was restricted to English and German. Because
we focused on the outcomes in adults, only articles which were published between 1994
(18 years after introduction of the ASO) and August 2020 were selected. The search
strategy was carried out by using key words for arterial switch, transposition of the great
arteries, coronary outcome, long-term outcome, and ischemia. (For complete query: see
Appendix A). Duplicate articles were removed.

2.2. Selection Criteria

Cohort studies with TGA, DORV or ccTGA patients after ASO were included. Long-
term outcome on coronary interventions or coronary death in adults (>18 years) was
retrieved. Because the purpose was to evaluate the long-term coronary status after arterial
switch, patients with one-stage repair, two-stage repair, and late arterial switch were all
included in analysis. Furthermore, cross-sectional coronary imaging studies investigating
coronary anatomy or myocardial perfusion with any imaging modality were considered el-
igible for the review. Finally, studies reporting cardiac outcomes during pregnancy, cardiac
innervation, and case reports on coronary complications were included. Studies reporting
other than coronary outcome in adults after ASO, description of outcome exclusively in
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children (<18 year), or patients with a non-identifiable age were excluded. In addition,
reviews, editorials and articles in which the full-text could not be retrieved were excluded.
Reference lists of reviews were searched for eligible articles which were not identified in
the literature search.

2.3. Definitions

The literature search was restricted to adults (18 years or older) because the purpose
was to evaluate the long-term patency of the coronary arteries without focusing on the early
and midterm outcome. Coronary complications were defined as percutaneous coronary
intervention, coronary surgery or coronary death. The following causes of death were
interpreted as coronary related: (aborted) sudden cardiac death or death related to proven
or possible ischemic heart failure. All imaging techniques performed in adults to assess
coronary anatomy or coronary function were considered eligible for systematic review.
When duplication of patient data in studies from the same institutions were suspected, the
study with the highest number of ASO adults with description of coronary complications
was included.

2.4. Data Extraction and Appraisal

All abstracts were screened for eligibility by two independent observers (LJE and
MRMYJ). In case of disagreement, differences between the observers’ judgements were
discussed to seek consensus. In each of the included long-term follow-up papers, data
were collected on the number of included adults, the number of coronary complications,
and the follow-up time, using data derived from full-text, tables, and overall Kaplan-Meier
curves. One observer (LJE) performed a quality assessment of the included papers using
the NOS. In patients with coronary complications, data were collected on NYHA class
and presence of chest pain when available. Data on the number of adults and duration of
follow-up collected from Kaplan-Meier curves were categorized into the following age
groups: 18-20 years, 20-25 years, 25-30 years, older than 30 years. It was not possible to
identify the censored age for each patient from the Kaplan-Meier curves. Therefore, we
were not able to include patients who were censored at the age of 18 and 19 years. Mean
follow-up was calculated with the follow-up time derived from Kaplan-Meier curves.

In cross-sectional anatomical and physiological imaging studies, data on the imaging
technique, the number of patients with anatomical high-risk features, perfusion defects,
ischemia, and coronary intervention were retrieved. In addition, data of patients with
suspicion of myocardial ischemia were collected. Anatomical high-risk features of the prox-
imal coronary arteries following ASO were defined as: acute angle take-off (<30 degree),
interarterial course, ostial stenosis, and/or kinking. These coronary features have been
associated with myocardial ischemia in CHD cohorts [14,15].

Suspicion of myocardial ischemia was based on symptoms or ST-segment deviation
during exercise tests. Inclusion of imaging studies was based on the median or mean age
(>18 years) of the ASO cohort; therefore, the potential presence of individual patients in
this cohort with an age under 18 years could not be excluded. The following data were
extracted from case reports: type of examination, type of intervention, presence of chest
pain. From pregnancy studies, data on the number of coronary complications, ventricular
rhythm disorders, and left ventricular function were collected. The technique and outcome
were retrieved from cardiac innervation studies.

3. Results
3.1. Study Selection

A total of 893 studies were identified (Figure 2). The number of excluded studies
by abstract screening was 658; most of these reported outcome exclusively in children
(<18 years) or focused on atrial switch procedures. The remaining 235 articles were assessed
for eligibility by full-text screening. After full-text assessment, 46 studies were included
with the following study designs: 27 long-term follow-up cohort studies, 3 cross-sectional
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imaging studies, and 4 case reports. In addition, studies focusing on the following aspects
were included: late arterial switch studies (n = 4), double switch studies (n = 2), pregnancy
studies (n = 4), and sympathetic innervation studies (n = 2).

—
Records identified through database searching
g - Pubmed (n=722)
",5‘ _ Embase (n=655) Records removed:
f«E - Web of Science (n=509) —_— - Duplicates (n=1156)
E - Cochrane Library (n=4) - Language (n=134)
= - Emcare (n=159)
- Total: n=2049
—
)
Records excluded (n=658)
0 - No adults included
= T
5 Records screened ; - Atrial switch
g (n=893) - No description of coronary
@ complications
l - Focusing on early outome
—
> .
= Full-text articles assessed for eligibility Full-text articles excluded (n=189)
2 =235 > - No identifiable adults
= (n=235)
E - Focussing on short/mid term
complications
— - No arterial switch
- No available full-text
- Reviews
— Studies included (n=46) - Duplicate patient data
- Long-term follow-up cohort studies (n=27)
2 - Coronary/myocardial imaging studies (n=3)
'g - Case reports (n=4)
g - Late arterial switch studies (n=4)
- Double switch studies (n=2)
- Pregnancy studies (n=4)
— - Sympathetic innervation studies (n=2)

Figure 2. Prisma flow diagram.

3.2. Long-Term Follow-Up Cohort Studies

A total number of 993 ASO patients were followed for at least 18 years in the long-term
follow-up cohort studies [16-41] (Table 1). Figure 3A shows the freedom from coronary
complications; the number at risk at 18 years is 993 patients. However, at the age of 25 years
the number at risk is only 130 patients, which is explained by the relatively young age of
the adult patients described in the included papers. The median follow-up duration into
adulthood was 2.0 years (mean 2.8 years). Of the 993 adult ASO patients that were included,
a total of 8 (0.8%) coronary-related events were reported. Specifically, four patients (0.4%)
underwent a coronary intervention (percutaneous coronary intervention (PCI) or coronary
artery bypass grafting (CABG)) for coronary stenosis (n = 2) or occlusion (n = 2). One
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patient (0.1%) who underwent coronary intervention was asymptomatic. Coronary death
was reported in four patients (0.4%): three patients died due to sudden cardiac death, and
one patient was found in asystole. All coronary complications are summarized in Table 2.
Seventeen out of 192 (8.9%) patients [19,27,42] were suspected to have myocardial ischemia
based on symptoms or exercise testing; after additional examinations, 3 out of 17 patients
underwent coronary intervention (PCI or CABG).

100%

97.5%

% of patients

Number at risk

993

95%

Coronary complications Anatomical high-risk Physiologic abnormalities Sympathetic innervation
(n=993) features cCT (n=80) SPECT (n=25) CMR (n=27) PET (o=12)
Coronary death (0.4%) Stenosis (4%) Perfusion Stress Impaired myocardial
Coronary intervention (0.4%)  Acute angle (40%) defect (36%)  perfusion (0%) innervation

. ‘ Interarterial course (11%) Positive late
s 6% Gty K 200"

%

Freedom from coronary
complications in adults

(11%)

Coronary death

Coronary intervention

]

Coronary death & Coronary intervention

130 27

23 24
Age (Years)

25 26 27 28 29 30

Figure 3. Coronary artery status in adults after ASO. Legend: (A). Freedom from coronary complications in adults after
ASO. (B). Anatomical high-risk features on coronary computed tomography. (B1) Interarterial course of the right coronary

artery. (B2) A significant proximal left anterior descending coronary artery stenosis. (B3) Acute angle right coronary artery

(axial slice). (B4) Acute angle right coronary artery (three-dimensional reconstruction). Abbreviations: cCT = coronary
computer tomography, SPECT = single-photon emission computer tomography, CMR = cardiovascular magnetic resonance,
PET = position emission tomography, RDA = Ramus Descendens anterior, RCA = Right Coronary Artery. * only 1 study did

describe the presence of kinking (n = 50). Note. CT images B1 and B2 are adapted from “Variation in Coronary Anatomy

in Adult Patients Late After Arterial Switch Operation: A Computed Tomography Coronary Angiography Study’, by
Veltman et al. Ann Thorac Surg, 2013; 96: 1390-1397. Copyright 2021 by Copyright Clearance Center.

3.3. Coronary Imaging Studies

Two studies [9,42] examined coronary anatomy in adults using routine cCT. The com-
bined results of both studies demonstrated that 4 out of 80 (5%) patients were suspected
of coronary stenosis. Three of these patients had no anginal complaints and did not have
ischemia at functional testing with single-photon emission computed tomography (SPECT);
therefore, no further investigations were performed. In the fourth patient, an angiogram
was performed which showed significant proximal luminal narrowing caused by a fibrotic
lesion, after which a percutaneous intervention with stent implantation was performed.
Other anatomical high-risk features identified by c¢CT included the following: presence of
an acute angle (40%), interarterial course (11%) and proximal kinking (24%). Additional
stress SPECT did not show a correlation between perfusion defects and the presence of
these high-risk features. Another imaging study in a cohort of 27 ASO adults compared
cardiovascular magnetic resonance (CMR) and SPECT under identical physiological cir-
cumstances [43]. Nine out of 25 patients (36%) were reported as having perfusion defects
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on SPECT; however, CMR stress perfusion with dipyridamole was visually normal in all
these patients. A summary of coronary abnormalities of all imaging studies (n = 3) is
provided in Table 3 and Figure 3.

Table 1. Overview of the extracted studies on coronary complications across different age groups in ASO adults.

Age Groups (Years)

18-20 20-25 25-30 >30
Author Patients > 18 Year Féwll?:;l:‘;}ll;nin Evelr(\.l/n. at Even.tjn. at Even.fjn. at EvenAlln. at Newcastle
isk Risk Risk Risk Ottawa Scale
Adulthood (Yr)
Fricke et al. [16] 183 2 0/183 - - - ek ok ok
Khairy etal. [17] 148 7 0/148 1/28 - - 2 2.8.2.8 .9
Moll et al. [18] 136 7 0/136 0/4 - - kK k ok
Kempny et al. [19] 112 20 3/112 1/67 0/20 1/1 0. 8.2.8.8 ¢ ¢
Tobler et al. [20] 60 7 1/60 0/10 - - 0. 8.8.8.8 ¢ ¢
Santens et al. [21] 52 12 0/52 0/4 0/4 - 2. 2.8.8.8.8.9
Baruteau et al. [22] 47 7 0/47 0/6 - - e kkok
Lo Rito et al. [23]. 44 2 0/44 - - - 2. 2.8.2.0.8.¢
Vida et al. [24] 44 12 0/44 0/1 0/1 - £ 2.8.2.8 .
Oda etal. [25] 40 2 0/40 - - - * ok k ok
Raissadati et al. [26] 34 12 0/34 0/1 0/1 - 0. 8.2.8.8 ¢ ¢
Ruys et al. [27] 21 2 0/21 - - - 0. 8.8.8.8 ¢ ¢
Horer et al. [19] 17 2 0/17 - - - b2 0.0 ¢ ¢
Shivaram et al. [29] 13 12 0/13 0/3 0/1 - .2 0.0 ¢ ¢
Lalezari et al. [44] 11 7 0/11 0/2 - - e kokok
Lim et al. [30] 9 2 0/9 - - - %k Kk ke
Choi et al. [31] 5 7 0/5 0/3 - - 2 2.8.2.8.8.¢
Rudra et al. [32] 4 2 0/4 - - - 2. 2.8.2.0.8 ¢
Gerelli et al. [33] 2 2 0/2 - - - 0. 8.2.8.8 ¢ ¢
De Praetere et al. [34] 3 7 0/3 0/1 - - 2. 8.8.8.8.8.9
Hayes et al. [45] 2 2 0/2 - - - 2. 8.8.8.8.9
Hutter et al. [36] 1 2 0/1 - - - 2. 8.2.8.8.9
Manso et al. [37] 1 2 0/1 - - - e kokok
El-Segaier et al. [38] 1 0 1/1 - - - Y ek kok
Gorler et al. [39] 1 2 0/1 - - - 2. 8. 2.8.8 ¢
Arnaz et al. [40] 1 2 0/1 - - B ok Kk
Shim et al. [41] 1 2 0/1 - - - ek %k kk
Total 993 median 2.0 5/993 2/130 0/27 1/1
Table 2. Clinical data of ASO patients with coronary complication during adulthood.
Author Age at ASO Age at Event (y) Coronary Anatomy Chest Pain NYHA Class Details
Kempny et al. [19] - 18 - - - PCI/CABG
Kempny et al. [19] - 18 - - - PCI/CABG
Tobler et al. [20] 6 days 18 Usual - - Sudden cardiac death
El-Sagaier et al. [38] 4 days 18 Usual No - PCILCA
Kempny et al. [19] 7 months 19 Cx from RCA - 11 Sudden cardiac death
Kempny et al. [19] - 21 - - - PCI/CABG
Khairy et al. [17] - 24 Single RCA - - Asystole
Kempny et al. [19] 10y 38 Usual - v Sudden cardiac death

Abbreviations: NYHA = New York Heart Association, CABG = coronary artery bypass graft, ASO = arterial switch operation, PCI = percu-
taneous coronary intervention, y = years, LCA = left coronary artery RCA = right coronary. artery, Cx = circumflex.

Table 3. Description of findings in cardiac imaging studies in adults after ASO.

CT SPECT CMR Angiogram
Common i
Coronary  Inter- Acute L Perfusion . . Coronary  Coronary

Author N Age g::::;lry n Stenosis Arterialn  Anglen g/n)\kmgn Defectn Lsfl;e)mla :\S/Sr};et:;l: Stenosis Interven-

o n (%) %) (%) h %) ° n/Totaln  tion(%)
Michalak [40] 50 23 - 3 (6%) 4 (8%) 25(50%)  12(24%) 3 (6%) 0(0%) - - 0 (0%)
Veltman [8] 30 220 24(80) 1(3%) 5 (17%) 7 (23%) - 3 (14%) 0(0%) - 1/1 1(3.3%)
Tobler [39] 27 21 18 (67) - - - - 13 (52%) 8 (32%) 0/27 0/1 0 (0%)

Abbreviations: CAD = coronary artery disease, n = number of patients, total n = total number of examined patients, CT = computer
tomography, SPECT = single photon emission computed tomography, CMR = cardiovascular magnetic resonance.
3.4. Case Reports

The literature search identified four case reports [46-49] (Table 4) in which a successful
coronary intervention was reported in adults with a significant coronary lesion. Two
patients were diagnosed with a significant stenosis of the left main stem. One patient
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presented an acute coronary syndrome due to compression of the left main stem. The final
patient had subtotal RCA occlusion after pulmonary artery surgery. The presence of chest
pain was described in three patients; one patient was asymptomatic.

Table 4. Case reports reporting coronary intervention in ASO adults.

Author Age Reason for Intervention Examination Chest Pain Intervention
Quarrie et al. [45] 18 yr Left main stenosis SPECT Angio No Surgery LIMA-LAD
Stoll et al. [46] 27yt ACS due to left main stem cT Yes Surgery: defect was
compression reroofed
. subtotal occlusion RCA after . .
Ueki et al. [47] 18 yr patch plasty for PA stenosis Angiography Yes Drug eluting stent
Hamada etal. [48] 24 yr Ostial stenosis of the left main ~ CMR & angiography  Yes Surgery: patch extension

Abbreviations: ACS = acu
magnetic resonance, CT =
PA = pulmonary artery.

te coronary syndrome, SPECT = single photon emission computed tomography, CMR = cardiovascular
computer tomography, y = years, LIMA = left internal mammary artery, LAD = left artery descending,

3.5. Pregnancy Studies

Four studies described the outcome in patients during pregnancy [50-53] (Table 5).
45 patients were followed peri- and post-partum during 73 pregnancies. During these
pregnancies, no coronary events were reported. However, two patients (4.4%) had decrease
in LV function, and in four patients (9%), heart failure requiring diuretics treatment was
reported. Nonsustained ventricular tachycardia was described in four (9%) patients. These
outcomes were not associated with coronary events but could partly be attributed to
valvular heart disease. Risk factor for adverse outcome included older age at ASO and
higher maternal age [50-53].

Table 5. Cardiovascular outcome peri- and post-partum in ASO adults.

Peripartum Postpartum
Number of Coronary Heart Decrease LV Heart
Author All pt Pregnancies Age Event, n Failure, n nsVLn nsVT, n Function, n Failure, n
Stoll, V.M., et al. [49] 15 25 23 0
Tobler, D., et al. [50] 9 17 22 0 1 2
Fricke, T.A., etal. [51] 11 17 29 0 1
Horiuchi, C,, et al. [52] 10 14 29 0 0 2 3 0 3
Abbreviations: pt = patient, nsVT = non sustained ventricular tachycardia, n = number of patients, LV = left ventricular.
3.6. Late Arterial Switch and Double Switch
In 12 patients, a late arterial switch operation was performed during adulthood [54-57]
(Table 6). Eleven patients were free from coronary complications during follow-up (range:
three months to five years). One patient died five days post-operatively because of low cardiac
output syndrome. The outcome of double switch was reported in two adult patients with
ocTGA [58,59] (Table 7). Both patients, operated at the age of 14 years and within the first year
of life, were free from coronary complications at 5- and 20-year follow-up, respectively.
Table 6. Coronary complications during adulthood in patients after late arterial switch.
n. of Adult A,
Author Patients Age at ASO Follow-Up Coronary Complications
Cetta et al. [53] 1 36 yr 3m no
Padalino et al. [55] 1 23 yr 1yr no
Watanabe et al. [56] 8 >20 yr 5yr no
Maeda et al. [54] ) 186 yr & 324 yr B 1 patient died 5 days after ASO due to

low cardiac ouput syndrome

Abbreviations: n = number, ASO = arterial switch operation, m = months, yr = year.
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Table 7. Coronary complications in adults after double switch.

Author n. of Adult Patients Age at ASO Follow-Up Coronary Complications
Uno et al. [57] 1 14 yr 5yr no
Konstantinov et al. [58] 1 within the first year 20 yr no

Abbreviations: n = number, ASO = arterial switch operation, yr = year.

3.7. Cardiac Sympathetic Innervation

Two studies [60,61] were found on cardiac sympathetic innervation exclusively in
adults. Possner and colleagues [60] demonstrated that cardiac sympathetic innervation,
measured by [''C] meta-hydroxyephedrine uptake, was significantly lower in 12 ASO
patients compared to 10 healthy individuals, indicating impaired myocardial innervation
long-term after ASO. Furthermore, there was no difference in myocardial blood flow (MBF)
response after the cold pressor test; however, when corrected for heart rate, the MBF
response was lower in ASO patients. This may be explained by an increased release of
catecholamines compensating the deficient innervation. The second study [61] investigated
myocardial sympathetic innervation in nine ASO patients and nine Rastelli patients by
measuring !'C epinephrine (EPI) retention with positron-emission tomography (PET).
In eight ASO patients signs of reinnervation were found, one patient was suspected to
have complete denervation (EPI-retention < 7% /min). An association was found between
reduced EPI retention and patients undergoing more than one cardiothoracic operation. A
summary of findings is provided in Table 8.

Table 8. Description of findings in cardiac innervation studies in adults after ASO.

cCT H20 PET PET
(Ostial) Myocardial Blood Flow (mL/min/g) EPI Retention
Author All pt Age Examination Stenosis Rest Adenosine Cold Pressor Test Mean (%/min) <7%/min
Possner et al. [60] 12 225 PET & cTA 0 0.66 4 0.08 223 +1.19 0.99 4 0.20 - -
Kuehn et al. [61] 9 20.8 PET - - - - 12.83 £1.42 n=1

Abbreviations: ¢cCT = coronary computed tomography, PET = positron-emission tomography, pt = patient, EPI = epinephrine.

4. Discussion

This systematic review shows that the number of reported coronary complications in
993 ASO adults is low (0.8%), but the follow-up period after reaching the age of 18 years is
limited with a median of only 2.0 years. In our opinion, the limited follow-up duration
demonstrates the relevance of this systematic review to provide an overview of current
available literature on coronary arterial status of the young adult ASO population because
the evidence for current guideline recommendations for coronary follow-up remains
limited. Compared to most previous ASO studies in children, the unique aspect of the
current systematic review is that it is focused on the coronary status solely in the adult
ASO population with a description of late coronary complications, including an overview
of both anatomical and physiological coronary imaging studies.

4.1. Coronary Imaging Strategy

The review focused on the adult population of each cohort; however, similarly low
numbers of coronary interventions in children are reported in two included long-term
follow-up cohort studies with a routine coronary imaging strategy and a strategy where
coronary imaging was performed on clinical indication. Baruteau and colleagues [22]
reported the outcome of a routine coronary imaging strategy with catheterization or cCT
in 200 ASO patients; this examination was performed every five years, starting from
their fifth year. During a median follow-up of 17 years, coronary stenosis or occlusion
was found in 4 patients (2%) at a median age of 9.7 years. Khairy et al. [17] described
the coronary outcome in 400 ASO patients during a median follow-up of 18.7 years and
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reported myocardial infarction in 4 children (1%). In these ASO patients, coronary imaging
was performed not on a routine basis but only when clinically indicated.

4.2. Imaging Techniques

SPECT can be performed to detect myocardial perfusion defects in patients after
ASO. In comparison with the specificity, the sensitivity for detecting coronary stenosis is
low [6]. Clinical significance of perfusion abnormalities is unclear and might be related
to the operation itself rather than reflecting coronary flow determined by myocardial
perfusion [62]. Despite radiation exposure, cCT is a good non-invasive imaging technique
alternative for detecting ostial and proximal coronary stenosis compared to gold standard
coronary angiography [63]. In the current review, two anatomical imaging studies in
adults (n = 80) after ASO demonstrated that anatomical high-risk features, including acute
angle, inter-arterial course and kinking were frequently observed at routine cCT. However,
additional physiological examination by SPECT at rest and during exercise demonstrated
that most of these high-risk features were not associated with significant perfusion defects.
A recent systematic review from Morfaw et al. [64] reported a prevalence of any coronary
anomaly of 23.0% in ASO patients older than 20 years, although it was not specified how
these coronary anomalies were defined. In this review, we focused specifically on the
occurrence of coronary complications and coronary high-risk features. The presence of
high-risk features may be related to the technical approach of the coronary transfer and
not necessarily the original coronary anatomy. This is consistent with Michalak et al. [42]
who did not find an association between coronary anomaly and the presence of high-risk
features. In their analysis, a proximal coronary stenosis was significantly correlated with a
history of complex coronary transfer. Although, the presence of an acute angle was not
associated with surgical technique.

Contradictory literature results about the association between coronary features and
mortality exists. A meta-analysis by Pasquali and colleagues reported that in almost 2000
ASO patients, all operated before 1999, both an intramural course and single coronary
artery anatomy were associated with a higher all-cause mortality rate. However, in a recent
study [16], these abnormalities were not found to be a risk factor for death, which may
be explained by the improved surgical experience with coronary high-risk features. Data
regarding the impact of anatomical high-risk features on myocardial flow is limited, and
further investigation is needed [65].

Existing literature on the anomalous aortic origin of a coronary artery (AAOCA)
demonstrated that the presence of a high orifice, ostial stenosis, intramural course and
length, inter-arterial course, acute angulation and a slit like orifice have been associated
with myocardial ischemia [14,15]. The current 2020 ESC guideline for coronary anomalies
recommends physical-stress-induced ischemia testing to examine the presence of myocar-
dial ischemia [12]. The clinical significance of the anatomical high-risk features in the
ASO population is still undetermined. Progressive neo-aortic root dilatation has been
reported in adults after ASO [66]. Due to dilatation of the neo-aortic root in both radial
and longitudinal directions, the angle between the coronary artery and aortic wall could
decrease progressively during adulthood and may result in coronary stenosis during adult
life. Veltman and colleagues [9] reported an association between larger neo-aortic root
dimensions and higher coronary take-off in patients with an acute angle, suggesting that
individual patient root geometry might play an additional role.

4.3. Follow-Up Strategy and Current Findings in Relation to Guidelines Recommendations

To determine the long-term patency of the coronary arteries in this population of
young adults, a lifelong follow-up is required. Currently, the 2018 ACC and AHA guide-
lines for the management of adults with congenital heart disease [11] recommend at least
single baseline investigation of the coronary arteries by catheter angiography or cCT. There-
after, the decision is made on clinical indication. The 2020 ESC guidelines on ACHD [12]
recommend cCT when a stenosis is suspected, and they state that a routine non-invasive
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imaging of coronary arteries with cCT is questionable. Although the current systematic
review shows a low number of reported coronary complications, it also exposes that the
amount of long-term follow-up data concerning coronary status in adults is still limited.
The impact of suture induced fibrosis and atherosclerotic disease on the translocated coro-
nary arties is unclear, and patients with coronary stenosis may be less symptomatic due to
decreased innervation post-cardiac surgery. Based on the number of anatomical high-risk
features detected by coronary imaging, it seems justified that ASO patients should have at
least a baseline assessment of the coronary anatomy with non-invasive CT angiography
during young adulthood with additional physiological imaging in patients with high-risk
anatomical features or clinical signs of myocardial ischemia.

4.4. Limitations

The number of adults extracted from the Kaplan-Meier curves is underestimated
because most studies reported the number of patients at risk at 20 years. However, the
number of patients censored at the age of 18 and 19 were not reported and therefore
could not be included in this systematic review. One explanation for the low number of
coronary complications reported during adulthood might be that coronary complications
may occur prior to adulthood. In our analysis, these patients were not included because
the event occurred during childhood, and these patients were censored before the age of
18 in Kaplan—Meier figures. Secondly, all reported data regarding anatomical high-risk
features of the coronary arteries were analysed; however, not all studies described the
same coronary features. Thirdly, strategies for coronary follow-up were different between
studies. As a consequence of this heterogeneity, coronary interventions may have been
performed more frequently in centers with a routine coronary imaging protocol. Finally,
all patients after ASO including TGA, DORYV and late arterial switch were included in our
review because it was not possible to identify individual patients for subgroup analyses.

5. Conclusions

The number of reported coronary complications in 993 ASO adults during a median
follow-up of 2 years is low (0.8%). Anatomical high-risk features were frequently found by
routine coronary imaging with cCT in ASO adults; however, the number of interventions
in these patients is low, and the clinical significance of these high-risk features at longer
term follow up remains unclear. Based on current findings and in line with the 2018 ACC
and AHA guidelines on ACHD, we suggest a baseline assessment of the coronary arteries.
Thereafter, an individualized coronary follow-up strategy seems appropriate in young
adult patients after the ASO.
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Appendix A
Literature Search

Pubmed: (((“Arterial Switch Operation”[Mesh] OR “Arterial Switch Operation”[tw] OR
" Arterial Switch Operations”[tw] OR “arterial switch procedure”[tw] OR “arterial switch pro-
cedures”[tw] OR “arterial switch repair”[tw] OR “arterial switch surgery”[tw] OR “arterial
switch”[tw] OR “Arterial Switch Technique”[tw] OR “Double Switch Operation”[tw] OR
“Double Switch Operations”[tw] OR “Double Switch Procedure”[tw] OR “Double Switch
Procedures”[tw] OR “Double Switch Technique”[tw] OR “Double Switch”[tw] OR “Jatene
Operation”[tw] OR “Jatene Procedure”[tw] OR “Jatene Technique”[tw]) AND (“coronary
complications”[tw] OR “coronary complication”[tw] OR “Coronary Disease”[mesh] OR “Coro-
nary Aneurysm”[tw] OR “Coronary Aneurysms”[tw] OR “Coronary Artery Disease”[tw] OR
“Coronary Artery Diseases”[tw] OR “Coronary Disease”[tw] OR “Coronary Diseases”[tw]
OR “Coronary Occlusion”[tw] OR “Coronary Occlusions”[tw] OR “Coronary Restenosis”[tw]
OR “Coronary Restenoses”[tw] OR “Coronary Stenosis”[tw] OR “Coronary Stenoses”[tw] OR
“Coronary Thrombosis”[tw] OR “Coronary Thromboses”[tw] OR “Coronary Vasospasm”[tw]
OR “Coronary Vasospasms”[tw] OR “Coronary-Subclavian Steal Syndrome”[tw] OR “is-
chemic event”[tw] OR “ischemic events”[tw] OR “ischaemic event”[tw] OR “ischaemic
events”[tw] OR “Myocardial Ischemia”[Mesh] OR “Acute Coronary Syndrome”[tw] OR
“Angina Pectoris”[tw] OR “Cardiogenic Shock”[tw] OR “Kounis Syndrome”[tw] OR “Mi-
crovascular Angina”[tw] OR “Myocardial Infarct”[tw] OR “Myocardial Infarction”[tw] OR
“Myocardial Infarctions”[tw] OR “Myocardial Infarcts”[tw] OR “Myocardial Ischaemia”[tw]
OR “Myocardial Ischemia”[tw] OR “Myocardial Reperfusion Injuries”[tw] OR “Myocardial
Reperfusion Injury”[tw] OR “Stable Angina”[tw] OR “Unstable Angina”[tw] OR “ischemic
disease”[tw] OR “ischemic diseases”[tw] OR “ischaemic disease”[tw] OR “ischaemic dis-
eases”[tw] OR “coronary surgery”[tw] OR “coronary artery surgery”[tw] OR “Coronary Artery
Bypass”[Mesh] OR “Coronary Artery Bypass”[tw] OR “Coronary Vessels/surgery”[Mesh] OR
“Catheterization”[Mesh] OR “Catheterization”[tw] OR “Catheterisation”[tw] OR Catheter*[tw]
OR “Death, Sudden, Cardiac”[Mesh] OR “sudden cardiac death”[tw] OR “Cardiac Sudden
Death”[tw] OR “Sudden Cardiac Arrest”[tw] OR “Karoshi Death”[tw] OR “coronary artery
anatomy”’[tw] OR “coronary artery pattern”[tw] OR “coronary artery patterning”[tw] OR
“coronary artery patterns”[tw] OR “coronary outcome”[tw] OR “coronary outcomes”[tw] OR
“Chest Pain”[Mesh] OR “thoracic pain*”[tw] OR “thorax pain*”[tw] OR “chest pain*”[tw] OR
“Neuralgia”[Mesh] OR “nerve pain*”[tw] OR “neuronal pain*”[tw] OR “neuralg*”[tw] OR
“atypical pain*”[tw] OR “Denervation”[Mesh] OR “Denervat*’[tw] OR “reinnervation”[tw] OR
“reinnervat*”’[tw] OR “re innervat*’[tw] OR “innervation” [Subheading] OR “innervation”[tw]
OR “innervat*’[tw] OR “coronary anatom*”[tw] OR “Coronary Vessels/anatomy and his-
tology”[mesh] OR “myocardial perfusion”[tw] OR “Myocardial Perfusion Imaging”[Mesh])
AND (english[la] OR german([la]) AND (“1994/01/01”[PDAT]: “3000/12/31”[PDAT])) OR
(("Arterial Switch Operation”[majr] OR “Arterial Switch Operation”[ti] OR “Arterial Switch
Operations”[ti] OR “arterial switch procedure”[ti] OR “arterial switch procedures”[ti] OR
“arterial switch repair”[ti] OR “arterial switch surgery”[ti] OR “arterial switch”[ti] OR “Ar-
terial Switch Technique”[ti] OR “Double Switch Operation”[ti] OR “Double Switch Opera-
tions”[ti] OR “Double Switch Procedure”[ti] OR “Double Switch Procedure*”[ti] OR “Double
Switch Technique”[ti] OR “Double Switch”[ti] OR “Jatene Operation”[ti] OR “Jatene Proce-
dure”[ti] OR “Jatene Technique”[ti]) AND (“outcomes”[tiab] OR “outcome”[tiab] OR “long
term”[tiab] OR “longterm”[tiab] OR “experience”[tiab]) AND (english[la] OR german]la])
AND (“1994/01/01”[PDAT]: “3000/12/31”[PDATTI))) NOT (“ablation”[tw] OR “prenatal”[tw]
OR “neonates”[ti] OR “neonate”[ti] OR “newborn”[ti] OR “newborns”[ti])

Embase: (((*”Arterial Switch Operation”/OR “Arterial Switch Operation”.ti,ab OR “Ar-
terial Switch Operations”.ti,ab OR “arterial switch procedure”.ti,ab OR “arterial switch pro-
cedures”.ti,ab OR “arterial switch repair”.tiab OR “arterial switch surgery”.ti,ab OR “arte-
rial switch”.ti,ab OR “Arterial Switch Technique”.ti,ab OR “Double Switch Operation”.ti,ab
OR “Double Switch Operations”.tiab OR “Double Switch Procedure”.tiab OR “Double
Switch Procedures”.tiab OR “Double Switch Technique”.ti,ab OR “Double Switch”.ti,ab
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OR “Jatene Operation”.ti,ab OR “Jatene Procedure”.ti,ab OR “Jatene Technique”.ti,ab) AND
(“coronary complications”.ti,ab OR “coronary complication”.ti,ab OR exp *”Coronary Artery
Disease” /OR “Coronary Aneurysm”.ti,ab OR “Coronary Aneurysms”.ti,ab OR “Coronary
Artery Disease”.ti,ab OR “Coronary Artery Diseases”.ti,ab OR “Coronary Disease”.ti,ab OR
“Coronary Diseases”.ti,ab OR “Coronary Occlusion”.ti,ab OR “Coronary Occlusions”.ti,ab OR
“Coronary Restenosis”.ti,ab OR “Coronary Restenoses”.ti,ab OR “Coronary Stenosis”.ti,ab OR
“Coronary Stenoses”.ti,ab OR “Coronary Thrombosis”.ti,ab OR “Coronary Thromboses”.ti,ab
OR “Coronary Vasospasm”.ti,ab OR “Coronary Vasospasms”.ti,ab OR “Coronary-Subclavian
Steal Syndrome”.ti,ab OR “ischemic event”.ti,ab OR “ischemic events”.ti,ab OR “ischaemic
event”.ti,ab OR “ischaemic events”.ti,ab OR exp *”Ischemic Heart Disease” /OR “Acute Coro-
nary Syndrome”.ti,ab OR “Angina Pectoris”.ti,ab OR “Cardiogenic Shock”.ti,ab OR “Kounis
Syndrome”.ti,ab OR “Microvascular Angina”.ti,ab OR “Myocardial Infarct”.ti,ab OR “My-
ocardial Infarction”.ti,ab OR “Myocardial Infarctions”.ti,ab OR “Myocardial Infarcts”.ti,ab OR
“Myocardial Ischaemia”.ti,ab OR “Myocardial Ischemia”.ti,ab OR “Myocardial Reperfusion
Injuries”.ti,ab OR “Myocardial Reperfusion Injury”.ti,ab OR “Stable Angina”.ti,ab OR “Un-
stable Angina”.ti,ab OR “ischemic disease”.ti,ab OR “ischemic diseases”.ti,ab OR “ischaemic
disease”.ti,ab OR “ischaemic diseases”.ti,ab OR “coronary surgery”.ti,ab OR “coronary artery
surgery”.ti,ab OR *”Coronary Artery Bypass Graft”/OR “Coronary Artery Bypass”.ti,ab OR
exp *”coronary artery surgery”/OR exp *”Catheterization” /OR “Catheterization”.ti,ab OR
“Catheterisation”.ti,ab OR Catheter*.ti,ab OR *”Sudden Cardiac Death” /OR “sudden cardiac
death” ti,ab OR “Cardiac Sudden Death”.ti,ab OR “Sudden Cardiac Arrest”.ti,ab OR “Karoshi
Death”.ti,ab OR “coronary artery anatomy”.ti,ab OR “coronary artery pattern”.ti,ab OR “coro-
nary artery patterning”.ti,ab OR “coronary artery patterns”.ti,ab OR “coronary outcome”.ti,ab
OR “coronary outcomes”.ti,ab OR *“Thorax Pain”/OR “thoracic pain*”.ti,ab OR “thorax
pain*”.ti,ab OR “chest pain*”.ti,ab OR exp *”Neuralgia”/OR “nerve pain*”.tiab OR “neu-
ronal pain*”.ti,ab OR “neuralg*”.ti,ab OR “atypical pain*”.ti,ab OR exp *"Denervation” /OR
“Denervat*”.ti,ab OR “reinnervation”.ti,ab OR “reinnervat*”.ti,ab OR “re innervat*”.ti,ab OR
exp “innervation”/OR “innervation”.ti,ab OR “innervat*”.ti,ab OR “coronary anatom*”.ti,ab
OR “myocardial perfusion”.ti,ab OR *”heart muscle perfusion”/OR *”Myocardial Perfusion
Imaging”/) AND (english.la OR german.la)) OR ((*”Arterial Switch Operation”/OR “Arterial
Switch Operation”.ti OR “Arterial Switch Operations”.ti OR “arterial switch procedure”.ti OR
“arterial switch procedures”.ti OR “arterial switch repair”.ti OR “arterial switch surgery”.ti OR
“arterial switch”.ti OR “Arterial Switch Technique”.ti OR “Double Switch Operation”.ti OR
“Double Switch Operations”.ti OR “Double Switch Procedure”.ti OR “Double Switch Proce-
dures”.ti OR “Double Switch Technique”.ti OR “Double Switch”.ti OR “Jatene Operation”.ti OR
“Jatene Procedure”.ti OR “Jatene Technique”.ti) AND (“outcomes”.ti,ab OR “outcome”.ti,ab OR
“long term” ti,ab OR “longterm”.ti,ab OR “experience”.ti,ab) AND (english.la OR german.la)))
NOT (“ablation”.ti,ab OR “prenatal”.ti,ab OR “neonates”.ti OR “neonate”.ti OR “newborn”.ti
OR “newborns” ti)

Web of Science: ((ti=("Arterial Switch Operation” OR “Arterial Switch Operation”
OR “Arterial Switch Operations” OR “arterial switch procedure” OR “arterial switch pro-
cedures” OR “arterial switch repair” OR “arterial switch surgery” OR “arterial switch”
OR “Arterial Switch Technique” OR “Double Switch Operation” OR “Double Switch Op-
erations” OR “Double Switch Procedure” OR “Double Switch Procedures” OR “Double
Switch Technique” OR “Double Switch” OR “Jatene Operation” OR “Jatene Procedure”
OR “Jatene Technique”) AND ts=("coronary complications” OR “coronary complication”
OR “Coronary Artery Disease” OR “Coronary Aneurysm” OR “Coronary Aneurysms” OR
“Coronary Artery Disease” OR “Coronary Artery Diseases” OR “Coronary Disease” OR
“Coronary Diseases” OR “Coronary Occlusion” OR “Coronary Occlusions” OR “Coronary
Restenosis” OR “Coronary Restenoses” OR “Coronary Stenosis” OR “Coronary Stenoses”
OR “Coronary Thrombosis” OR “Coronary Thromboses” OR “Coronary Vasospasm” OR
“Coronary Vasospasms” OR “Coronary-Subclavian Steal Syndrome” OR “ischemic event”
OR “ischemic events” OR “ischaemic event” OR “ischaemic events” OR “Ischemic Heart
Disease” OR “Acute Coronary Syndrome” OR “Angina Pectoris” OR “Cardiogenic Shock”
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OR “Kounis Syndrome” OR “Microvascular Angina” OR “Myocardial Infarct” OR “Myocar-
dial Infarction” OR “Myocardial Infarctions” OR “Myocardial Infarcts” OR “Myocardial
Ischaemia” OR “Myocardial Ischemia” OR “Myocardial Reperfusion Injuries” OR “Myocar-
dial Reperfusion Injury” OR “Stable Angina” OR “Unstable Angina” OR “ischemic disease”
OR “ischemic diseases” OR “ischaemic disease” OR “ischaemic diseases” OR “coronary
surgery” OR “coronary artery surgery” OR *”Coronary Artery Bypass Graft” OR “Coronary
Artery Bypass” OR “coronary artery surgery” OR “Catheterization” OR “Catheterization”
OR “Catheterisation” OR Catheter* OR *”Sudden Cardiac Death” OR “sudden cardiac
death” OR “Cardiac Sudden Death” OR “Sudden Cardiac Arrest” OR “Karoshi Death” OR
“coronary artery anatomy” OR “coronary artery pattern” OR “coronary artery patterning”
OR “coronary artery patterns” OR “coronary outcome” OR “coronary outcomes” OR *”Tho-
rax Pain” OR “thoracic pain*” OR “thorax pain*” OR “chest pain*” OR “Neuralgia” OR
“nerve pain*” OR “neuronal pain*” OR “neuralg*” OR “atypical pain*” OR “Denervation”
OR “Denervat*” OR “reinnervation” OR “reinnervat*” OR “re innervat*” OR “innervation”
OR “innervation” OR “innervat*” OR “coronary anatom*” OR “myocardial perfusion”
OR *”heart muscle perfusion” OR “Myocardial Perfusion Imaging”) AND la=(english
OR german)) OR (ts=(“Arterial Switch Operation” OR “Arterial Switch Operation” OR
“Arterial Switch Operations” OR “arterial switch procedure” OR “arterial switch proce-
dures” OR “arterial switch repair” OR “arterial switch surgery” OR “arterial switch” OR
“Arterial Switch Technique” OR “Double Switch Operation” OR “Double Switch Oper-
ations” OR “Double Switch Procedure” OR “Double Switch Procedures” OR “Double
Switch Technique” OR “Double Switch” OR “Jatene Operation” OR “Jatene Procedure”
OR “Jatene Technique”) AND ti=("“coronary complications” OR “coronary complication”
OR “Coronary Artery Disease” OR “Coronary Aneurysm” OR “Coronary Aneurysms” OR
“Coronary Artery Disease” OR “Coronary Artery Diseases” OR “Coronary Disease” OR
“Coronary Diseases” OR “Coronary Occlusion” OR “Coronary Occlusions” OR “Coronary
Restenosis” OR “Coronary Restenoses” OR “Coronary Stenosis” OR “Coronary Stenoses”
OR “Coronary Thrombosis” OR “Coronary Thromboses” OR “Coronary Vasospasm” OR
“Coronary Vasospasms” OR “Coronary-Subclavian Steal Syndrome” OR “ischemic event”
OR “ischemic events” OR “ischaemic event” OR “ischaemic events” OR “Ischemic Heart
Disease” OR “Acute Coronary Syndrome” OR “Angina Pectoris” OR “Cardiogenic Shock”
OR “Kounis Syndrome” OR “Microvascular Angina” OR “Myocardial Infarct” OR “Myocar-
dial Infarction” OR “Myocardial Infarctions” OR “Myocardial Infarcts” OR “Myocardial
Ischaemia” OR “Myocardial Ischemia” OR “Myocardial Reperfusion Injuries” OR “Myocar-
dial Reperfusion Injury” OR “Stable Angina” OR “Unstable Angina” OR “ischemic disease”
OR “ischemic diseases” OR “ischaemic disease” OR “ischaemic diseases” OR “coronary
surgery” OR “coronary artery surgery” OR *”Coronary Artery Bypass Graft” OR “Coronary
Artery Bypass” OR “coronary artery surgery” OR “Catheterization” OR “Catheterization”
OR “Catheterisation” OR Catheter* OR *”Sudden Cardiac Death” OR “sudden cardiac
death” OR “Cardiac Sudden Death” OR “Sudden Cardiac Arrest” OR “Karoshi Death” OR
“coronary artery anatomy” OR “coronary artery pattern” OR “coronary artery patterning”
OR “coronary artery patterns” OR “coronary outcome” OR “coronary outcomes” OR *”Tho-
rax Pain” OR “thoracic pain*” OR “thorax pain*” OR “chest pain*” OR “Neuralgia” OR
“nerve pain*” OR “neuronal pain*” OR “neuralg*” OR “atypical pain*” OR “Denervation”
OR “Denervat*” OR “reinnervation” OR “reinnervat*” OR “re innervat*” OR “innervation”
OR “innervation” OR “innervat*” OR “coronary anatom*” OR “myocardial perfusion”
OR *”heart muscle perfusion” OR “Myocardial Perfusion Imaging”)) OR (ti=(*"Arterial
Switch Operation” OR “Arterial Switch Operation” OR “Arterial Switch Operations” OR
“arterial switch procedure” OR “arterial switch procedures” OR “arterial switch repair” OR
“arterial switch surgery” OR “arterial switch” OR “Arterial Switch Technique” OR “Double
Switch Operation” OR “Double Switch Operations” OR “Double Switch Procedure” OR
“Double Switch Procedures” OR “Double Switch Technique” OR “Double Switch” OR
“Jatene Operation” OR “Jatene Procedure” OR “Jatene Technique”) AND ts=("outcomes”
OR “outcome” OR “long term” OR “longterm” OR “experience”))) NOT (ts=(“ablation”
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OR “prenatal”) OR ti=(“neonates” OR “neonate” OR “newborn” OR “newborns”)) AND
la=(english OR german)

Cochrane Library: ((“Arterial Switch Operation” OR “Arterial Switch Operation” OR
“Arterial Switch Operations” OR “arterial switch procedure” OR “arterial switch proce-
dures” OR “arterial switch repair” OR “arterial switch surgery” OR “arterial switch” OR
“Arterial Switch Technique” OR “Double Switch Operation” OR “Double Switch Oper-
ations” OR “Double Switch Procedure” OR “Double Switch Procedures” OR “Double
Switch Technique” OR “Double Switch” OR “Jatene Operation” OR “Jatene Procedure”
OR “Jatene Technique”):ti,ab,kw AND (“coronary complications” OR “coronary compli-
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Stenoses” OR “Coronary Thrombosis” OR “Coronary Thromboses” OR “Coronary Va-
sospasm” OR “Coronary Vasospasms” OR “Coronary-Subclavian Steal Syndrome” OR
“ischemic event” OR “ischemic events” OR “ischaemic event” OR “ischaemic events” OR
“Myocardial Ischemia” OR “Acute Coronary Syndrome” OR “Angina Pectoris” OR “Car-
diogenic Shock” OR “Kounis Syndrome” OR “Microvascular Angina” OR “Myocardial
Infarct” OR “Myocardial Infarction” OR “Myocardial Infarctions” OR “Myocardial Infarcts”
OR “Myocardial Ischaemia” OR “Myocardial Ischemia” OR “Myocardial Reperfusion
Injuries” OR “Myocardial Reperfusion Injury” OR “Stable Angina” OR “Unstable Angina”
OR “ischemic disease” OR “ischemic diseases” OR “ischaemic disease” OR “ischaemic
diseases” OR “coronary surgery” OR “coronary artery surgery” OR “Coronary Artery
Bypass” OR “Coronary Artery Bypass” OR “Catheterization” OR “Catheterization” OR
“Catheterisation” OR Catheter* OR “Death, Sudden, Cardiac” OR “sudden cardiac death”
OR “Cardiac Sudden Death” OR “Sudden Cardiac Arrest” OR “Karoshi Death” OR “coro-
nary artery anatomy” OR “coronary artery pattern” OR “coronary artery patterning” OR
“coronary artery patterns” OR “coronary outcome” OR “coronary outcomes” OR “Chest
Pain” OR “thoracic pain*” OR “thorax pain*” OR “chest pain*” OR “Neuralgia” OR “nerve
pain*” OR “neuronal pain*” OR “neuralg*” OR “atypical pain*” OR “Denervation” OR
“Denervat*” OR “reinnervation” OR “reinnervat*” OR “re innervat*” OR “innervation”
OR “innervation” OR “innervat*” OR “coronary anatom*” OR “coronary anatom*” OR
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ing”):ti,ab,kw OR (ti=(*"Arterial Switch Operation” OR “Arterial Switch Operation” OR
“Arterial Switch Operations” OR “arterial switch procedure” OR “arterial switch proce-
dures” OR “arterial switch repair” OR “arterial switch surgery” OR “arterial switch” OR
“Arterial Switch Technique” OR “Double Switch Operation” OR “Double Switch Oper-
ations” OR “Double Switch Procedure” OR “Double Switch Procedures” OR “Double
Switch Technique” OR “Double Switch” OR “Jatene Operation” OR “Jatene Procedure” OR
“Jatene Technique”):ti AND ts=("“outcomes” OR “outcome” OR “long term” OR “longterm”
OR “experience”):ti,ab,kw))

Emcare: see Embase.
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Abstract: The ductus arteriosus (DA) immediately starts closing after birth. This dynamic process
involves DA-specific properties, including highly differentiated smooth muscle, sparse elastic fibers,
and intimal thickening (IT). Although several studies have demonstrated DA-specific gene expres-
sions using animal tissues and human fetuses, the transcriptional profiles of the closing DA and
the patent DA remain largely unknown. We performed transcriptome analysis using four human
DA samples. The three closing DA samples exhibited typical DA morphology, but the patent DA
exhibited aorta-like elastic lamellae and poorly formed IT. A cluster analysis revealed that samples
were clearly divided into two major clusters, the closing DA and patent DA clusters, and showed
distinct gene expression profiles in IT and the tunica media of the closing DA samples. Cardiac
neural crest-related genes such as JAGI were highly expressed in the tunica media and IT of the
closing DA samples compared to the patent DA sample. Abundant protein expressions of jagged
1 and the differentiated smooth muscle marker calponin were observed in the closing DA samples
but not in the patent DA sample. Second heart field-related genes such as ISL1 were enriched in the
patent DA sample. These data indicate that the patent DA may have different cell lineages compared
to the closing DA.

Keywords: ductus arteriosus; neointima; tunica media; congenital heart disease; transcriptome;
neural crest

1. Introduction

The ductus arteriosus (DA) is a fetal vascular shunt that connects the pulmonary
artery and the aorta, and it is essential for maintaining fetal circulation. The DA begins to
close immediately after birth. This closing process is characterized by several DA-specific
features including differentiated contractile smooth muscle cells (SMCs), fragmentation
of internal elastic laminae, sparse elastic fiber formation in the tunica media, and intimal
thickening (IT) formation [1-6]. Histological analyses of human DA samples and several
animal models indicated that these DA-specific features gradually develop throughout
the fetal and neonatal periods [7]. Patent DA is a condition where the DA does not close
properly after birth. Patent DA occurs in approximately 1 in 2000 full-term infants and
occurs more frequently in premature neonates [8]. PDA samples exhibit fewer DA-specific
structural features [9]. Comprehensive analysis of gene expression comparing the closing
DA and the patent DA is necessary in order to better understand DA-specific remodeling
and to explore methods to regulate patency of the DA.
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Several research groups have previously reported the gene expression profiles of
mouse, rat, and ovine DAs [10-17]. However, transcriptome analyses of human DA tissues
are limited [18,19]. Yarboro et al. performed RNA sequencing using human DA tissues
of 21 weeks gestation and identified genes that were distinctly expressed in the DA tissue
compared to the aorta [18]. Additionally, they compared their human RNA sequencing
data with previously reported rodent microarray data and demonstrated transcriptional
commonalities between human and rodent DAs [18]. A report by Mueller et al. [19] is
presently the only published study that demonstrated the differences of transcriptional
profiles using postnatal human DAs. They compared gene expression between stent-
implanted open DAs on postnatal days 222 and 239, closed ligamentous DAs on day 147, and
an open unstented DA on day 1. To the best of our knowledge, transcriptomic comparisons
of the closing DA and the patent DA in human infants have not been previously reported.

Using four postnatal human DA tissues, we performed an unbiased transcriptome
analysis using the IT and the tunica media of each DA tissue. We found differential
gene expression between the tunica media of the closing DA and that of the patent DA.
Additionally, we investigated genes enriched in the IT or the tunica media of closing DA
tissues to identify genes that potentially contribute to DA-specific remodeling.

2. Materials and Methods
2.1. Study Subjects and Ethics Statements

The protocol for using human DA tissues was approved by the Research Ethics Com-
mittees at Tokyo Medical University and Kanagawa Children’s Medical Center (reference
numbers: T2020-0238 and 1502-05, respectively). The protocol conformed to the principles
outlined in the Declaration of Helsinki. After receiving written informed parental consent,
human DA tissues were obtained from four patients with congenital heart diseases, during
cardiac surgeries in Kanagawa Children’s Medical Center. The patient information for each
of the four cases included in this study is summarized in Table 1.

Table 1. A summary of the patient profiles for the four cases included in this study.

Gestational Birth Age at Duration of PGE; Closing
Case Number Diagnosis Age Weight () Operation Administration Tendency of
(Weeks) gntie (Days) (Days) the DA
Polysplenia,
intermediate AVSD,
CoA, TAPVC (cardiac
1 type), PDA, IVC 38 2714 17 0 No
interruption
(azygos connection)
DORYV (subpulmonary
2 VSD), hypoplastic 41 2948 5 5 Yes
distal arch, CoA, PFO
HLHS, TR, cor
’ triatriatum, PLSVC 40 3352 2 4 Yes
HLHS (MA, AA),
4 PLSVC 37 2654 98 98 Yes

Abbreviations: PGEy, prostaglandin E1; DA, ductus arteriosus; AVSD, atrioventricular septal defect; CoA, coarctation of the aorta; TAPVC,
total anomalous pulmonary venous connection; PDA, patent ductus arteriosus; IVC, inferior vena cava; DORV, double outlet right ventricle;
VSD, ventricular septal defect; PFO, patent foramen ovale; HLHS, hypoplastic left heart syndrome; TR, tricuspid regurgitation; PLSVC,
persistent left superior vena cava; MA, mitral atresia; AA, aortic atresia.

2.2. Total RNA Preparation and Microarray Analysis

Four human DA tissues were subjected to tissue staining and transcriptome analysis.
Each DA tissue was divided into two pieces. One piece was fixed with 10% buffered
formalin (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) for tissue staining.
The other piece of tissue was prepared for microarray analysis as follows. After the
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adventitia was removed, each DA tissue was divided into two parts: the inner part and the
outer part, which mainly contained IT and the tunica media, respectively, as indicated by
the yellow dotted lines in Figure 1A. The tissues were immediately frozen in liquid nitrogen
and stored at —80 °C until all patient samples were collected. Total RNA preparation and
microarray analysis were performed as described previously [10,11]. Briefly, the frozen
tissues were disrupted by a multi-bead shocker instrument (Yasui Kikai, Osaka, Japan).
After buffer RLT with 3-mercaptoethanol was added to the tissues, they were sonicated
to ensure the samples were uniformly homogeneous. Total RNA was isolated using a
RNeasy Mini Kit (Qiagen, Venlo, The Netherlands). Microarray experiments were carried
out using a SurePrint G3 Human GE 8 x 60 K v2 Microarray (Agilent, Santa Clara, CA,
USA) according to the manufacturer’s protocol.

A B

fir
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FTunica media +Tunica media
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Case 2

Tunica media
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FIT
el
o & FIT
T ¥
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Adventitia

—

Figure 1. Histological analysis of the human ductus arteriosus (DA) tissues. (A) Lower magnification
images of the Elastica van Gieson stain of the human DA tissues. The yellow dotted lines indicate the
border between the intimal thickening (IT) and the tunica media and the border between the tunica
media and the adventitia. Scale bars: 200 um. (B) Magnified images of red boxes in (A). Scale bars:
100 pm.

2.3. Generation of a Dendrogram, Venn Diagrams, and a Heatmap

The dendrogram was generated with Ward’s method using the hclust and dendrogram
functions in R. The packages gplots and genefilter in R were used to create a heatmap in
which data was normalized into a z-score. The mapping grids were subsequently colored
according to their z-score. Venn diagrams of the number of differentially expressed genes
in each sample group were generated using the gplots package in R.

2.4. Gene Set Enrichment Analyses (GSEAs)

Gene set enrichment analyses (GSEAs) were conducted to investigate the functions of
genes that significantly correlated with each sample group. GSEAs ranked the gene list by
the correlation between genes and phenotype, and an enrichment score was calculated to as-
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sess the gene distribution. Each analysis was carried out with 1000 permutations. Gene sets
were considered significantly enriched if the false discovery rate (FDR) g-value < 0.25 [20].

2.5. Tissue Staining and Immunohistochemistry

Paraffin-embedded blocks containing the human DA tissues were cut into 4 pm thick
sections and placed on glass slides. Elastica van Gieson staining was performed for mor-
phological analysis to evaluate IT and the tunica media, as described previously [21,22].
Immunohistochemistry was performed using primary antibodies for jagged 1 (sc-390177,
Santa Cruz Biotechnology, Dallas, TX, USA) and calponin (M3556, DakoCytomation,
Glostrup, Denmark). Biotinylated rabbit antibody (Vectastain Elite ABC IgG kit, Vec-
tor Labs, Burlingame, CA, USA) was used as a secondary antibody, and the presence of
targeted proteins was determined by 3,3'-diaminobenzidine tetrahydrochloride (DAB)
(DakoCytomation, Glostrup, Denmark). Negative staining of immunohistochemistry was
confirmed by the omission of primary antibodies.

3. Results
3.1. DA-Related Clinical Course of Each Participant

Four patients with congenital heart diseases were analyzed in this study. Patient
profiles are presented in Table 1. Case 1 was considered a patent DA case because the DA
did not exhibit closing tendency throughout the clinical course. The DA tissue was isolated
during an operation for an atrioventricular septal defect closure and repairs of the aortic
arch and pulmonary venous returns. The other three cases (Cases 2—4) exhibited complex
congenital heart diseases that required DA patency to maintain systemic circulation. Cases
24 were administered prostaglandin E1 (PGE;) because they exhibited closing tendency
of the DA.

In Case 2, lipo-PGE; (1 ng/kg/min) was administered 8 h after birth when an echocar-
diography indicated narrowing of the DA. Case 2 continued lipo-PGE; treatment until the
operation. The patient had an aortic repair and pulmonary artery banding (PAB) conducted
on postnatal day 5.

Case 3 showed closing tendency of the DA soon after birth and was administrated
lipo-PGE; (2 ng/kg/min). The dose of lipo-PGE; was increased (4 ng/kg/min) 8 h after
birth due to further closing tendency. The patient had PAB conducted on postnatal day 3.
The closing tendency of the DA remained and required PGE;-cyclodextrin (30 ng/kg/min)
on postnatal day 4. The patient received PGE;-cyclodextrin until the Norwood operation
was conducted on postnatal day 24.

Case 4 showed closing tendency of the DA at 9 h after birth and received a lipo-
PGE; infusion (1 ng/kg/min). The patient underwent PAB on postnatal day 3. The DA
was gradually narrowed and required an increased dose of lipo-PGE; (5 ng/kg/min) on
postnatal day 70. The patient underwent the Norwood operation on postnatal day 98. On
the basis of their clinical courses, Cases 2—4 were considered as closing DAs.

3.2. Histological Differences between the Patent DA and the Closing DA Tissues

The Elastica van Gieson stain demonstrated that Case 1 had well-organized layered
elastic fibers in the tunica media and a poorly formed IT (Figure 1A, upper panel). In
Case 1, there was no overt fragmentation of the internal elastic laminae (Figure 1B, upper
panel). Case 2 and Case 3 showed prominent IT formation that protruded into the lumen
(Figure 1A, middle panels). Circumferentially oriented layered elastic fibers in the tunica
media were sparsely formed and the internal elastic laminae were highly fragmented
(Figure 1B, middle panels). Similarly, Case 4, who received PGE; administration for more
than 3 months, had a prominent IT (Figure 1A, lower panel). However, the entire tunica
media consisted of sparse elastic fibers radially oriented toward the internal lumen, and
circumferentially oriented elastic fibers were not recognized (Figure 1B, lower panel). These
findings indicated that the closing DA had well-recognized, DA-specific morphological
features, including prominent IT formation, fragmented internal elastic laminae, and
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less elastic fibers in the tunica media, which seemed to reflect a normal closing process.
On the other hand, the patent DA tissue (Case 1) was devoid of these structures and
exhibited aortification of the vascular wall, which was consistent with previously reported
morphological characteristics of the patent DA [9].

3.3. Microarray Analysis of the IT and the Tunica Media of Human DA Tissues

To elucidate a differential gene expression profile between the patent DA (Case 1)
and the closing DA tissues (Cases 2—4), we performed an unbiased transcriptomic analysis
using these human DA tissues. Each DA sample was divided into the IT and the tunica
media in Cases 1-3. In Case 4, circumferentially oriented SMCs and layered elastic laminae
could not be identified; therefore, the IT-like wall was divided into the inner part and the
outer part (Figure 1A, lower). These samples were subjected to microarray analysis.

The dendrogram demonstrated that the human DA tissues were clearly divided into
two major clusters, A and B (Figure 2). Cluster A consisted of both the IT and the tunica
media from Case 1. Cluster B consisted of the samples from Cases 2—4, and this cluster
was further divided into two subgroups, Bl and B2. Cluster B1 consisted of the IT tissues
from Cases 2 and 3 and both the inner and outer IT-like parts from Case 4. Cluster B2
consisted of the tunica media samples from Cases 2 and 3. These data suggested that the
patent DA tissue (Case 1) had a distinct gene expression pattern compared to the other
closing DA samples (Cases 2-4). In Cases 2 and 3, the gene expression patterns of the
tunica media samples were relatively similar. Additionally, the IT samples showed similar
gene expression profiles, which were distant from the tunica media samples of Cases 2 and
3. In agreement with histological analysis showing that two parts of the DA tissue from
Case 4 (inner and outer parts) exhibited an IT-like structure, these two samples of Case 4
showed similar gene patterns, which were close to that of the IT of Cases 2 and 3.

s Cluster A Cluster B
23
& Cluster B1 Cluster B2

00
Case 1_IT
Case 2_IT
part
part

Case 3_IT

Case 1_Tunica media J

Case 3_Tunica media

Case 4_Inner
Case 4_Outer
Case 2_Tunica media

Figure 2. A dendrogram of the gene expressions from human ductus arteriosus tissues. IT: intimal
thickening.

3.4. Transcriptomic Differences between the Tunica Media of Closing DA Tissues and the Patent
DA Tissue

Both the histological assessment and the cluster analysis of DA tissues demonstrated
that the gene expression profile of the tunica media of the patent DA tissue (Case 1) was
markedly different from that of the closing DA tissues (Cases 2 and 3). We, thus, compared
gene expressions between the tunica media of the patent DA and closing DA tissues.

The GSEAs between the tunica media of the closing DA and the patent DA tissues,
using all gene sets related to biological processes in the Gene Ontology (GO) (size > 300),
revealed that the closing DA tissues were significantly correlated to 87 biological processes
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(FDR < 0.25, Table 2). Notably, vascular development-related gene sets (GO_REGULATION_
OF_VASCULATURE_DEVELOPMENT and GO_BLOOD_VESSEL_ MORPHOGENESIS)
were highly enriched in the tunica media of closing DA tissues (Figure 3). Kinase activation-
related gene sets (GO_REGULATION_OF_MAP_KINASE_ ACTIVITY, GO_ACTIVATION_
OF_PROTEIN_KINASE_ACTIVITY, and GO_POSITIVE_ REGULATION_OF_PROTEIN_
SERINE_THREONINE_KINASE_ACTIVITY) and three catabolic process-related gene sets,
including GO_REGULATION_OF_PROTEIN_CATABOLIC_PROCESS, were positively
correlated with the closing DA tunica media tissue. This suggested that intracellular signal-
ing was more actively regulated in the closing DA tissues compared to the patent DA tissue.
Protein secretion-related gene sets (GO_POSITIVE_REGULATION_OF_SECRETION and
GO_GOLGI_VESICLE_TRANSPORT) and adhesion-related gene sets (GO_POSITIVE_ REG-
ULATION_OF_CELL_ADHESION, GO_REGULATION_OF_CELL_CELL_ADHESION,
and GO_CELL_SUBSTRATE_ ADHESION) were also enriched in the closing DA tissues,
which support previous reports which found that multiple extracellular matrices and
cell-matrix interactions play roles in DA-specific physiological remodeling [5,21,22]. The
gene set GO_RESPONSE_TO_OXYGEN_ LEVELS was positively correlated to the closing
DA tissues (Figure 3). In this gene set, EGR1, which was previously shown to increase
immediately after birth in rat DA tissues [10], was upregulated in the tunica media of the
closing DA tissues. Enrichment of the gene set GO_ACTIN_FILAMENT_ORGANIZATION
in the closing DA tissues (Figure 3) contained the Rho GTPase RHOD, which regulates
directed cell migration [23]. This may support the migratory feature of SMCs in the closing
DA tissue.

Table 2. Gene Ontology biological process terms (size > 300) that were significantly upregulated (FDR < 0.25) in the tunica
media of the closing human DA tissues (Cases 2 and 3) compared to that of the patent DA tissue (Case 1).

FDR Rank at

Gene Set Name Size NES g-Value Max
GO_REGULATION_OF_VASCULATURE_DEVELOPMENT 310 1.61 0.000 6660
GO_BLOOD_VESSEL_MORPHOGENESIS 564 1.61 0.000 6712
GO_GOLGI_VESICLE_TRANSPORT 350 1.61 0.000 8448
GO_REGULATION_OF_HEMOPOIESIS 441 1.60 0.000 6338
GO_NCRNA_PROCESSING 340 1.59 0.000 5889
GO_VIRAL_LIFE_CYCLE 315 1.58 0.000 7537
GO_REGULATION_OF_MAP_KINASE_ACTIVITY 332 1.55 0.000 6500
GO_LEUKOCYTE_CELL_CELL_ADHESION 339 1.54 0.000 5082
GO_NEGATIVE_REGULATION_OF_IMMUNE_SYSTEM_PROCESS 405 1.54 0.000 4982
GO_NEGATIVE_REGULATION_OF_PHOSPHORYLATION 424 1.53 0.000 5671
GO_POSITIVE_REGULATION_OF_CELL_ADHESION 410 1.53 0.000 4942
GO_NEGATIVE_REGULATION_OF_CELL_CYCLE_PROCESS 312 1.53 0.000 5276
GO_NUCLEAR_TRANSPORT 337 1.52 0.000 7197
GO_T_CELL_ACTIVATION 458 1.51 0.000 5293
GO_IN_UTERO_EMBRYONIC_DEVELOPMENT 372 1.47 0.000 6660
GO_REGULATION_OF_INFLAMMATORY_RESPONSE 348 147 0.000 5237
GO_PEPTIDYL_LYSINE_MODIFICATION 353 1.46 0.000 8228
GO_REGULATION_OF_PROTEIN_CATABOLIC_PROCESS 372 145 0.000 6333
GO_IMMUNE_RESPONSE_REGULATING_SIGNALING_PATHWAY 385 1.40 0.000 7472
GO_CELLULAR_RESPONSE_TO_EXTERNAL_STIMULUS 305 1.40 0.000 7120
GO_REGULATION_OF_CELL_CELL_ADHESION 406 1.39 0.000 5082
GO_RNA_SPLICING 423 1.39 0.000 7328

GO_ACTIVATION_OF_PROTEIN_KINASE_ACTIVITY 321 1.39 0.000 5553
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Table 2. Cont.

Gene Set Name Size NES FDR Ranl at
q-Value Max
GO_REGULATION_OF_CELLULAR_RESPONSE_TO_STRESS 690 1.39 0.000 6338
GO_RAS_PROTEIN_SIGNAL_TRANSDUCTION 330 1.39 0.000 7040
GO_POSITIVE_REGULATION_OF_PROTEIN_SERINE_THREONINE_KINASE_ACTIVITY 329 1.38 0.000 6543
GO_AMEBOIDAL_TYPE_CELL_MIGRATION 386 1.38 0.000 7624
GO_REGULATION_OF_DNA_BINDING_TRANSCRIPTION_FACTOR_ACTIVITY 415 1.37 0.000 6196
GO_REGULATION_OF_LYMPHOCYTE_ACTIVATION 420 1.35 0.000 5268
GO_RNA_SPLICING_VIA_TRANSESTERIFICATION_REACTIONS 341 1.35 0.000 7328
GO_REGULATION_OF_T_CELL_ACTIVATION 316 1.35 0.000 5256
GO_LYMPHOCYTE_DIFFERENTIATION 354 1.34 0.000 5436
GO_ORGANELLE_FISSION 414 1.34 0.000 4640
GO_POSITIVE_REGULATION_OF_CATABOLIC_PROCESS 430 1.34 0.000 4648
GO_EPITHELIAL_CELL_PROLIFERATION 379 1.33 0.011 6543
GO_REGULATION_OF_PROTEIN_SERINE_THREONINE_KINASE_ACTIVITY 495 1.33 0.010 6256
GO_MRNA_PROCESSING 477 1.33 0.010 7113
GO_EMBRYO_DEVELOPMENT_ENDING_IN_BIRTH_OR_EGG_HATCHING 644 1.32 0.010 6259
GO_NEGATIVE_REGULATION_OF_INTRACELLULAR_SIGNAL_TRANSDUCTION 475 1.32 0.009 7981
GO_PROTEIN_POLYUBIQUITINATION 327 1.31 0.014 6212
GO_RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS 405 1.31 0.013 6510
GO_MAINTENANCE_OF_LOCATION 305 1.31 0.013 5837
GO_LEUKOCYTE_DIFFERENTIATION 514 1.31 0.013 7110
GO_POSITIVE_REGULATION_OF_CELL_CYCLE 357 1.31 0.013 5009
GO_POSTTRANSCRIPTIONAL_REGULATION_OF_GENE_EXPRESSION 554 1.29 0.012 6212
GO_RESPONSE_TO_OXYGEN_LEVELS 370 1.29 0.012 6459
GO_POSITIVE_REGULATION_OF_ESTABLISHMENT_OF_PROTEIN_LOCALIZATION 371 1.28 0.012 6982
GO_REGULATION_OF_METAL_ION_TRANSPORT 363 1.28 0.012 4661
GO_PROTEASOMAL_PROTEIN_CATABOLIC_PROCESS 455 1.28 0.011 5596
GO_NEGATIVE_REGULATION_OF_PHOSPHORUS_METABOLIC_PROCESS 530 1.26 0.011 5671
GO_POSITIVE_REGULATION_OF_GTPASE_ACTIVITY 375 1.26 0.011 7037
GO_REGULATION_OF_GTPASE_ACTIVITY 447 1.26 0.011 7095
GO_POSITIVE_REGULATION_OF_RESPONSE_TO_EXTERNAL_STIMULUS 496 1.25 0.010 6529
GO_COVALENT_CHROMATIN_MODIFICATION 436 1.25 0.010 6473
GO_NEURON_DEATH 338 1.25 0.010 7040
GO_POSITIVE_REGULATION_OF_PROTEOLYSIS 340 1.24 0.010 6359
GO_POSITIVE_REGULATION_OF_CELLULAR_PROTEIN_LOCALIZATION 307 1.24 0.010 6982
GO_POSITIVE_REGULATION_OF_CYTOKINE_PRODUCTION 432 1.24 0.010 5082
GO_PROCESS_UTILIZING_AUTOPHAGIC_MECHANISM 495 1.23 0.009 5327
GO_VESICLE_ORGANIZATION 315 1.23 0.009 7253
GO_POSITIVE_REGULATION_OF_CELL_ACTIVATION 324 1.23 0.009 7094
GO_POST_TRANSLATIONAL_PROTEIN_MODIFICATION 352 1.23 0.009 7885
GO_LEUKOCYTE_MIGRATION 428 1.22 0.009 7094
GO_ESTABLISHMENT_OF_ORGANELLE_LOCALIZATION 397 1.22 0.009 6914
GO_CANONICAL_WNT_SIGNALING_PATHWAY 315 1.20 0.009 5210
GO_REGULATION_OF_CELLULAR_AMIDE_METABOLIC_PROCESS 385 1.19 0.008 6376
GO_REGULATION_OF_AUTOPHAGY 327 1.18 0.008 4699
GO_REGULATION_OF_CHROMOSOME_ORGANIZATION 321 1.17 0.014 6695
GO_REGULATION_OF_SMALL_GTPASE_MEDIATED_SIGNAL_TRANSDUCTION 312 1.16 0.024 7040
GO_REPRODUCTIVE_SYSTEM_DEVELOPMENT 428 1.16 0.026 3453
GO_REGULATION_OF_SUPRAMOLECULAR_FIBER_ORGANIZATION 339 1.15 0.028 6891
GO_POSITIVE_REGULATION_OF_DEFENSE_RESPONSE 360 1.14 0.048 5237
GO_POSITIVE_REGULATION_OF_NERVOUS_SYSTEM_DEVELOPMENT 513 1.14 0.047 4697
GO_REGULATION_OF_APOPTOTIC_SIGNALING_PATHWAY 383 1.13 0.047 5796
GO_MYELOID_CELL_DIFFERENTIATION 375 1.12 0.061 6268
GO_RESPONSE_TO_VIRUS 315 1.12 0.060 5563
GO_ACTIN_FILAMENT_ORGANIZATION 400 1.11 0.077 6891
GO_RESPONSE_TO_MOLECULE_OF_BACTERIAL_ORIGIN 326 1.10 0.097 6178
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Table 2. Cont.

FDR Rank at

Gene Set Name Size NES g-Value Max
GO_REGULATION_OF_PROTEIN_CONTAINING_COMPLEX_ASSEMBLY 408 1.10 0.098 6574
GO_OSSIFICATION 378 1.10 0.106 6790
GO_POSITIVE_REGULATION_OF_SECRETION 358 1.09 0.109 6953
GO_EPITHELIAL_TUBE_MORPHOGENESIS 326 1.09 0.126 6477
GO_ACTIVATION_OF_IMMUNE_RESPONSE 433 1.09 0.138 7472
GO_CELL_SUBSTRATE_ADHESION 342 1.08 0.172 8285
GO_REGULATION_OF_BINDING 349 1.08 0.178 6143
GO_REGULATION_OF_DEVELOPMENTAL_GROWTH 324 1.08 0.178 4701
GO_CELLULAR_RESPONSE_TO_CHEMICAL_STRESS 329 1.07 0.229 4800

Abbreviations: NES, normalized enrichment score; FDR, false discovery rate.
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Figure 3. Gene set enrichment analyses (GSEAs) of the tunica media of the closing human ductus arteriosus (DA) and the
patent DA tissues. (A) GSEAs revealed positive correlations between the tunica media of the closing human DA tissues and
vascular development-related genes, oxygen level response-related genes, and actin filament organization-related genes.
On the x-axis, the genes in each gene set are ranked from the left side (positively correlated) to the right side (negatively
correlated). The vertical black lines that look like barcodes indicate each gene in the gene set. The y-axis displays the
calculated enrichment score of each gene (green color). NES, normalized enrichment score; FDR, false discovery rate.
(B) The top 25 genes that comprise the leading edge of the enrichment score in (A) are shown in each heatmap.
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Although we demonstrated several genes that were highly expressed in the tunica
media of the closing DAs compared to that of the patent DA (Figure 3, and Tables 2 and 3),
postnatal PGE; administration possibly affected these gene expressions of the tunica media.
To address this issue, we compared gene expressions of the tunica media between shorter-
term PGE;-treated DAs (less than one month of administration, Cases 2 and 3) and a
longer-term PGE;-treated DA (more than three months of administration, Case 4). The
GSEAs revealed that the outer part of longer-term PGE;-treated DA was significantly
correlated to eight biological processes related to cell-cycle regulation (FDR < 0.25, Table S1
and Figure S1A,B, Supplementary Materials) compared to the tunica media of shorter-term
PGE;-treated DAs. Among these gene sets, the gene sets GO_ORGANELLE_FISSION and
GO_NEGATIVE_REGULATION_OF_CELL_CYCLE_PROCESS belonged to gene sets that
were highly expressed in the tunica media of the closing DAs (Table 2). These two gene sets
may be associated with PGE; administration, but not with specific features of the closing
DA. However, the remaining 85 gene sets in Table 2 seemed to be independent of duration
of PGE; administration.

Table 3. Sixteen genes that overlapped and were enriched (>8-fold) in the tunica media of the closing DA tissues (Cases 2
and 3) compared to that of the patent DA tissue (Case 1).

. Fold Change
Gene Name Description Case 2 vs. Case 1 Case 3 vs. Case 1

CD83 CD83 molecule 29.9 29.9
AP1S3 adaptor-related protein complex 1 subunit sigma 3 26.5 18.0
GSTT1 glutathione S-transferase theta 1 21.6 10.7
BCL2L13 BCL2-like 13 129 13.1
NEDD9 neural precursor cell expressed, developmentally downregulated 9 12.1 13.6
HLA-DMA major histocompatibility complex, class II, DM alpha 9.1 16.3
GHRL ghrelin and obestatin prepropeptide 13.1 122
FLCN folliculin 122 9.1
TCF7 transcription factor 7, T-cell-specific 11.0 9.0
ELOVL5 ELOVL fatty-acid elongase 5 9.0 9.9
APLN apelin 9.2 9.6
MAFF MAF bZIP transcription factor F 9.5 8.8
AURKAPS1 aurora kinase A pseudogene 1 9.7 8.4
MIS12 MIS12 kinetochore complex component 9.5 8.3
CEMIP2 cell migration inducing hyaluronidase 2 8.4 9.1
GMCL1 germ cell-less 1, spermatogenesis associated 8.5 8.5

3.5. Vascular Development-Related Genes in Human DA Tissues

The vascular development-related gene sets noted above (Table 2 and Figure 3) contain
cardiovascular cell lineage-related genes. A heatmap composed of cardiovascular cell
lineage-related genes demonstrated distinct gene expression patterns between the closing
DA tissues (Cases 2 and 3) and the patent DA tissue (Case 1) (Figure 4A). The genes
SEMASA, SFRP1, NRG1, CTNNB1, PHACTR4, and JAG1 were highly expressed in the ITs
of the closing DA tissues. Among these genes, the expression of PHACTR4 and JAGI,
which are cardiac neural crest-related genes, was greater in the tunica media of the closing
DA tissues than the patent DA tissue. The expression levels of CFL1, TWIST1, EDNRB,
SMO, and MAPK1 were greater in the tunica media of the patent DA tissue compared
to the closing DA tissues. Similarly, expressions of SEMA4F, NRP1, LTBP3, EDN3, and
FGF8 were enriched in the tunica media of the patent DA tissue. SEMA3G, ALX1, SOX8,
ALDH1A2, and SEMA7A were relatively highly expressed in the entire tissue of the patent
DA. WNT8A, KLHL12, FBXL17, and ISL1, which is a second heart field-related gene, were
relatively enriched in the patent DA tissue, and the expression levels of these genes were
higher in the IT than in the tunica media.
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Figure 4. Differential gene expression between the tunica media of the closing human ductus
arteriosus (DA) tissues and that of the patent DA tissue. (A) A heatmap of vascular cell lineage-
related genes is depicted. (B) A Venn diagram shows the number of probe sets that were highly
expressed (>8-fold) in the tunica media of closing DA tissues (Cases 2 and 3) compared to that of the
patent DA tissue (Case 1). (C) A Venn diagram shows the number of probe sets highly expressed
(>8-fold) in the tunica media of the patent DA tissue (Case 1) compared to that of the closing DA
tissues (Cases 2 and 3). IT, intimal thickening.

3.6. The Closing or Patent DA Tissue-Specific Gene Expression

Figure 4B presents a Venn diagram that shows probe sets that were upregulated
(>8-fold) in the tunica media of the closing DA tissues (Cases 2 and 3) compared to the
patent DA tissue (Case 1). Twenty-one overlapped probe sets consisted of 16 genes (Table 3).
APLN, CEMIP2, and GHRL are related to vascular development [24-26]. There were sev-
eral genes related to adhesion and protein secretion such as APLN, CD83, FLCN, and
NEDD9 [27-30]. GHRL and NEDD9 were reported to regulate actin filament organiza-
tion [31,32]. APLN was reported to promote proliferation and migration of vascular SMCs,
as well as promote SMC contraction [27]. NEDD9 is involved in embryonic neural crest cell
development and promotes cell migration, cell adhesion, and actin fiber formation [31]. To
examine the effect of PGE; administration on the human DAs, we compared gene expres-
sions of the tunica media between shorter-term PGE;-treated DAs (Cases 2 and 3) and a
longer-term PGE;-treated DA (Case 4) using a Venn diagram (Figure S1C, Supplementary
Materials). We identified 20 probe sets that overlapped and were enriched in the outer
part of a longer-term PGE;-treated DA compared to the IT of shorter-term PGE;-treated
DAs (Table S2, Supplementary Materials). These genes did not belong to the genes in
Table 3, suggesting that the genes presented in Table 3 did not seem to have been strongly
influenced by PGE; administration.

In the Venn diagram in Figure 4C, 116 probe sets are presented, which were upreg-
ulated (>8-fold) in the tunica media of the patent DA tissue (Case 1) compared to the
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closing DA tissues (Cases 2 and 3). These probe sets contained 52 genes (Table 4). Latent
transforming growth factor beta-binding protein 3 (LTBP3) was upregulated in the tunica
media of the patent DA tissue. LTBP3 is related to extracellular matrix constituents [33]
and second heart field-derived vascular SMCs [34]. Expression of PRSS55, identified as an
aorta-dominant gene in rodent microarray data [11], was elevated in the patent DA tissue.

Table 4. Fifty-two genes that overlapped and were enriched (>8-fold) in the tunica media of the patent DA tissue (Case 1)
compared to that of the closing DA tissues (Cases 2 and 3).

— Fold Change
Gene Name Description Case 1 vs. Case 2 (gZase 1vs. Case 3
MYH16 myosin heavy chain 16 pseudogene 70.1 68.9
PRDM12 PR/SET domain 12 69.8 68.5
CXXC4 CXXC finger protein 4 62.8 61.5
VENTXP1 VENT homeobox pseudogene 1 60.4 573
MKRN3 makorin ring finger protein 3 70.9 437
CLEC3A C-type lectin domain family 3 member A 26.1 251.3
TEX43 testis expressed 43 51.3 26.7
SCN11A sodium channel, voltage-gated, type XI, alpha subunit 11 38.0 26.5
CYP3A43 cytochrome P450 family 3 subfamily A member 43 24.5 22.3
MROH2A maestro heat-like repeat family member 2A 21.1 214
MUci2 mucin 12, cell-surface-associated 30.5 15.3
MS4A6A membrane-spanning 4-domains subfamily A member 6A 46.8 11.7
RBFOX3 RNA-binding fox-1 homolog 3 15.5 20.4
SLC2A1 solute carrier family 2 member 1 30.4 10.7
CFAP299 cilia- and flagella-associated protein 299 15.4 15.8
PSG5 pregnancy-specific beta-1-glycoprotein 5 16.3 14.6
LTBP3 latent transforming growth factor beta-binding protein 3 13.7 16.9
ZFP57 zinc finger protein 57 21.8 11.0
MFSD4 major facilitator superfamily domain-containing 4A 13.8 13.8
HOXA11 homeobox A1l 10.2 19.1
ALLC allantoicase 24.8 8.8
SLC6A14 solute carrier family 6 member 14 13.1 12.1
SLC44A4 solute carrier family 44 member 4 12.7 11.7
MASI1 MAST proto-oncogene, G-protein-coupled receptor 12.2 122
CARD18 caspase recruitment domain family member 18 12.9 11.5
LCEIC late cornified envelope protein 1C 12.2 10.6
PAMR1 peptidase domain-containing associated with muscle regeneration 1 8.1 18.7
PRSS55 serine protease 55 11.4 10.5
RUNDC3B RUN domain-containing 3B 10.0 11.8
LINC00114 long intergenic non-protein-coding RNA 114 8.9 13.8
TEAP4 transcription factor AP-4 11.2 10.1
PLIN2 perilipin 2 9.8 11.1
CCR2 C-C motif chemokine receptor 2 11.7 9.3
CDKN2B-AS CDKN2B antisense RNA 1 10.0 9.8
MYO7A myosin VIIA 10.4 9.3
PDILT protein disulfide isomerase like, testis expressed 9.6 9.6
SPA17 sperm autoantigenic protein 17 10.8 8.5
SLITRK2 SLIT and NTRK-like family member 2 9.5 9.5
SLCYB1 solute carrier family 9 member B1 9.3 9.7
PANX2 pannexin 2 114 8.0
PLPPR1 phospholipid phosphatase-related 1 10.1 8.8
ASTE1 asteroid homolog 1 9.2 9.4
MUC16 mucin 16, cell-surface-associated 9.5 8.7
OR51B2 olfactory receptor family 51 subfamily B member 2 9.2 8.6
ARHGAP36 Rho GTPase-activating protein 36 8.8 8.7
KRTAP4-8 keratin-associated protein 4-8 8.8 8.5
METTL21CP1 methyltransferase-like 21E, pseudogene 9.1 8.3
BPIFB6 BPI fold-containing family B member 6 8.9 8.4
HABP2 hyaluronan-binding protein 2 9.0 8.2
DUSP13 dual-specificity phosphatase 13 8.9 8.2
CXorf51A chromosome X open reading frame 51A 8.2 8.0
MTM1 myotubularin 1 8.2 8.1
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3.7. Jagged 1 Was Highly Expressed in the Closing DA Tissues

Previous reports using genetically modified mice clearly demonstrated that SMCs
of the DA are derived from cardiac neural crest cells, and these cells contribute to SMC
differentiation in the DA [35,36]. Since the transcriptome analysis revealed that the neural
crest cell-related gene JAG1 was abundantly expressed in the closing DA tissues compared
to the patent DA tissue (Figure 4A), we performed immunohistochemistry to examine
protein expression of jagged 1. In agreement with the transcriptome data, jagged 1 was
highly expressed in the closing DA tissues (Cases 2-4) (Figure 5A). Calponin is well
recognized as a differentiated SMC marker [1], and it was decreased in the DA tissues of
Jagl-deficient mice [37]. A strong immunoreaction for calponin was observed in the closing
DA tissues but was not as strong in the patent DA tissue (Figure 5B).

Case 1 Case 2 Case 3 Case 4

>

v Jagged 1

Calponin

Figure 5. Immunohistochemistry for jagged 1 (A) and calponin (B) in the human ductus arteriosus
tissues from Cases 1-4. A brown color indicates positive immunostaining. Scale bars: 100 um.

3.8. Transcriptomic Characteristics of the IT and the Tunica Media in the Closing DA Tissues

Lastly, we investigated the difference in gene expression between the IT and the
tunica media in the closing DA tissues. IT formation is partly attributed to migration
and proliferation of the tunica media-derived SMCs [2-5,7]. Gene expression analysis
indicated that there were different transcriptomic characteristics between the IT and the
tunica medjia in the closing DA tissues (Clusters B1 and B2 in Figure 2). We, thus, compared
the expression of genes between the IT and the tunica media of the closing DA tissues
(Cases 2 and 3).

The GSEAs between the IT and the tunica media, using all gene sets which related to
biological processes in the Gene Ontology (GO) (size > 300), were performed. The analyses
revealed that the IT was significantly correlated to 89 biological processes (FDR < 0.25,
Table 5), and that the tunica media correlated to 81 biological processes (FDR < 0.25, Table 6).
The IT of the closing DAs was significantly correlated to more than 10 migration- and
proliferation-related gene sets (GO_MICROTUBULE_CYTOSKELETON_ORGANIZATION
and GO_CELL_DIVISION, etc.) (Figure 6A,B). Wnt signaling-related gene sets (GO_REGU-
LATION_OF_WNT_SIGNALING_PATHWAY, GO_CANONICAL_WNT_SIGNALING_PAT
HWAY, and GO_CELL_CELL_SIGNALING_BY_WNT) were also enriched in the IT of
the closing DA tissues. The tunica media of the closing DAs was significantly corre-
lated to vascular development-related gene sets (GO_REGULATION_OF VASCULA-
TURE_DEVELOPMENT, GO_BLOOD_VESSEL_MORPHOGENESIS, GO_VASCULAR

_DEVELOPMENT, and GO_CIRCULATORY_SYSTEM_DEVELOPMENT) (Figure 6C,D).
Five adhesion-related gene sets, including GO_BIOLOGICAL_ADHESION, were enriched
in the tunica media compared to the IT in the closing DA tissues.
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Table 5. Gene Ontology biological process terms (size > 300) that were significantly upregulated (FDR < 0.25) in the intimal

thickening compared to the tunica media of the closing DA tissues (Cases 2 and 3).

Gene Set Name Size NES q_lizlli e alt{;;;;l:x
GO_MICROTUBULE_CYTOSKELETON_ORGANIZATION 526 1.67 0.000 6797
GO_MICROTUBULE_BASED_PROCESS 757 1.59 0.000 6797
GO_CELL_DIVISION 549 1.58 0.000 6799
GO_PROTEIN_POLYUBIQUITINATION 327 1.56 0.000 7778
GO_MITOTIC_CELL_CYCLE 954 1.54 0.000 6055
GO_MODIFICATION_DEPENDENT_MACROMOLECULE_CATABOLIC_PROCESS 604 1.51 0.000 6933
GO_NEGATIVE_REGULATION_OF_CELL_CYCLE 566 1.51 0.000 6548
GO_NEGATIVE_REGULATION_OF_CELL_CYCLE_PROCESS 312 1.50 0.001 6055
GO_MRNA_PROCESSING 477 1.50 0.001 6995
GO_RNA_SPLICING_VIA_TRANSESTERIFICATION_REACTIONS 341 1.48 0.001 6758
GO_ESTABLISHMENT_OF_ORGANELLE_LOCALIZATION 397 1.47 0.001 6823
GO_REGULATION_OF_MRNA_METABOLIC_PROCESS 326 147 0.001 9158
GO_ORGANELLE_LOCALIZATION 602 1.46 0.001 6823
GO_RNA_SPLICING 423 145 0.002 6007
GO_CELL_CYCLE 1681 1.44 0.002 6059
GO_ORGANELLE_FISSION 414 1.44 0.002 5836
GO_CELL_CYCLE_PROCESS 1251 1.43 0.002 6470
GO_REGULATION_OF_MITOTIC_CELL_CYCLE 600 143 0.002 6548
GO_MUSCLE_TISSUE_DEVELOPMENT 368 1.42 0.003 4069
GO_CELLULAR_PROTEIN_CATABOLIC_PROCESS 733 141 0.005 6933
GO_REGULATION_OF_CELL_CYCLE_PROCESS 706 141 0.005 6450
GO_CELL_CYCLE_PHASE_TRANSITION 578 1.40 0.005 6055
GO_REGULATION_OF_CELL_CYCLE 1110 1.40 0.004 6548
GO_MICROTUBULE_BASED_MOVEMENT 321 1.37 0.007 5942
GO_PROTEIN_MODIFICATION_BY_SMALL_PROTEIN_CONJUGATION_OR_REMOVAL 1033 1.36 0.008 6585
GO_PROTEIN_CATABOLIC_PROCESS 876 1.36 0.008 7607
GO_PROTEASOMAL_PROTEIN_CATABOLIC_PROCESS 455 1.34 0.011 7536
GO_POST_TRANSLATIONAL_PROTEIN_MODIFICATION 352 1.33 0.013 4520
GO_VESICLE_ORGANIZATION 315 1.33 0.013 6530
GO_PROTEIN_MODIFICATION_BY_SMALL_PROTEIN_CONJUGATION 864 1.32 0.014 7634
GO_PROTEIN_CONTAINING_COMPLEX_DISASSEMBLY 310 1.32 0.014 6434
GO_CHROMOSOME_ORGANIZATION 1059 1.32 0.015 6004
GO_RNA_PROCESSING 1149 1.31 0.016 7021
GO_REGULATION_OF_CHROMOSOME_ORGANIZATION 321 1.29 0.024 7299
GO_REGULATION_OF_CELL_CYCLE_PHASE_TRANSITION 424 1.29 0.024 6055
GO_MRNA_METABOLIC_PROCESS 789 1.28 0.026 7021
GO_REGULATION_OF_INTRACELLULAR_TRANSPORT 325 1.28 0.026 6449
GO_MUSCLE_SYSTEM_PROCESS 423 1.28 0.028 3948
GO_CELLULAR_MACROMOLECULE_CATABOLIC_PROCESS 1100 1.26 0.034 7104
GO_REGULATION_OF_AUTOPHAGY 327 1.25 0.041 6901
GO_CELLULAR_PROTEIN_CONTAINING_COMPLEX_ASSEMBLY 909 1.25 0.041 6799
GO_REGULATION_OF_WNT_SIGNALING_PATHWAY 347 1.25 0.042 3438
GO_RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS 405 1.24 0.042 8496
GO_PROCESS_UTILIZING_AUTOPHAGIC_MECHANISM 495 1.23 0.049 6585
GO_ANATOMICAL_STRUCTURE_HOMEOSTASIS 426 1.23 0.048 6332
GO_ORGANOPHOSPHATE_BIOSYNTHETIC_PROCESS 526 1.23 0.049 3613
GO_REGULATION_OF_CELLULAR_CATABOLIC_PROCESS 812 1.23 0.051 6913
GO_PROTEIN_CONTAINING_COMPLEX_SUBUNIT_ORGANIZATION 1716 1.23 0.052 5624
GO_REGULATION_OF_SYSTEM_PROCESS 571 1.22 0.057 3069
GO_GLYCEROPHOSPHOLIPID_METABOLIC_PROCESS 325 1.22 0.055 2842
GO_ORGANELLE_ASSEMBLY 780 1.22 0.055 5055
GO_MUSCLE_CONTRACTION 339 1.20 0.070 3948
GO_REGULATION_OF_CELLULAR_LOCALIZATION 939 1.20 0.073 6537
GO_CYTOSKELETON_ORGANIZATION 1278 1.20 0.072 5064
GO_REGULATION_OF_CATABOLIC_PROCESS 960 1.20 0.075 7638
GO_MACROMOLECULE_CATABOLIC_PROCESS 1319 1.19 0.077 7614
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Table 5. Cont.

Gene Set Name Size NES q-li/l_;lli e alt{i?;(x
GO_ORGANONITROGEN_COMPOUND_CATABOLIC_PROCESS 1233 1.19 0.080 6337
GO_CANONICAL_WNT_SIGNALING_PATHWAY 315 1.18 0.084 3438
GO_DIVALENT_INORGANIC_CATION_TRANSPORT 443 1.18 0.087 2865
GO_MUSCLE_STRUCTURE_DEVELOPMENT 606 1.18 0.094 4139
GO_POSITIVE_REGULATION_OF_ESTABLISHMENT_OF_PROTEIN_LOCALIZATION 371 1.18 0.092 5436
GO_DNA_METABOLIC_PROCESS 822 1.18 0.091 7381
GO_CELL_CELL_SIGNALING_BY_WNT 488 1.17 0.102 3490
GO_INTRACELLULAR_TRANSPORT 1599 1.16 0.108 6629
GO_MUSCLE_ORGAN_DEVELOPMENT 360 1.16 0.108 4772
GO_REGULATION_OF_PEPTIDE_TRANSPORT 641 1.16 0.109 5020
GO_SECOND_MESSENGER_MEDIATED_SIGNALING 412 1.15 0.125 3308
GO_PEPTIDE_SECRETION 495 1.15 0.125 3880
GO_REGULATION_OF_CYTOSKELETON_ORGANIZATION 513 1.15 0.128 3944
GO_SIGNAL_RELEASE 577 1.14 0.130 3898
GO_DNA_REPAIR 480 1.14 0.132 6578
GO_MUSCLE_CELL_DIFFERENTIATION 338 1.14 0.131 4061
GO_NEGATIVE_REGULATION_OF_PROTEIN_MODIFICATION_PROCESS 565 1.14 0.132 5343
GO_NEGATIVE_REGULATION_OF_PHOSPHORYLATION 424 1.14 0.138 5364
GO_MITOCHONDRION_ORGANIZATION 459 1.14 0.138 7936
GO_NEGATIVE_REGULATION_OF_PHOSPHORUS_METABOLIC_PROCESS 530 1.13 0.144 5394
GO_HORMONE_TRANSPORT 309 1.12 0.165 3880
GO_REGULATION_OF_PROTEIN_CATABOLIC_PROCESS 372 1.12 0.176 7675
GO_REGULATION_OF_PROTEIN_LOCALIZATION 905 1.11 0.184 6577
GO_RIBOSE_PHOSPHATE_METABOLIC_PROCESS 373 111 0.183 4526
GO_OSSIFICATION 378 111 0.180 5020
GO_REGULATION_OF_DNA_METABOLIC_PROCESS 314 1.11 0.192 7720
GO_NUCLEOBASE_CONTAINING_SMALL_MOLECULE_METABOLIC_PROCESS 545 1.11 0.196 3618
GO_PHOSPHOLIPID_METABOLIC_PROCESS 420 1.10 0.215 5395
GO_REGULATION_OF_ORGANELLE_ORGANIZATION 1209 1.10 0.220 5212
GO_ORGANOPHOSPHATE_METABOLIC_PROCESS 950 1.09 0.238 3618
GO_REGULATION_OF_CELLULAR_RESPONSE_TO_STRESS 690 1.09 0.235 6943
GO_CELLULAR_RESPONSE_TO_DNA_DAMAGE_STIMULUS 761 1.09 0.246 6578
GO_GLYCEROLIPID_METABOLIC_PROCESS 409 1.09 0.246 5591

Abbreviations: NES, normalized enrichment score; FDR, false discovery rate.

Table 6. Gene Ontology biological process terms (size > 300) that were significantly upregulated (FDR < 0.25) in the tunica

media compared to the intimal thickening of the closing DA tissues (Cases 2 and 3).

Gene Set Name Size NES q-li]’gllfl e R;:;:xat
GO_EXTRACELLULAR_STRUCTURE_ORGANIZATION 376 1.67 0.002 5349
GO_SKELETAL_SYSTEM_DEVELOPMENT 494 1.55 0.012 5310
GO_REGULATION_OF_VASCULATURE_DEVELOPMENT 310 149 0.030 7236
GO_EMBRYONIC_ORGAN_DEVELOPMENT 443 1.49 0.023 6270
GO_PATTERN_SPECIFICATION_PROCESS 442 148 0.021 6393
GO_INFLAMMATORY_RESPONSE 706 1.45 0.029 7279
GO_TAXIS 612 1.45 0.027 7278
GO_NEGATIVE_REGULATION_OF_CELL_DEVELOPMENT 311 144 0.030 6296
GO_BLOOD_VESSEL_MORPHOGENESIS 564 143 0.030 7164
GO_NEGATIVE_REGULATION_OF_CELL_DIFFERENTIATION 668 142 0.032 6377
GO_POSITIVE_REGULATION_OF_NERVOUS_SYSTEM_DEVELOPMENT 513 142 0.036 6270
GO_REGIONALIZATION 347 1.40 0.043 6393
GO_VASCULATURE_DEVELOPMENT 676 1.39 0.050 6711
GO_EMBRYONIC_MORPHOGENESIS 578 1.39 0.050 5668
GO_POSITIVE_REGULATION_OF_CELL_DEVELOPMENT 528 1.38 0.052 5938
GO_REGULATION_OF_NERVOUS_SYSTEM_DEVELOPMENT 888 1.37 0.058 6409
GO_BIOLOGICAL_ADHESION 1379 1.37 0.062 7362
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Table 6. Cont.

. FDR Rank at
Gene Set Name Size NES Value Max
GO_EPITHELIAL_TUBE_MORPHOGENESIS 326 1.36 0.069 6392
GO_TUBE_MORPHOGENESIS 808 1.35 0.075 6726
GO_REGULATION_OF_NEURON_DIFFERENTIATION 631 1.35 0.073 4480
GO_POSITIVE_REGULATION_OF_DEVELOPMENTAL_PROCESS 1298 1.35 0.071 6726
GO_REGULATION_OF_INFLAMMATORY_RESPONSE 348 1.34 0.074 6671
GO_POSITIVE_REGULATION_OF_CELL_DIFFERENTIATION 939 1.34 0.072 6708
GO_AMEBOIDAL_TYPE_CELL_MIGRATION 386 1.34 0.070 3718
GO_POSITIVE_REGULATION_OF_MULTICELLULAR_ORGANISMAL_PROCESS 1662 1.34 0.067 6427
GO_REGULATION_OF_CELL_ADHESION 682 1.34 0.071 7361
GO_CELL_MORPHOGENESIS_INVOLVED_IN_NEURON_DIFFERENTIATION 585 1.33 0.075 6775
GO_NEGATIVE_REGULATION_OF_DEVELOPMENTAL_PROCESS 905 1.33 0.075 6377
GO_AXON_DEVELOPMENT 512 1.32 0.079 7161
GO_TUBE_DEVELOPMENT 998 1.32 0.080 6726
GO_NEUROGENESIS 1571 1.32 0.079 6708
GO_REGULATION_OF_ANATOMICAL_STRUCTURE_MORPHOGENESIS 1032 1.32 0.079 6334
GO_REGULATION_OF_CELL_DIFFERENTIATION 1729 1.31 0.086 6377
GO_REGULATION_OF_T_CELL_ACTIVATION 316 1.31 0.084 5912
GO_POSITIVE_REGULATION_OF_CELL_ADHESION 410 1.31 0.083 6893
GO_REGULATION_OF_CELL_DEVELOPMENT 904 1.31 0.086 6400
GO_REGULATION_OF_CELL_MORPHOGENESIS 474 1.30 0.102 6663
GO_REGULATION_OF_CELL_CELL_ADHESION 406 1.29 0.105 6811
GO_ANATOMICAL_STRUCTURE_FORMATION_INVOLVED_IN_MORPHOGENESIS 1044 1.29 0.106 7374
GO_EPITHELIAL_CELL_PROLIFERATION 379 1.28 0.119 6725
GO_POSITIVE_REGULATION_OF_NEURON_DIFFERENTIATION 356 1.28 0.120 6270
GO_REGULATION_OF_PEPTIDASE_ACTIVITY 419 1.28 0.118 6411
GO_LEUKOCYTE_CELL_CELL_ADHESION 339 1.28 0.116 6889
GO_CELL_CELL_ADHESION 826 1.28 0.119 7362
GO_CELL_MORPHOGENESIS 996 1.27 0.118 6775
GO_MORPHOGENESIS_OF_AN_EPITHELIUM 539 1.27 0.125 6433
GO_CIRCULATORY_SYSTEM_DEVELOPMENT 1018 1.27 0.127 6433
GO_POSITIVE_REGULATION_OF_HYDROLASE_ACTIVITY 719 1.26 0.132 6562
GO_CELLULAR_PROCESS_INVOLVED_IN_REPRODUCTION_IN_MULTICELLULAR_ORGANISM 330 1.26 0.131 6092
GO_GLAND_DEVELOPMENT 436 1.26 0.143 6386
GO_NEGATIVE_REGULATION_OF_MULTICELLULAR_ORGANISMAL_PROCESS 1145 1.25 0.147 6749
GO_REGULATION_OF_CELLULAR_COMPONENT_SIZE 360 1.25 0.152 3939
GO_SENSORY_ORGAN_DEVELOPMENT 560 1.25 0.155 5533
GO_NEURON_DIFFERENTIATION 1327 1.25 0.155 6400
GO_REPRODUCTIVE_SYSTEM_DEVELOPMENT 428 1.25 0.154 4925
GO_CELL_PART_MORPHOGENESIS 680 1.24 0.155 6775
GO_NEURON_DEVELOPMENT 1080 1.24 0.155 6705
GO_T_CELL_ACTIVATION 458 1.24 0.154 7224
GO_POSITIVE_REGULATION_OF_CELL_PROJECTION_ORGANIZATION 366 1.24 0.169 6270
GO_ANIMAL_ORGAN_MORPHOGENESIS 1048 1.24 0.168 6373
GO_ORGANIC_ANION_TRANSPORT 491 1.22 0.168 6889
GO_CELL_MORPHOGENESIS_INVOLVED_IN_DIFFERENTIATION 728 1.22 0.168 6775
GO_ANION_TRANSMEMBRANE_TRANSPORT 303 122 0.191 8857
GO_ALCOHOL_METABOLIC_PROCESS 362 122 0.192 7136
GO_G_PROTEIN_COUPLED_RECEPTOR_SIGNALING_PATHWAY 1235 122 0.195 9098
GO_EMBRYO_DEVELOPMENT 1018 122 0.194 6690
GO_ANION_TRANSPORT 628 1.21 0.204 6889
GO_REGULATION_OF_NEURON_PROJECTION_DEVELOPMENT 486 1.21 0.202 4480
GO_REGULATION_OF_CELL_PROJECTION_ORGANIZATION 652 1.21 0.203 6334
GO_LIPID_CATABOLIC_PROCESS 327 1.21 0.203 6013
GO_UROGENITAL_SYSTEM_DEVELOPMENT 325 1.20 0.233 6411
GO_TISSUE_MORPHOGENESIS 639 1.20 0.233 6433
GO_REGULATION_OF_HEMOPOIESIS 441 1.20 0.236 7164
GO_REGULATION_OF_HYDROLASE_ACTIVITY 1205 1.20 0.236 6564
GO_REGULATION_OF_IMMUNE_SYSTEM_PROCESS 1387 1.20 0.235 7164
GO_LYMPHOCYTE_DIFFERENTIATION 354 1.19 0.243 8193
GO_EPITHELIUM_DEVELOPMENT 1261 1.19 0.240 6313
GO_HEAD_DEVELOPMENT 765 119 0.238 7239
GO_ENDOCYTOSIS 541 119 0.238 5944
GO_TRANSMEMBRANE_RECEPTOR_PROTEIN_TYROSINE_KINASE_SIGNALING_PATHWAY 695 1.19 0.245 7173
GO_REGULATION_OF_CELL_ACTIVATION 538 1.19 0.247 7342

Abbreviations: NES, normalized enrichment score; FDR, false discovery rate.
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Figure 6. Differential gene expression between the intimal thickening (IT) and the tunica media of the closing human ductus
arteriosus (DA) tissues. (A) Gene set enrichment analyses (GSEAs) revealed positive correlations between the IT of closing
DA tissues and migration- and proliferation-related genes. (B) The top 25 genes that comprise the leading edge of the
enrichment score in (A) are shown as a heatmap. (C) GSEAs revealed positive correlations between the tunica media of the
closing DA tissues and vascular morphogenesis-related genes. (D) The top 25 genes that comprise the leading edge of the
enrichment score in (B) are shown as a heatmap. (E) A Venn diagram shows the number of probe sets that were highly
expressed (>8-fold) in the IT compared to the tunica media of closing DA tissues (Cases 2 and 3). (F) A Venn diagram shows
the numbers of probe sets that were highly expressed (>8-fold) in the tunica media compared to the IT of closing DA tissues
(Cases 2 and 3). NES, normalized enrichment score; FDR, false discovery rate.
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Figure 6E presents a Venn diagram that shows probe sets that were upregulated
(>8-fold) in the IT of closing DA tissues compared to the tunica media of the same DA
tissues (Cases 2 and 3). Eight overlapped probe sets consisted of eight genes (Figure 6E
and Table 7). POU4F1, FGF1, and PROCR are related to cell division and cell cycle [38-40].
FGF1 is reportedly involved in proliferation and migration of vascular SMCs [39]. A Venn
diagram in Figure 6F shows 12 probe sets that were commonly upregulated (>8-fold) in the
tunica media of the closing DA tissues compared to the IT of the same DA tissues (Cases 2
and 3), which consisted of eight genes (Figure 6F and Table 8). There were several genes
related to muscle structure development such as BDKRB2, MSC, and DCN [41-43]. DCN is
also involved in extracellular constituents and stabilizes collagen and elastic fibers [44,45].

Table 7. Eight genes that overlapped and were enriched (>8-fold) in the intimal thickening (IT) compared to the tunica
media of the closing DA tissues (Cases 2 and 3).

Fold Change IT vs. the Tunica Media

Gene Name Description Case 2 Case 3

POU4F1 POU class 4 homeobox 1 22.1 16.4
BMX BMX non-receptor tyrosine kinase 10.6 29.2
FGF1 fibroblast growth factor 1 15.9 9.0
MPZL2 myelin protein zero-like 2 18.8 10.2
FMO3 flavin-containing dimethylaniline monooxygenase 3 12.8 10.0
PROCR protein C receptor 13.0 8.6
DSP desmoplakin 9.3 11.7
NR1I2 nuclear receptor subfamily 1 group I member 2 9.7 10.7

Table 8. Eight genes that overlapped and were enriched (>8-fold) in the tunica media compared to the intimal thickening
(IT) of the closing DA tissues (Cases 2 and 3).

Gene Name

A Fold Change the Tunica Media vs. IT
Description

Case 2 Case 3

GAS7 growth arrest-specific 7 52.4 9.8
H19 H19 imprinted maternally expressed transcript 14.2 185
BTNL9 butyrophilin-like 9 8.4 179
SELENOP selenoprotein P 14.8 134
BDKRB2 bradykinin receptor B2 11.3 11.6
CHRDL1 chordin-like 1 9.2 23.6
MSC musculin 11.7 8.4
DCN decorin 9.0 9.4

4. Discussion

The present study demonstrated that neonatal closing DAs exhibited prominent IT
and sparse elastic fiber formation, which are typical human DA characteristics. Postnatal
closing DA tissues had abundant expression of cardiac neural crest-related protein jagged
1 and the differentiated smooth muscle marker calponin compared to the patent DA tissue.
On the other hand, the patent DA tissue had a distinct morphology (e.g., aorta-like elastic
lamellae and a poorly formed IT) and gene profiles, such as second heart field-related
genes, compared to the closing DA tissues.

The DA is originally derived from the sixth left aortic artery and has a unique cell-
lineage [46]. SMCs of the DA are derived from cardiac neural crest cells [35,47,48] and the
DA endothelial cells (ECs) are from second heart field [48,49], while both SMCs and ECs of
the adjacent pulmonary artery are derived from second heart field [48,49]. In the ascending
aorta, ECs are derived from second heart field, and SMCs of the inner medial layer and
outer layer are derived from neural crest cells and second heart field, respectively [47,48].
The heatmap of transcriptome data indicated that these cell lineage-related genes were
differentially expressed between the closing DA tissues and the patent DA tissue. Although
it was difficult to clearly classify these genes into each lineage due to some overlap, cardiac
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neural crest-related genes such as JAGI were highly expressed in the closing DA tissues.
In contrast, second heart field-related genes, such as ISL1, were enriched in the patent
DA tissue.

The DA has been reported to have differentiated SMCs compared to the adjacent
great arteries [1,50]. Slomp et al. demonstrated high levels of calponin expression in the
tunica media of the fetal human DA [1]. Similarly, Kim et al. reported the presence of
highly differentiated SMCs in the fetal rabbit DA, according to SM2 expression [50]. These
differentiated SMCs have a high contractile apparatus, which makes them compatible with
the postnatal potent DA contraction [1,50]. Additionally, several mutant mice with the
patent DA had less differentiated SMCs [35-37]. Ivey et al. reported that mice lacking
Tfap2p, which is a neural crest-enriched transcription factor, had decreased expression of
calponin on embryonic day 18.5 [36]. Huang et al. utilized mice that harbored a neural
crest-restricted deletion of the myocardin gene and demonstrated that decreased SMC
contractile proteins were present on embryonic day 16.5 [35]. In addition, SMC-specific
Jag1-deficient mice had a limited expression of SMC contractile proteins, even at postnatal
day 0 [37]. The transcriptome data of the human DA tissues in the present study exhibited
decreased protein levels of Jagged 1 and calponin in the patent DA tissue compared to the
closing DA tissues. These altered SMC differentiation markers may contribute to postnatal
DA patency in humans.

Prematurity and several genetic syndromes are reported to increase the incidence of
the patent DA [51], and the patent DA can be classified into three groups, i.e., (1) patent DA
in preterm infants, (2) patent DA as a part of a clinical syndrome, and (3) non-syndromic
patent DA. This study included only one case with patent DA who had heterotaxy syn-
drome (polysplenia), which is a major study limitation. Indeed, in the present study,
the expression of Nodal, which plays a primary role in the determination of left-right
asymmetry, was positively correlated to the closing DAs compared to the patent DA with
heterotaxy (Figure 3B). Therefore, it was not able to conclude that differentially expressed
genes between in the closing DAs and the patent DA were associated with DA patency, but
not with heterotaxy.

There are several syndromes (mutated genes) associated with the patent DA, such
as Cantu (ABCCY), Char (TFAP2B), DiGeorge (TBX1), Holt-Oram (TBX5), and Rubinstein—
Taybi (CREBBP) syndromes [52-54]. In addition to these syndromes, heterotaxy syndrome
was reported to have a higher incidence of patent DA [55]. Notch signaling pathways have
been reported to play a role in the establishment of left-right asymmetry via regulating
Nodal expression [56,57]. Mutant for the Notch ligand DII1 or double mutants for Notchl
and Notch2 exhibited defects in left-right asymmetry [56,57]. DIl1-null mutants die at early
embryonic days due to severe hemorrhages [58], and it is not yet elucidated whether this
Dll1-mediated Notch signaling is involved in the pathogenesis of patent DA. It has been
reported that combined SMC-specific deletion of Notch2 and heterozygous deletion of
Notch3 in mice showed the patent DA, but not heterotaxy [59]. In this study, we delineated
the low levels of JAGI, which is a Notch ligand, in the patent DA with heterotaxy syndrome.
Mice with JagIl-null mutant are early embryonic lethal due to hemorrhage [60], and SMC-
specific Jagl-deleted mice are postnatal lethal due to patent DA [37]. These Jagl mutants
were not reported to exhibit heterotaxy. In humans, there is no obvious relationship between
Alagille syndrome (JAGI) and patent DA or heterotaxy [61,62]. In mice, phenotypes of
patent DA or heterotaxy seem to depend on ligands and isoforms of receptors of Notch
signaling. In addition, there are differences in phenotypes caused by genetic mutations
between in mice and humans. Analysis of non-syndromic patent DA would provide further
insights into molecular mechanisms of closing and patency of the human DA.

Yarboro et al. performed RNA sequencing to determine genes that were differentially
expressed in the preterm human DA and aorta at 21 weeks gestation [18], which was a
much earlier time point than we used in our study. They found that several previously
recognized DA-dominant genes in rodent studies [11,14,15,17] (e.g., ABCC9, PTGER4,
and TFAP2B) were also upregulated in the preterm human DA tissues compared to the
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aorta [18]. Some DA-dominant genes (e.g., ERG1 and SFRP1) in the preterm human DA [18]
were upregulated in the closing DAs compared to the patent DA in the present study. In
addition, some aorta-dominant genes, including ALX1 [18], were upregulated in the patent
DA compared to the closing DA, which might partly support the aortification phenotype
of the patent DA. Jagl was reported to be the term DA dominant gene rather than the
preterm DA dominant gene in rats [10], suggesting that Jagl contributes to normal DA
development. In addition to these previously reported genes, the gene profiles in our study
potentially provide novel candidate genes (e.g., APLN and LTBP3) that may contribute to
vascular SMC development and function [27,34]. Further study is needed to understand
the roles of these genes in DA development.

Mueller et al. performed DNA microarray analysis using postnatal human DAs [19].
Their DA samples were composed of two stent-implanted DAs, one ligamentous DA,
and one un-stented open DA [19]. We compared our data to their un-stented open DA
dominant genes; however, we could not find obvious overlapped genes among them. One
possible reason is that Mueller et al. compared the un-stented open DA on postnatal day 1
to the stented DAs on postnatal days 222 and 239. The stent implantation and time-course
of sampling might affect the gene expressions.

This study elucidated the transcriptomic difference between the closing DA tissues and
the patent DA tissue in humans. However, one of the limitations in this study pertains to
the different durations of PGE; administration. In utero, the DA is dilated by prostaglandin
E2 (PGE,), which is mainly derived from the placenta [63]. After birth, the loss of the
placenta and the increased flow of the lung, which is the major site of PGE catabolism,
cause a decline in circulating PGE; [64]. This decline in PGE, contributes to a postnatal DA
contraction [64]. We previously reported PGEj-induced structural DA remodeling via the
prostaglandin receptor EP4 (e.g., IT formation [4,5,22] and attenuation of elastic laminae
in the tunica media [6]). In humans, Mitani et al. reported that lipo-PGE; administration
increased IT formation in the DA [65]. Gittenberger-de Groot et al. reported that PGE;
treatment induced histopathologic changes (e.g., edema) in the human DA [66]. In this
study, Case 4 who received the longest PGE; administration, for 98 days, had prominent IT
formation and less visible layered elastic fibers. This study demonstrated that the duration
of PGE;-treatment affected gene expressions such as cell-cycle process-related genes. On
the basis of these findings, postnatal PGE; administration was thought to influence not
only structural changes but also gene expression in the postnatal DA.

In 1977, Gittenberger-de Groot et al. performed histological analysis of 42 specimens
of postnatal human DAs ranging in age from 12 h after premature delivery to 32 years [9].
An abnormal wall structure of the DA was found in all 14 patients that were over 4 months
of age, and the most prominent feature was an aberrant distribution of elastic material, such
as unfragmented subendothelial elastic lamina [9]. Three of the 14 patients also showed
countable elastic laminae in the tunica media, namely, an aortification [9]. The histological
finding of patent DA (Case 1) in the present study was consistent with this aortification
type, showing aberrant distribution of elastic materials.

As mentioned above, a major limitation of this study is the use of only one sample
of the patent DA, which could not represent the whole entity of patent DA. It is difficult
to obtain large numbers of samples with a variety of different congenital heart diseases
because isolation of the DA is possible only in the case of a limited number of surgical
procedures (e.g., aortic arch repair). However, transcriptome comparisons of different
types of patent DA tissues would be more informative to elucidate the pathogenesis of the
human patent DA.

5. Conclusions

Transcriptome analysis using the IT and the tunica media of human DA tissue revealed
different gene profiles between the patent DA and the closing DA tissues. Cardiac neural
crest-related genes such as JAGI were highly expressed in the tunica media and IT of the
closing DA tissues compared to the patent DA. Second heart field-related genes, such as
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ISL1, were enriched in the patent DA. The data from this study indicate that patent DA
tissue may have different cell lineages from closing DA tissue.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcdd8040045/s1: Figure S1. Differential gene expression between the longer-term PGE; -treated
human ductus arteriosus (DA) tissue (Case 4) and the shorter-term PGE;-treated DA tissues (Cases
2 and 3); Table S1. Gene Ontology biological process terms (size > 300) that were significantly
upregulated (FDR < 0.25) in the outer part of long-term PGE;-treated human ductus arteriosus (DA)
tissue (Case 4) compared to the tunica media of short-term PGE;-treated DA tissues (Case 2 and
Case 3); Table S2. Twenty genes that overlapped and were enriched (>8-fold) in the outer part of a
longer-term PGE; -treated DA tissue (Case 4) compared to the IT of shorter-term PGE;-treated DA
tissues (Cases 2 and 3).
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Abstract: We report five cases of sudden intrauterine death due to premature closure of the ductus
arteriosus. In four cases, this was caused by dissecting the hematoma of the ductus arteriosus with
intimal flap and obliteration of the lumen. In one case, the ductus arteriosus was aneurysmatic, with
lumen occlusion caused by thrombus stratification. No drug therapy or free medication consumption
were reported during pregnancy. The time of stillbirth ranged between 26 and 33 gestational weeks.
We performed TUNEL analysis for apoptosis quantification. The dissecting features were intimal
tears with flap formation in four of the cases, just above the origin of the ductus arteriosus from
the pulmonary artery. The dissecting hematoma of the ductus arteriosus extended downward to
the descending aorta and backward to the aortic arch with involvement of the left carotid and left
subclavian arteries. TUNEL analysis showed a high number of apoptotic smooth muscle cells in
the media in two cases. Abnormal ductal remodeling with absence of subintimal cushions, lacunar
spaces rich in glycosaminoglycans (cystic medial necrosis), and smooth muscle cell apoptosis were
the pathological substrates accounting for failure of remodeling process and dissection.

Keywords: ductus arteriosus; remodeling; dissection of ductus arteriosus; sudden unexpected
intrauterine death

1. Introduction

Sudden intrauterine death is a socio-epidemiological problem. It accounts for 4—
5/1000 births. The causes of unexpected death are mostly related to placenta injury in
terms of placenta insufficiency, maternal malperfusion vascularization, inadequate fetal
vascularization, or umbilical cord causes, such as nodal cord, rupture, marginal insertion,
etc. [1,2]. Most of the studies in the literature show a high percentage of cases reported as
unexplained causes, ranging from 20% to 50% [3].

Premature closure of the ductus arteriosus is a rare condition, which is difficult to
diagnose. The incidence is not well defined [4-8]. Since 2013, our center has acted as a
tertiary referral center in Northeast Italy for sudden unexpected intrauterine death. Among
375 cases collected since then, from 25 weeks of gestation to term, we identified five
cases (1.3%) of abrupt ductus arteriosus closure caused by dissection of the ductus with
hematoma of the parietal wall and obliteration of the lumen. These cases prompted us
to review the literature on the topic of the ductus arteriosus and its remodeling process
during fetal life to understand the structural abnormalities that could be at the base of
these fatal events.

During fetal life, the ductus arteriosus, with its patency, guarantees blood flow from
the right ventricle into the descending aorta bypassing the lungs since the role of blood
oxygenation is played by the placenta.
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The fetal ductus arteriosus is a large muscular artery originating from the 6th aortic
arch [9-11], composed of three layers, the intima, the media with smooth muscle cells
(SMCs), separated by elastic fibers, and the adventitia [12-14]. The intima is represented
by a flat endothelium adherent to the internal elastic lamina or separated by intimal
cushions. The intimal cushions are constituted by SMCs, usually longitudinally oriented
with interposed thin elastic and collagen fibers and an extracellular matrix. By the end of
gestation, they progressively become thicker. They are constantly present in all the ducts
and preferentially located at the pulmonary extreme. The internal elastic lamina is a thick,
continuous elastic layer, intact if adherent to the endothelium or fragmented, absent, or
reduplicated when interposition of the intimal cushions occurs. The media are composed of
many layers of SMCs, both contractile and synthetic, which are usually oriented circularly
in the outer media but longitudinally in the inner media, favoring the postnatal contraction
and shortening of the duct. Muscle cell layers are separated by fine reticulin fibers and
thin elastic fibers. Mucopolysaccharides are interposed between the muscle and the elastic
lamellae. Vasa vasorum are present in the outer layer of the media. During the second
trimester of pregnancy, the media start to remodel, and the number of smooth muscle cells
and extracellular matrix increases with gestational age. The ductal smooth muscle cells,
longitudinally oriented, are inserted between the ending of the two great arteries’ elastic
lamellae in the junctional zone. At this level, the elastic fibers of the pulmonary arteries
interdigit with the SMCs of the ductal media. The ductal adventitia consists of fibroelastic
connective tissue containing small blood vessels, nerves, and ganglia. The elastic fibers are
most abundant adjacent to the media but do not form an external elastic lamina [13,15].

Two different conditions can affect the ductus arteriosus before birth: excessive pa-
tency with aneurysm formation and premature closure with lumen obstruction [16,17].

Aneurysm of the ductus arteriosus, a relatively rare lesion detected mostly in children
and adults, can be incidental and asymptomatic but can evolve to spontaneous dissec-
tion, rupture, thrombosis, and embolism of the aorta and pulmonary arteries, leading to
death [18-25]. Nowadays, thanks to routine diagnostic imaging modalities, these condi-
tions can also be detected during fetal life.

Aneurysms of the ductus arteriosus can be congenital (present at birth) or acquired.
Congenital ductus arteriosus aneurysms are reported to be more common than originally
thought postnatal and can remain asymptomatic at birth [26-28].

Several theories have been postulated to explain the mechanism of congenital aneurysm
formation of the ductus arteriosus [12,29,30]. The ductal aneurysm can resolve sponta-
neously without complications through the normal physiological constriction of the parietal
wall of the duct at birth and or through a thrombus stratification inside the lumen with
organization and incorporation of the thrombotic material and fibrotic occlusion [25]. How-
ever, during fetal life, the process of ductus arteriosus remodeling, which should allow
postnatal closure, can fail and lead to aneurysm formation or persistent ductus arteriosus
patency after birth [15,31-33].

The persistent ductus arteriosus has been associated with chromosomal abnormalities
in 10% of the cases and TGFBeta signaling abnormalities, as in Marfan or Loeys Dietz, to
TFAP2B in Char syndrome and to TFAP2B, TNF-RAF1, prostacyclin synthase in premature
and term infants [31,34].

Few case reports present dissecting aneurysms of the ductus arteriosus as a cause of
sudden unexpected intrauterine death.

The purpose of our study was to report the clinical and pathological characteristics
of five cases of unexpected and sudden intrauterine death due to dissection of the ductus
arteriosus and to elucidate the possible mechanism leading to this severe complication and
ultimately to death.

2. Materials and Methods

Since 2013, our center at Padua University has acted as a tertiary referral center in the
Veneto region for sudden intrauterine death. All the unexpected and sudden intrauterine
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deaths of the Veneto region are referred to Padua for autopsy, which are performed by
two expert cardiovascular pathologists on rotation (AA, MF). The autopsy was a complete
autopsy performed according to a standard adopted protocol for fetal autopsy inclusive
of radiographic and photographic documentation. Clinical data from the mother and the
pregnancy are reported in the clinical information protocol attached to the autopsy request.
This protocol includes the metabolic and infective profile of the mother together with the
family history and the documentation of the pregnancy. Routinely, the standard protocol
for autopsy foresees histology of all the organs and if the maceration is not too advanced,
we store fresh tissues for genetic studies when requested.

Among 375 cases collected since then, from 25 weeks of gestation to term, we have
identified at autopsy, 5 cases (1.3%) of abrupt ductus arteriosus closure caused by dissection
of the ductus with hematoma of the parietal wall and ab extrinseco compression of the
lumen. We removed the thoracic block including the heart and the lungs and further
evaluated them under a stereomicroscope. We used the sequential segmental approach
for categorization. We opened the heart according to the blood flow. For histology, we
sampled all the thoracic and abdominal organs. For the heart, we made a transverse cut to
include the right ventricle, septum, and the left ventricle.

The ductus was sectioned with a serial transverse cut every 3 mm from the pulmonary
junction to the aortic end, with a mean of three paraffin blocks per case. For each macro-
scopic block, we performed hematoxylin—eosin, elastic fiber-van Gieson, and Alcian-PAS
staining. For apoptosis assessment, we performed TUNEL staining.

The protocol for sudden intrauterine death includes also the evaluation of the placenta
according to the international guidelines “Sampling and definitions of placental lesions:
Amsterdam placental workshop group consensus statement” [35].

3. Results

We present five cases of ductus arteriosus dissection, all male, as a cause of death (1.3%)
from our registry of sudden intrauterine death since 2013. We used ReCoDe classification
for causes of death [36] and according to this classification, we identified the 5 cases, which
represent 7% of the causes in the fetus group (Group A). In Table 1, we present some
information related to the mother. Unfortunately, we do not have any further information
related to events following pregnancies.

Table 1. Clinical data.

.. Risk Factors of Medications durin, Reported Symptoms
Case Sex GA Ethnicity Mother Pregnancy Pregnancy s dgring PngnI;ncy
1 M 33 Caucasian Smoking during First None None
pregnancy
2 M 32 Caucasian No risk factors Second None None
Hypertension,
3 M 32 Caucasian smoking during First None Hypertension
pregnancy
4 M 26 Caucasian No risk factors First None None
5 M 33 Caucasian Pre-eclampsia First None Hypertension

GA: gestational age.

Postmortem examination of the five cases.

At autopsy, the external examination showed a normally developed fetus for the
gestational week (see Table 2). All the anthropometric indexes were in keeping with the
gestational age. In four of the cases, the maceration of the fetus was severe.
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Table 2. Autopsy major findings.

Wall Thickness
Bod Heart DA
Case Weigi’lt Weight RVHIISH/ILV GM Anatomical Macroscopic Description Foramen Ovale
1 1750 g 87¢g 2.5/2.8/2.8 I Dissecting DA Restrictive
2 1650 g 85g 2.4/25/25 111 Dissecting DA Patent
3 1300 g 7g 2/2/2.2 111 Dissecting DA Patent
4 810g 5g 12/1.3/1.8 111 Dissecting DA Patent
5 1670 g 9g 2.3/2.5/2.5 I Dissecting DA Patent

RV: right ventricle; S: septum; LV: left ventricle; GM: grade of maceration; DA: ductus arteriosus.

Examination of the thorax and abdomen also showed normally related organs with
a preserved normal laterality and no associated pathologies. No congenital defects were
observed anywhere. In the thorax, after opening the pericardium, in four cases, adventitial
hemorrhagic imbibition /hematoma at the level of the ductus arteriosus, giving an appear-
ance of dilatation exceeding the diameter of the aorta and the pulmonary trunk, suggestive
of dissection/hematoma was identified. Such hematoma started at the pulmonary end
of the ductus arteriosus, partially involving the pulmonary trunk, the entire length of
the ductus arteriosus, and extending into the descending aorta but stopped immediately
after the junction with the ductus arteriosus. There was also the involvement of the origin
of the left subclavian and left common carotid arteries (Figures 1 and 2). The heart was
located on the left side of the thorax, with the apex pointing to the left. The sequential
segmental analysis showed situs solitus, concordant atrioventricular and ventriculoarterial
connections, patent foramen ovale; only for one case (case 1), foramen ovale was restrictive,
normally developed atrioventricular and semilunar valves. The coronary arteries were
regular. No macroscopic abnormalities of the heart or great vessels were identified. The
heart was opened according to the blood flow, and the pulmonary trunk showed a normal
trifurcation, giving origin to the right and left pulmonary arteries and the ductus arterio-
sus. A serial transverse cut showed an intimal flap just above the junction of the ductus
arteriosus with pulmonary vessels with a semi-circumferential involvement and dissection
of the media-adventitia layer, which accounted for the adventitia hematoma detected from
outside in four of the cases. In the other case, a ductal aneurysm was evident from the
outside. A parietal hematoma completely occluded the lumen of the ductus arteriosus.

The lungs were normally located, the right trilobed, supplied by short, epi-arterial
bronchus, and the left bilobed, supplied by a long, hypoarterial bronchus. The sectioning
of the lung revealed, as expected, a compacted parenchyma, which, at histology, showed a
saccular pattern in cases 1, 2, 3, and 5 and a canalicular pattern in case 4, in keeping with
the gestational age. No vascular intraparenchymal abnormalities were present.

No emboli or infarcts were evident in the downstream circulation.

The placenta was available in four of the five cases. We could not detect any sign of
infections; in two cases (case 4 and 5), we identified multifocal small infarcts. In another
case (case 2), we recognized maternal vascular malperfusion. The last placenta (case 1)
was unremarkable.
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Figure 1. Male fetus, 32 gestation weeks (case 2), without congenital anomalies and slight intrauterine growth restriction.
The placenta showed a fetal vascular malperfusion. No maternal pathology during this second pregnancy. (a—c), the
localization and extension of peri-adventitial hematoma involving ductus arteriosus, aortic arch, brachiocephalic vessels,
and descending aorta. (d), ab extrinseco compression of the aorta (white arrow).
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Figure 2. Male fetus, 33 gestation weeks (case 5), without congenital anomalies and slight intrauterine growth restriction.
The placenta showed a high maternal vascular malperfusion. The mother had a positive history for hypertension and
smoking during pregnancy. In (a,b), the localization and extension of peri-adventitia hematoma involved the ductus
arteriosus, aortic arch, and brachiocephalic vessels. In (c¢,d), the complete closure of the ductus by thrombus. Ao: aorta; DA:
ductus arteriosus.

The microscopic examination of the ductus arteriosus showed absence of subendothe-
lial intimal cushions with intact internal elastic lamina in three cases. In three cases, the
presence of cystic medial necrosis (lacunar spaces in the media) were the prominent abnor-
malities (Table 3). Apoptosis in the media was present in two cases. In none of our cases,
we identified inflammatory cell infiltration in the ductus arteriosus. In particular, each of
our five cases presented a different association of the pathological substrates of the ductus
arteriosus. In case 1, there was complete absence of intimal cushions, no media hematoma
but aneurysm of the parietal ductal wall with thrombotic occlusion of the lumen, and no
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adventitia hematoma. In case 2, no subendothelial cushions, intimal flap with dissection of
the outer media involving the adventitia, congestion of the vasa vasorum, large lacunar
spaces, and apoptosis of SMCs in the media were identified (Figure 3). In case 3, we iden-
tified an intimal flap with thrombus stratification and lumen occlusion, and outer media
dissection, adventitial hematoma and subendothelial cushion and medial large lacunar
spaces with accumulation of glycosaminoglycans. In case 4, the youngest for gestational
age, the ductus arteriosus was still without the remodeling of the subendothelial cushions
as expected for the gestational age. Moreover, we identified an absence of lacunar space
but a high rate of SMCs apoptosis in the media. An intimal flap with dissection of the outer
media and hematoma of the adventitia was also present. In the fifth case, the substrate
was characterized by large lacunar space in the presence of subendothelial cushions and
intimal flap and parietal dissection and adventitial hematoma (Figures 4 and 5).

Figure 3. Histology of the ductus arteriosus (case 2). (a) Panoramic view of ductus arteriosus with elastic fiber-van Gieson
staining showed the dissection of media (50 x of magnification) and the absence of intimal cushions. (b) Elastic fiber-van
Gieson staining at higher magnification showed the disorganization of elastic fibers and rupture of internal elastic lamina
(black arrow). (c) Elastic fiber-van Gieson (100x magnification) staining showing disorganization of elastic fibers and
presence of lacunar spaces, cystic medial necrosis (*), without SMCs replaced by mucopolysaccharides as shown in (d) with
Alcian-PAS staining (100 x magnification).
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Figure 4. Histology of the ductus arteriosus. (a) Subendothelial intimal cushion (case 5) (50 x magnification, black arrow);
(b) elastic fiber-van Gieson (50x magnification) showed the interruption of the internal elastic lamina (black arrow);
(c) presence of lacunar spaces (white arrow head) in the media closed to dissection (black arrow) (100 x magnification) with
thrombus formation (Th); (d) lacunar spaces, cystic medial necrosis (*) in the media, under the intimal proliferation (black
arrow head) (100x). (e) High-power view of the insert highlighted in (c). (f) High-power view of the insert highlighted
in (d).

Figure 5. Apoptosis. Two different cases of TUNEL nuclear staining positivity for apoptosis of SMCs within the parietal
wall (black arrows). (a) Case 2 (100x): apoptotic cells in the media without clear signs of proliferation; (b) case 4: diffuse
apoptotic cells in the media (100 x).
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Table 3. Microscopic features of the ductus arteriosus.

Intimal . . i . Apoptosis
Case Flap Intima Media-Adventitia Inflammation (TUNEL)

No subendothelial

Outer dissecting hematoma,

1 Absent cushions, thrombotic X ‘ . Absent +
. no cystic medial necrosis
lumen occlusion
9 Present No subenfiothellal Outer c.hssectl.ng hematf)ma, Absent s
cushions cystic medial necrosis
Subendothelial . .
3 Present cushions, thrombus Outer dlSSECtl.ng hemat.oma’ Absent +
e cystic medial necrosis
stratification
helial i ing h
4 Present No subenflot elia Outer d1§sectlng ematoma, Absent i
cushions no cystic medial necrosis
bendothelial Dissecting hemat
5 Present Suben othelia issecting hematoma, Absent .
cushions cystic medial necrosis

4. Discussion

The results of our morphological study on five cases of stillbirth babies due to dis-
secting aneurysm of the ductus arteriosus showed that the dissection is similar to that
affecting the aorta and the great vessel and other muscular arteries such as the coronary
and cerebral arteries. We were able to identify an intima tear at the junction between the
pulmonary trunk and the ductus with an intima-media flap and hematoma dissection
through the media and the adventitia without any re-entry mechanisms in four of the
five cases. This led to occlusion of the lumen by the flap segment and circumferential
hematoma. In all the four cases, the hematoma dissection involved the descending aorta
and the retrograde aortic arch. In only one case, we were unable to identify an intimal
tear or parietal dissection, but the lesion was ascribed to ductal aneurysm and occlusive
thrombus stratification.

There are no differences in terms of morphological substrates if we compare the
dissection of the aorta or the coronary arteries with the dissection of the ductus arte-
riosus [37,38]. In both elastic and muscular arteries, an intimal tear/laceration can be
identified with the blood entering the parietal wall and producing the intima-media or
medial-adventitia detachment and creating a false lumen filled with blood, which deter-
mines the further progression of the dissection. The dissection can be either circumferential
or semi-circumferential for the muscular arteries, while it is usually spiraliform for the
aorta, according to the main longitudinal direction of the vessel and the orientation of the
parietal wall SMCs of collateral vessels. Degenerative lesions such as mucoid pools, known
as cystic medial necrosis, fragmentation of the elastic components and fragmentation and
duplication of internal elastic lamina, and loss of SMCs are common features of the dissect-
ing phenomena. In three of our cases, these lacunar spaces filled by extracellular mucoid
matrix were the pathological substrates. Of relevance, in all of our cases, no inflammatory
cell infiltration was present both at the site of intimal laceration and along the ductus,
aorta, aortic arch, and the pulmonary trunk, excluding a possible vasculitis as a pathogenic
mechanism of dissection. A thorough evaluation of the autopsy substrates as well as of the
placenta also excluded the concomitant presence of other associated congenital anomalies,
both cardiac and extracardiac, and confirmed the negativity of inflammatory status of
the fetuses. Only in two of our cases, hypertension during pregnancy in the mother was
reported and in one of them at preeclampsia range. We are aware that hypertension in the
mother or preeclampsia status could affect the placenta causing vascular malperfusion and
fetal growth restriction, with the evidence of parietal wall stiffness as an indirect sign of
intravascular stress [39]. However, we do not know if this mechanism could have played a
role in our cases. In the history of the mother, we did not find other risk factors traditionally
recognized for dissection in adults. We cannot exclude a genetic background accounting
for connective tissue disorders, dissection, and aneurysm formation since we could not
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perform genetic studies on these cases, mainly in relation to the severe maceration in four
of them. We plan to carry out a genetic assessment for the most frequent gene involved in
collagen disease in the case with more preserved conditions [31,40].

During pregnancy, the ductus arteriosus remains open, and during the second trimester,
the proliferation of intimal cushions with lumen reduction will prepare for ductus arterio-
sus closure. The lumen is stellate in the closing duct and is reduced in size, mainly in the
pulmonary extremity [9-13,15,24,25].

Remodeling for the preparation of ductus arteriosus closure at birth with immediate
contraction of the parietal wall implies differentiation of vascular SMCs and endothelial
cells, production of the extracellular matrix, vascular SMCs proliferation and migration,
and finally, a decrease in elastic fibers and an increase in fibrous connective tissue [12,25].
The sequence of events can be summarized as follows: endothelial detachment from the
internal elastic lamina with an accumulation of extracellular matrix in the subendothelial
space, migration of SMCs from the media into the intima through the fenestration of the
elastic lamina, growth of endothelial cushions, occlusion of the lumen by contraction
and overgrowth of cushions and the necrosis of the inner layer of the media, and degen-
eration of the ductus arteriosus into a fibrous ligament at birth through apoptosis and
necrosis [9,13,15,24,25]. In preterm infants, the ductus arteriosus usually remains open
because there is a lack of intimal cushions. In the case of persistent ductus arteriosus or
patent ductus arteriosus in a full-term fetus, the intimal cushions are not so well formed.
They are encircled by an additional subendothelial elastic lamina.

In the congenital aortic arch aneurysm, the ductus arteriosus is usually tortuous,
saccular, and dilated and elongated, and characterized microscopically by a lack of intimal
cushion formation and defective elastic lamellae formation, enhancement of necrosis, and
mucoid degeneration of the inner part of the media [12,15]. This remodeling process
occurs in the third trimester of pregnancy. They are often associated with connective
tissue disorders such as Marfan syndrome or Ehlers Danlos syndrome [34]. They can
resolve or evolve with fatal complications such as thromboembolic extension into the main
pulmonary artery or the aorta, spontaneous rupture, erosion or compression of adjacent
structures, and infection [24,25,41-43].

In all the other 370 cases of our registry, we did not identify the presence of aneurysms
of the ductus arteriosus. Dissecting aneurysm of ductus arteriosus can be regarded as the
end of the spectrum of the patent ductus arteriosus (PDA), a congenital cardiac abnormality
that can be a single cardiac abnormality or can be part of other associated congenital
heart diseases. PDA is characterized by the lack of closure at the time of birth with the
persistence of patency, allowing shunting of blood between the systemic and the pulmonary
circulations [31].

At a histomorphological analysis, the patent ductus arteriosus is characterized by
the absence of the features at the base of remodeling for closure after birth, which are the
intimal cushions, pads of proliferating SMCs migrating from the media into the intima, and
thickening of the medial wall as a consequence of longitudinal SMCs fascicles arrangement
in the subintimal space [15,30,31]. The absence of intimal cushions in three of our dissecting
cases supports the theory of abnormal remodeling for postnatal ductus arteriosus closure,
with the weakening of the parietal wall, which can favor secondary dissection. If the
dissection were not occurring, the result would be eventual patency of the ductus arteriosus.
Moreover, the presence of large lacunar spaces rich in glycosaminoglycans is recognized as
the cystic medial necrosis substrate in aortic dissection.

Dissecting aneurysm is an acute event that has led to fetal death. Since this was an
unexpected and sudden event, we do not know the exact time frame for the dissection of
the parietal wall, occlusion of the ductus arteriosus, and death. The barrage at the ductus
arteriosus would have caused a redirection of flow toward the pulmonary arteries and
an increase in blood shunt from the right atrium to the left atrium. The dimension of the
foramen ovale would play a crucial role in the hemodynamics of these fetuses. Very few
papers have reported dissection of the ductus arteriosus as the cause of sudden unexpected
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deaths in single-center experiences or as anecdotal cases without an accurate and detailed
description of the parietal dissected wall [21,41,42].

One point should be discussed as well in relation to the terminology adopted in
the literature. As in adults with aortic dissection, in which we are not utilizing anymore
the term dissecting aneurysm, since the dissection has been recognized to occur in the
absence of ectasia or aneurysm formation, it would be more appropriate to adopt the term
dissection of ductus arteriosus rather than dissecting aneurysm. The dilatation is not a
prerequisite for dissection, but dissection can manifest without an increase in the diameter
of the vessel.

On the other hand, an aneurysm of the ductus arteriosus can be present and be
detected accidentally during the fetal ultrasound and resolved spontaneously after birth
with closure without complications [44].

Several theories have been proposed for the development of an aneurysm of the ductus
arteriosus. At the time of birth, delayed closure of the aortic end of the ductus would
expose the ductal wall to high pressure with related dilatation. During the third trimester,
as detected by ultrasound, dilatation and aneurysm development has been ascribed to the
weakening of the parietal wall with a reduction of intimal cushion formation or deposition
of elastin. Aneurysm development in some reported cases was associated with defective
fibrillin or collage [34,41] or vascular SMCs dysregulation [31,34]. In our cases, we could not
carry out a genetic study to unravel the possible genetic defects associated with dissection.
However, no associated cardiac or extracardiac anomalies during the autopsy were present
in our cases. Aneurysms of the non-patent ductus arteriosus have been reported by
Falcone et al. to affect patients at different ages but all after birth from infants to adults and
related to death in 31% of the reported cases [20].

To the best of our knowledge, a ductal aneurysm has never been described in the
stillborn fetus.

Spontaneous premature closure of the fetal ductus can be a cause of fetal demise.
However, in the cases reported in the literature, no morphological description of the
mechanism of closure has been described [4,16,45,46]. Much attention in those cases
was driven toward the hemodynamic consequence of the closure, with an ultrasound
description at the ductus level, with right heart failure, pulmonary overflow, and persistent
pulmonary hypertension after birth in case of successful delivery. The mechanism of
premature closure is still ill-defined. We cannot exclude that in some of these cases, a
dissecting aneurysm could be responsible per se for the lumen occlusion.

Some other aspects are puzzling in our five cases. All of them were males. However,
we do not know if this is by chance or it implies any male gender propensity to dissection.
All of them except one occurred at around 32 gestational weeks, which is the time of the
remodeling process of the arterial duct, with intimal cushion formation in preparation for
physiological closure occurring at birth. This could imply failure of the remodeling process.

5. Study Limitation

The main limitation is represented by the poor quality of the autoptic material on
which we performed the histological and genetic assessments, in part due to the severe
maceration of four of the five cases. As a consequence of the high level of degradation of
DNA, it was not possible to detect possible genetic collagenopathies. Indeed, these genes
are characterized by long nucleotide sequences.

6. Conclusions

In case of sudden unexpected intrauterine death, a thorough autopsy should be
performed to identify rare conditions such as dissecting ductus arteriosus as the cause of
death. Histological examination should be performed for the detection of pathological
substrates accounting for intimal tears, dissection, hematoma, apoptosis, and absence of
inflammatory infiltrate. Further genetic studies should be carried out to confirm or exclude
the genetic background.
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