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"It's gonna take a-time
A whole lot of precious time
It's gonna take patience and time
To do it right"
Got my mind set on you – George Harrison (1987)
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Chapter 1
General introduction
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Dimensions of cardiovascular disease
Cardiovascular disease is the generic term for disorders affecting heart and blood vessels,
and it includes several disease entities located along the vascular tree. Because of its
enormous clinical and societal implications, cardiovascular disease has been topic of
interest for decades. Figure 1 demonstrates the number of studies with ‘Cardiovascular
disease’ as Medical Subheading (MeSH term) in PubMed until 2021, resulting in 2.8
million studies in total. Despite these efforts, cardiovascular disease is worldwide still the
leading cause of death. In 2019, myocardial infarctions and strokes account for 16% and
11% of all deaths, respectively.(1)

Figure 1: Number of studies with ‘Cardiovascular Disease’ as MeSH term in PubMed until 2021.

In addition to the current COVID-19 pandemic, an obesity pandemic is also ongoing, as
latest estimations indicate that 50% of Dutch inhabitants are overweight (i.e., Body Mass
Index (BMI) ≥ 25 kg/m2 anno 2020), which is a large increase compared to 1990 when ‘only’
one in three adults were overweight. This concern already starts in childhood, as 15% of
children and adolescents aged 4-17 were overweight in 2020.(2) Being overweight or obese
are important risk factors for developing diabetes mellitus and cardiovascular disease (3,
4), contributing to an increasing global health problem. The World Health Organization
10

Atherosclerosis is the most well-known and described vascular condition characterized
by chronic arterial disease in which lipid-driven inflammation results in the formation
of atherosclerotic plaques. Plaque formation commences during early childhood and
continues in adulthood, potentially accelerated by the presence of classical risk factors,
including overweight and obesity, diabetes mellitus, smoking, hypertension, and
hyperlipidemia. The most common locations for atherosclerosis include the coronary
arteries, carotid arteries, and the abdominal aorta. In the unfortunate case in which
atherosclerosis progresses further, it potentially proceeds into clinical events when the
artery is (partially) obstructed resulting in insufficient supply of oxygen to the tissue or
organs beyond this obstruction. Depending on the location, an obstruction results in
myocardial infarctions or strokes.
The aorta, the largest artery in the body
(Figure 2), can suffer from aortic diseases
including dilatations (aneurysms) and
narrowings
(coarctations).
Aortic
aneurysms are pathological dilatations of
aortic segments and can be located
anywhere along the aorta. In this thesis,
we focus on the thoracic ascending aorta
aneurysms (TAA) and abdominal aorta
aneurysms (AAA)(see Figure 1), which are
usually defined as aortic diameters of ≥ 40
mm and ≥ 30 mm, respectively or an
increase of 50% in diameter compared to
the normal situation.(6) The aneurysm
itself does not have to lead to clinical
manifestations or symptoms, making this
condition a silent killer when the
aneurysm proceeds in an acute aortic
syndrome (AAS) including dissection. An Figure 2: The aorta and its main branches
aortic dissection is a separation of the
layers of the aortic wall following a tear in the intima layer. Blood in the aorta will flow
into this tear causing expansion and propagation of this tear along the length of the
11
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(WHO) predicts that in 2030, 24.2 million people will die due to cardiovascular disease
annually, accounting for 32.5% of all deaths.(5) This underlines the need for more insight
into these disease entities. The following paragraphs elaborate on the cardiovascular
diseases which play a major role in this thesis and the role of the immune system in these
diseases.

aorta. This results in a flap obstructing blood flow to crucial side branches. Potential
complications of a dissection are hypotension, shock and ischemia of organs and brain
due to obstructed blood flow and rupture of the weakened aortic wall. The Stanford
System identifies type A dissections, i.e., its origin is proximal to the truncus
brachiocephalic, and type B dissections, when the origin is distal to the left subclavian
artery. The International Registry of Acute Aortic Dissection (IRAD) reported a 27.4%
overall mortality for type A and type B dissections which is probably a significant
underestimation as many dissections lead to acute death and these events are not
considered in this analysis.(7) In addition, aortic rupture, a complication of the aortic
aneurysm situated in the abdominal aorta, accounts for 45 deaths per 100,000
individuals.(8) In current clinical practice, physicians deliberate whether the risk of
developing AAS is higher than surgical risks when repairing the aneurysms. For AAA, this
threshold diameter is 5.5 cm or in case of growth of 1 cm/year.(6) For TAA, the cut-off for
surgery is 5.5 cm, indicating with diameters > 5.5 cm the risks for potential AAS outweigh
the surgical risks. Most strikingly, the IRAD reported that 60% of patients with acute
dissections were reported to have diameters <5.5 cm, and diameters <5.0 cm were found
in 40% of dissection patients.(7) These observations underline the imperfections in
current knowledge and emphasize the need for better biomarkers.
On the other hand, narrowing of the abdominal aorta, i.e., Mid-Aortic Syndrome (MAS)
is a rather rare vascular condition with the potential for disastrous consequences. The
coarctation of the abdominal aorta, located in the region of renal arteries, will lead
to severe hypertension proximally to the stenosis. Adjacent arteries may be affected as
well, leading to correlating symptoms: affected renal arteries result in decreased renal
perfusion and thus hypertension, and affected splanchic arteries may lead to postprandial
pain. Different disease entities can result in MAS, including inflammatory processes
such as atherosclerosis and Takayasu’s arteritis, or systemic lupus erythematosus
(SLE). This disease will present at higher age, but can also affect children in case of a
congenital etiology such as Alagille’s syndrome, Williams’ syndrome, Down’s syndrome,
or neurofibromatosis type II. The majority of the patients are children with a congenital
or unknown, i.e., idiopathic, etiology, and prognosis is poor due to the severity of
the hypertension. Studies from the ’60 and ’70 have demonstrated that of untreated
MAS patients 45% will die before the median age of 34 years old. This asks for proper
antihypertensive treatment, however anno 2022 still no guidelines or data of randomized
controlled trials are available.

The immune system
The immune system is a complex network of cells, tissues and organs, and the substances
they make, that helps the body fight infections and other diseases to maintain
homeostasis.(9) Homeostasis can be disrupted, for example by entrance of a pathogen,
12

The link between the innate and adaptive immune system is represented by dendritic
cells. These antigen presenting cells (APCs) load antigen-specific peptides on their major
histocompatibility complex (MHC) molecules and present them to T cells in secondary
lymphoid tissues, i.e., lymph nodes. T cells possess many cell surface markers but the
major distinction is based on cluster of differentiation (CD)4 and CD8, which represent
helper T cells and cytotoxic T cells, respectively. Whereas activated cytotoxic T cells
contribute to elimination of the intruder via direct cytotoxicity, helper T cells can assist
amongst others by activating antigen-specific B cells resulting in antibody production.(11)
On the other hand, the immune system also contains an anti-inflammatory component.
The function of this reparative or regulatory immune response is limiting ongoing
inflammatory responses. A delicate balance between both arms of the immune system
is required because when this is dysregulated, auto-immune diseases like rheumatic
arthritis can arise.

The immune system in vascular disease
The involvement of the immune system in cardiovascular disease has been described
divergently. To start with, the proposal that inflammation contributes to atherosclerotic
plaque formation has been hypothesized by Virchov as early as 1858.(12) Even without
involvement of a pathogen entering the body, the immune system interferes. Until
now, we have learned that initiation of plaque formation starts with accumulation of
lipoproteins in the tunica intima of the vessel wall. Resident macrophages take up this
oxidized LDL, whereafter damaged activated endothelial cells attract more monocytes.
These monocytes mature into macrophages and they will also engulf oxidized LDL,
resulting in foam cells. This is the start of a chronic inflammatory process in which more
immune cells are attracted and growth factors and cytokines are released. The foam cells
undergo apoptosis resulting in a lipid or necrotic region, protected from the blood stream
with a fibrous cap consisting of migrated or dedifferentiated vascular smooth muscle
cells (VMSCs).(13, 14) This process is visualized in Figure 3.

13
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and then inflammation commences with the first line of defense. This comprises the
innate immune system: rapid immune responses which are directly active without
previous encountering of the specific stimulus because of detection of pattern recognition
receptors (PRRs).(10) Neutrophils are the first cells that arrive and execute functions
including phagocytosis and elimination of pathogens, release of enzymes (proteases), and
release of neutrophil extracellular traps (NETs), which are traps to capture and eliminate
pathogens. Other prominent innate immune cells are macrophages which can be tissueresident or derived from circulating monocytes. Macrophages are notorious phagocytic
cells and will secrete messenger molecules (cytokines) to further control inflammation.

Progression of this disease process, thus an increase in inflammation in atherosclerosis,
results in narrowing of the blood vessel. If this narrowing is located in the coronary
arteries and this plaque ruptures or erodes, thrombus formation can occur, resulting in
myocardial infarction.

Figure 3: Immune cells in atherosclerotic artery

Inflammation in aneurysms: well-described abdominally, unexplored
thoracically
To understand the pathogenesis of aneurysms and the role of the immune system, we
need to introduce the anatomy of the normal arterial wall first. A healthy vessel wall
consists of three layers: tunica intima, tunica media, and tunica adventitia (Figure 4). The
luminal side of the vessel wall, the intima layer, consists of endothelial cells and some
VSMCs and is separated from the media by the internal elastic lamina, if present. The
media contains mainly VSMCs, elastic laminae, and extracellular matrix compounds
providing compliance and recoil. The tunica adventitia, separated from the media by
the external elastic lamina, consists of collagen, fibroblasts, elastic fibers, nerves, and
vasa vasorum and provides tensile strength. The vessel wall integrity is maintained by a
balance of continuous production and breakdown of extracellular components. Disturbed
remodeling of vessel wall can result in aortic aneurysms.(15)

14
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Figure 4: Histology of non-aneurysmatic abdominal aortic wall. Tissue stained with Hematoxylin and
eosin (H&E).

AAAs are characterized histologically by a degenerative ECM with decreased elastin
density and VSMCs (whether or not due to apoptosis) leading to reduced strength of the
vessel wall, also called media degeneration. This process is initiated after an interplay
between genetic predispositions and environmental factors such as smoking. In contrast
to TAAs, AAAs are associated with atherosclerosis. However, whereas in atherosclerotic
inflammation immune cells are found in the tunica intima, in AAAs immune cells mainly
infiltrate in the media and adventitia, contributing to the destructive changes. Numerous
studies have demonstrated presence of innate (macrophages, neutrophils) and adaptive
(T cells, B cells) immune cells in AAAs, which did not stay unnoticed in studies aiming for
biomarkers, although currently these have not reached clinical practice (yet).
Although an AAA itself is a free-standing disease, these aneurysms can also get infected
for example by the bacterium Coxiella burnetii (C. burnetii) leading to vascular Q fever. Q
fever is a zoonosis caused by the Gram-negative intracellular bacterium C. burnetii, and
during the Dutch outbreak in 2007-2010 it was estimated that 40.000 individuals were
infected. Most patients do not suffer from any symptoms during acute infection, and
15

disease could progress as a chronic infection unnoticed. Presumably C. Burnetii inhabits
vascular wall macrophages and immune responses do not effectively eradicate this
pathogen. Clinically, medical therapy is not sufficient to clear this infection and high
complication rates have been described for vascular manifestations of Q fever, demanding
more insight in routes of eloping and surviving the immune response by C. burnetii.
Aneurysms of the aorta can also manifest in the ascending thoracic part. Classically,
TAAs were characterized by cystic medial necrosis: a triad of loss of VSMCs, fragmented
and decreased elastic fibers, and accumulation of proteoglycans.(16) Whereas AAAs are
associated with atherosclerosis, TAAs are commonly found in patients with hereditary
syndromes and diseases. The majority of patients suffer from Marfan Syndrome, which is
caused by fibrillin 1 mutations. Patients with Marfan Syndrome can suffer from cardiac,
skeletal, ocular, and pulmonary disease but the most dangerous clinical feature is TAA.
Because of its potential disastrous complications and hereditary character, TAAs are
commonly detected in screening of family members of known patients. Another group
in which TAAs are commonly discovered are patients with bicuspid aortic valves (BAV).
Normally, aortic valves contain three leaflets, but BAV patients only have two functional
leaflets. The exact mechanism explaining TAA formation in BAV patients remains
unclear: currently it seems an interplay between hemodynamic alternations and genetic
predispositions.
However, the paradigm on TAA has changed recently: despite the previous hypothesis that
cystic medial necrosis was a non-inflammatory condition, associated with hereditary
syndromes and diseases, macrophages and T cells were identified in TAAs and detected
in higher densities when disease progressed into dissections, although their function
remained unclear.(14, 17, 18) Although the presence of inflammatory cells has been
described in patients with tricuspid aortic valves, in patients with BAV this has not been
performed yet. Fact remains that also these TAAs provide great risk for complications,
and even at lower diameter than TAAs in patients with tricuspid aortic valves which is
already taken into account in clinical decision making: the threshold for elective surgery
is 5.0 cm instead of 5.5 cm for tricuspid aortic valves.

How to study inflammation
A wide variety of laboratory techniques are available to study inflammation. As we are
interested in immune cells in affected tissue, microscopy is an interesting and suitable
approach. Numerous staining techniques are available of which Hematoxylin and eosin
(H&E) stain (shown in Figure 4) is commonly applied to describe the tissue (histology) and
cells. However, if a researcher has interest in a specific cell type, immunohistochemistry
is the next step. Here, specific primary antibodies (‘immuno’) raised in animals (for
example mice) are applied to the tissue to bind targets of interest, for example T cells.
16

mIHC is an innovative technique which is rather novel in cardiovascular diseases. In
this thesis, we have developed and applied eight-marker mIHC consisting of six primary
antibodies (to target proteins of interest), a nuclear stain (DAPI) and autofluorescence
of elastin fibers. Initially, visualization of the multiple targets was only possible if the
used primary antibodies were originating from different species because otherwise
both targets would gain the same color. To overcome this issue stripping of the antibody
complex is performed: the color (fluorophore) remains on (the direct surrounding of)
the target protein while the antibody is removed and staining with a new antibody can
follow. Using this technique, eight different colors are applied on a single slide but still
need visualization. As these colors are relatively similar and close in the spectrum, the
microscopy technique required refinement as well. To visualize all colors, a spectral
camera is utilized to detect emitted light from these fluorophores following excitation
at distinct wavelengths. These signals can be unmixed later using specialized software
and semi-automated analysis results in quantification of cell populations in the studied
tissue eventually, while spatial resolution remains intact.

Outline of this thesis
The overall aim of this thesis is to study vascular inflammation varying from coronary
arteries to aortas. In the first part, we focused on the role of the immune system in three
vascular disease entities: coronary artery atherosclerosis, AAA infected with C. Burnetii
(vascular manifestations of Q fever), and TAA in patients with BAV. Immune cell presence
was studied by mIHC allowing staining, imaging, and analyzing of whole tissue samples
resulting in quantitative output describing cell counts, densities, or percentages of cells.
Innate and adaptive immune cells were analyzed, enabling comprehensive study of the
immune landscape.
Although coronary atherosclerosis is a common disease and has been of interest for
research for over a century, it remains the leading cause of death globally which stresses
the need for better diagnostic opportunities, prognostic markers, and treatment options.
However, most preclinical studies determining current knowledge were suboptimal. They
have been working with either animal models or human samples at limited (end stage)
plaque stages, which brings along some limitations to the description of the time line or
translatability of animal studies to the human situation due to assumptions (knockouts,
diets) and accelerated plaque formation. Therefore, we studied human coronary artery
17
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Following a chemical reaction the target turns brown, enabling visualization with a
light microscope. For visualization of another cell type, another coupe needs to undergo
staining and imaging. If there is interest in how cells are localized relative to other cell
types, multiple single stains can be performed on one slide, which is called multiplex
immunohistochemistry (mIHC).

atherosclerosis in various plaque stages providing an overview in Chapter 2. This study
confirms existing paradigms but also provides novel insights about similarities between
different plaque stages which might be of interest for clinical applications. Additionally,
here we show the feasibility of multiplex immunohistochemistry for vascular
inflammation which we also applied in the next chapters.
For both TAA and AAA, surgical decision-making is based on diameter of the diseased
vessel. However, epidemiological studies have taught us that solely diameter is not fully
predictive for AAS and showed that majority of dissections and ruptures occurred below
the threshold for surgery.
Therefore, there is clinical need for a better predictor. To gain insight in the pathological
process, we approached TAA and AAA from the inflammation perspective. Better
understanding of these diseases might lead to clinical applications including early
diagnostics and novel therapeutic options.
When an AAA is complicated by a chronic Q fever, new clinical problems arrive. Currently,
yearlong antibiotic treatment is prescribed with unfortunately surprisingly low success
rates, raising questions like ‘How is this bacterium able to survive the host’s immune
system?’ and ‘How should we adapt treatment for succeeding fighting this pathogen and
disease?’ In Chapter 3, we investigated immune cells in C. Burnetii infected AAA, also
known as vascular manifestations of Q fever. In vascular manifestations of Q fever, the
bacterium survives and elopes the immune system. Aim of this study was to investigate
the role of the immune system during this bacterial escape to get better understanding
of the disease. We compared vascular manifestations of Q fever aneurysms with ‘regular’
atherosclerotic aortic abdominal aneurysms, in which inflammation was described
previously.
Whereas in previous chapters there were already numerous clues for inflammatory and
infectious mechanisms in the disease entities, this is quite novel for TAA in BAV patients.
Chapter 4 zooms in on TAAs and dissections in patients with BAV. We describe the influx
of inflammatory cells in ascending aorta tissue from patients with BAV with normal
aortic dimensions, TAAs, and dissections. These characterize disease progression, which
is a starting point for further research.
While in the first part of this thesis vascular disease is studied on preclinical and cellular
level, in the second part we focus on patient and population level. In Chapter 5, we
studied the vascular condition MAS, which is described in juvenile and adult patients,
mainly in context of congenital or inflammatory diseases, respectively. Its main clinical
feature, severe hypertension, leads untreated to potential lethal complications, such as
18

Finally, in Chapter 6 we summarize findings of this thesis, place them in context of
current knowledge and speculate about future perspectives

19
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strokes and heart failure. As clinical trials and guidelines are lacking, we have performed
a systematic review and meta-analysis to map clinical features, treatment options, and
outcomes for juvenile and adult patients.
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"You can’t start a fire without a spark"
Dancing in the dark – Bruce Springsteen (1984)

Chapter 2
Topography of immune cell infiltration
in different stages of coronary
atherosclerosis revealed by multiplex
immunohistochemistry

Kimberley R.G. Cortenbach, Daniel Morales Cano, Jelena Meek, Mark A.J. Gorris,
Alexander H.J. Staal, Mangala Srinivas, I. Jolanda M. de Vries, Jacob Fog Bentzon, Roland
R.J. van Kimmenade.

Adapted version of this manuscript is accepted for publication by International Journal of
Cardiology Heart & Vasculature.
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ABSTRACT
Objective
Aim of this study was to investigate immune cells and subsets in different stages of
human coronary artery disease with a novel multiplex immunohistochemistry (mIHC)
technique.

Approach
Human left anterior descending coronary artery specimens were analyzed: eccentric
intimal thickening (N=11), pathological intimal thickening (N=10), fibroatheroma (N=9),
and fibrous plaque (N=9). Eccentric intimal thickening was considered normal, and
pathological intimal thickening, fibroatheroma, and fibrous plaque were considered
diseased coronary arteries. Two mIHC panels, consisting of six and five primary
antibodies, autofluoresence, and DAPI, were used to detect adaptive and innate immune
cells. Via semi-automated analysis, (sub)types of immune cells in whole plaques and
specific plaque regions were quantified.

Results
Increased numbers of CD3+ T cells (P<0.001), CD20+ B cells (P=0.013), CD68+ macrophages
(P=0.003), CD15+ neutrophils (P=0.017), and CD31+ endothelial cells (P=0.024) were
identified in intimas of diseased coronary arteries compared to normal. Subset
analyses of T cells and macrophages showed that diseased coronary arteries contained
an abundance of CD3+CD8- helper T cells and CD68+CD206- M1-like macrophages.
Proportions of CD3+CD45RO+ memory T cells were similar to normal coronary arteries.
Among pathological intimal thickening, fibroatheroma, and fibrous plaque, all immune
cell numbers and subsets were similar.

Conclusions
Using mIHC, we provide the first comprehensive map of immune cell subtypes across
plaque types in coronary arteries. The data reveals that the type of immune response does
not differ substantially between different stages of plaque development and may provide
context for mechanistic research into immune cell function in atherosclerosis.

24

Graphical abstract: Overview of plaque stages and immune cells. SMC: smooth muscle cell; cDC2:
conventional dendritic cell type 2; S1/2: Shoulder 1/2.
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Graphical abstract

INTRODUCTION
Coronary atherosclerosis is a disease of the vascular wall with potential disastrous clinical
consequences, such as acute myocardial infarction and sudden cardiac death. The natural
history of atherosclerosis in humans is a dynamic process involving the progression of
early lesions to advanced plaques, the latter being responsible for most acute ischemic
cardiovascular events.(1) Despite the declines in mortality rates that have been achieved
with modern medicine, ischemic cardiovascular events remain the leading cause of
mortality worldwide.(1) The majority of these potential lethal culprit lesions is located
in the proximal coronary arteries.(2) Due to its critical location, coronary artery disease
(CAD) in the left anterior descending artery (LAD) leads to the most dangerous ischemic
events.
In the last decades, there has been increasing understanding of inflammation being
a central mechanism driving atherosclerosis onset and progression. Whereas clinical
studies have been searching for anti-inflammatory targets to treat atherosclerosis,
histology studies have described a vast arsenal of innate and adaptive cell subtypes in
atherosclerotic plaques.(3-14) Macrophages with foamy and non-foamy phenotypes
are abundant in early plaque stages as well as in culprit regions.(6-9) In late stage
atherosclerosis, macrophages are thought to contribute to plaque destabilization by
the release of matrix metalloproteinases (MMPs) upon adapting the so-called proinflammatory M1 phenotype.(15) The more tolerogenic M2 macrophages have antiinflammatory characteristics and may facilitate stabilizing collagen synthesis.(16)
Also neutrophils have opposite roles: they have a pro-inflammatory role in initiation of
atherosclerosis and plaque destabilization, but may also be needed for tissue repair.(10,
11)
Adaptive immune cells are also abundant in CAD, but the importance of adaptive
immunity for atherosclerosis progression remains less clear than for innate immunity
and is a topic of ongoing investigation. T cells of both the helper and cytotoxic
phenotype are detected in advanced plaque stages and in culprit lesions, whereas the
anti-inflammatory regulatory T cells have been reported in higher numbers in younger
compared with older patients with CAD.(6, 9, 12-14) The role for B cells in CAD appears
a two-edged sword as well: pro-inflammatory when they assist in T cell activation and
possibly anti-inflammatory upon production of antibodies against oxidation and other
epitopes presented in the atherosclerotic plaque.(6, 17, 18)
Despite numerous studies investigating inflammation in atherosclerosis, a
comprehensive map of when and where different types of adaptive and innate immune
cells inhabit coronary lesions is not available. In the present study, we provide such
26

METHODS AND MATERIALS
LAD samples were investigated with a novel multiplex immunohistochemistry (mIHC)
method to study the involvement of the innate and adaptive immune system in the
development of human coronary artery atherosclerosis. The data that support the
findings of this study are available from the corresponding author upon reasonable
request. Please see the Major Resources Table in the Supplemental Materials for all
research materials.

Tissue sampling and classification
To study immune cell content in plaques of the proximal LAD, we used an anonymized
collection of arterial samples which were described previously.(19) Segments from the
proximal 24 mm of the LAD were collected from prospective forensic autopsies, which
were performed within 4 days after death of subjects aged 20-80 years at the Institute
of Forensic Medicine, University of Aarhus, Denmark between 1996-1999.(19) The LAD
was opened longitudinally during the autopsy procedure. Six specimens of 4 mm each
were fixed in 4% phosphate buffered formaldehyde for 24 hours followed by paraffin
embedding. Between fixation and embedding, samples originating from patients older
than 45 years were decalcified in 10% formic acid for 24 hours. Collection of the material
was approved by the Regional Research Ethics Committee by the Aarhus Amt, Aarhus,
Denmark. Since the material was anonymized, no separate ethical approval was required
nor obtained for the present study. We selected 10 paraffin blocks from every stage in a
blinded fashion having a balance between gender and age (< 45 years or ≥ 45 years old):
eccentric intimal thickening (EIT), pathological intimal thickening (PIT), fibroatheroma,
and fibrous plaque. Sections of 5 µm were cut and mounted on Superfrost Plus glass
slides. To confirm the stage of atherosclerosis, one set of sections were stained with
hematoxylin-eosin (HE) staining and analyzed categorized as described previously.
(19) This analysis of plaque stages resulted in some cross-overs, and due to poor sample
quality, one sample was excluded. This resulted in the following groups 1) EIT (N=11), 2)
PIT (N=10), 3) fibroatheroma (N=9), and 4) fibrous plaques (N=9). EIT was considered
normal, PIT, fibroatheroma and fibrous plaques were considered diseased coronary
arteries, e.g. plaques.
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analysis by quantifying numbers of immune cells and their subsets by multiplex
immunohistochemistry in human LAD specimens featuring the full natural history of
human plaque development.

Multiplex immunohistochemistry
LAD samples and tonsils as positive control were stained with two multiplex (mIHC)
panels, defining adaptive and innate immune cells (Table 1). Gorris et al described the
optimization and validation of mIHC panels, and our mIHC method has been described
previously.(20, 21) Briefly, samples were stained with six consecutive tyramide signal
amplification (TSA) stains followed by antigen retrieval and removing of the antibody
complex in a Leica Bond system (BOND-Rx Fully Automated IHC and ISH, Leica
Biosystems). In more detail, this process was initiated with heat induced antigen retrieval
(HIER) in BOND Epitope Retrieval 2 (AR9640, Leica Biosystems)(adaptive panel) or
BOND Epitope Retrieval 1 (AR9961, Leica Biosystems)(innate panel) and protein blocking
in Akoya Antibody Diluent/Block (Akoya biosciences, MA). This was followed by staining
with the first primary antibody, subsequently with the secondary antibody (Polymer HRP,
Ms + Rb (Akoya biosciences, MA) and finally with an Opal fluorophore (Akoya biosciences,
MA). Heating of the samples enabled antigen stripping, and as a result, the covalently
bound fluorophore remained on the target and allowed for staining with the next
antibody.

Imaging, multispectral unmixing, and analysis
After staining, whole slides were scanned at 4x magnification (PerkinElmer Vectra (Vectra
3.0.4; PerkinElmer, MA). Regions for multispectral imaging on 20x magnification were
selected (Phenochart 1.1; Akoya biosciences, MA). Images were unmixed using spectral
libraries and inForm Advanced Image Analysis software (inForm 2.4.8; Akoya biosciences,
MA), as described previously.(21) In summary, after training scanned slides were
segmented in tissue, background, and blood, based on DAPI and autofluorescence, and
in the innate panel, MMP9 and GMCSF were also used for nerve segmentation. Single
cells were segmented using DAPI, and membrane markers were used for assistance in
membrane splitting (innate panel: CD68, CD206, CD15; adaptive panel: CD3, CD20).
This processing resulted in 20x magnification images with tissue and single cell data
(localization, tissue, phenotype, and marker) per slide, which were combined into single
flow cytometry (fcs) files for analysis in FlowJo (FlowJo 10.0.7, Becton Dickinson, NJ).
Quantification of cell types and subsets was performed as shown in Supplementary
Figure 1 and as described previously.(21) Since we noticed that the expression of FoxP3
declined in post-mortem samples, this marker was not included in our analysis. Overview
images and separated channels per panel are shown in Supplementary Figure 2 (innate
panel) and Figure 3 (adaptive panel).
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used for our analysis.

Markers (clone)

Cell phenotype

Adaptive immune system

Innate immune system

DAPI

DAPI

CD3 (SP7)

CD68 (PG-M1)

CD8 (CD8/144B)

CD206 (CL038+)

CD20 (L26)

CD15 (MMA)

CD1c (2F4)

CD31 (JC70A)

CD45RO (UCHL-1)

MMP9 (polyclonal)

FoxP3 (236A/E7)*

GM-CSF (polyclonal)

Autofluorescence

Autofluorescence

T cell

CD3+

Macrophage

CD68+

Helper T cell

CD3+ CD8-

M1-like macrophage

CD68+ CD206-

Cytotoxic T cell

CD3+ CD8+

M2-like macrophage

CD68+ CD206+

Memory T cell

CD3+ CD45RO+

Neutrophil

CD15+

B cell

CD20+

Endothelium

CD31+

Classic DC type 2

CD1c+ CD20-

GMCSF+ macrophage

GMCSF+CD68+

MMP9+ neutrophil

MMP9+ CD15+

DAPI

Nucleus

DAPI

Nucleus

Autofluoresence

Elastin fibers

Autofluoresence

Elastin fibers

Region Of Interest
Absolute numbers of cells and percentages of cells were analyzed in specific Regions Of
Interest (ROIs). Figure 1 demonstrates the regions that plaques were segmented into and
guidelines for drawing these regions are described in Supplementary Methods. Total
plaque or intima were defined as sum of these regions per stage.

Statistics
SPSS for Windows (IBM Corp, 2017. IBM SPSS Statistics for Windows, Version 25.0.
Armonk, NY: IBM Corp) was used for statistical analysis. PRISM 8.0.2 (Graphpad, GSL
Biotech LLC, CA) was used for visualization of results. Continuous data were expressed
as mean ± standard deviation (SD), or in case of non-Gaussian distribution, as median
(interquartile range) (IQR). Kruskal-Wallis test adjusted with Bonferroni correction for
multiple testing was used for testing continuous variables between four groups. Mann29
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Table 1: Overview of the used markers and clones per panel, including definition of each cell type as

Whitney-U tests were used for comparing continuous variables between two groups.
Binary variables were tested for differences using the Fisher exact test. P < 0.05 was
considered statistically significant.

Figure 1: Regions of interest per plaque stage. Representative HE stainings of EIT (A), PIT (B),
fibroatheroma (C) and fibrous plaque (D) with corresponding fluorescent microscopy images stained
with adaptive panel (E, F, G, H). In EIT the intima was drawn (I)(region 1), in PIT (J) and fibrouas
plaque (L) the lesion consisted of shoulders (region 2), luminal region area (region 3) and the central
part of the plaque (region 4). Fibroatheroma (K) consisted of shoulders (region 2), luminal region
area (region 3). The central part of the plaque was divided in necrotic core (NC) (region 5), necrotic
core border (region 6) and other regions (region 7). Sum of all regions was considered total plaque. All
scale bars represent 500 µm.
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LAD samples were investigated with a recently developed mIHC method to study the
involvement of the innate and adaptive immune system in the development of coronary
artery atherosclerosis in normal coronary arteries (EIT, N=11) and diseased coronary
arteries (PIT, N=10, fibroatheroma, N=9, and fibrous plaques, N=9). Supplementary
Figure 2 and 3 show overview images and corresponding separated channels at high
magnification for innate and adaptive immune cells stained with the indicated antibody
panels.

Baseline characteristics
Our study is based on anonymized non-culprit LAD sections from forensic autopsies,
with known patient’ sex and age (<45 or ≥45 years) (Table 2). In all plaque stages, there was
an equal distribution of age except for EIT which only included subjects younger than 45
years old. There was an equal distribution of sections from male and female subjects per
group.
Table 2: Baseline characteristics of the cohort. Level of significance was calculated using 2-sided
Fisher Exact.
Eccentric Intimal Pathological Intimal
thickening (N=11)
thickening (N=10)

Fibroatheroma
(N=9)

Fibrous plaque
Level of
(N=9)
significance

Male

6 (54.5%)

5 (50.0%)

5 (55.6%)

3 (33.3%)

0.261

Age ≥ 45 years

0 (0.0%)

4 (40.0%)

5 (55.6%)

3 (33.3%)

0.045

Plaque areas
Figure 2A and 2B show the areas of the selected regions of interests (ROIs). Total plaque
area in fibrous plaque samples was larger compared to the total plaque area of EIT
samples in the adaptive panel-stained specimens (P<0.001) and in the innate panelstained specimens (P<0.001). Total plaque areas were also larger in fibrous plaque
samples compared to PIT samples in adaptive panel-stained specimens (P=0.046) and
in fibroatheroma compared to EIT in innate panel-stained specimens (P=0.023). With
increasing plaque area, also cell numbers increased. More cells were identified in fibrous
plaques compared to PIT and EIT in the adaptive panel-stained samples (P=0.038 and
P=0.010, respectively) and in fibrous plaques compared to EIT in innate panel-stained
samples (P=0.029)(Figure 2C and 2D). Area of the central part of the plaque was increased
in fibrous plaques compared to PIT in adaptive and innate panel-stained samples
(P=0.005 and P=0.013, respectively). Inherently, higher cell count was detected in the
central part of fibrous plaques compared to PIT (P=0.005 and P=0.031, respectively).
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RESULTS

Figure 2: Areas of the drawn regions and cell count per plaque stage and in adaptive (A,C) and
innate (B,D) stained tissue samples. A: Total plaque area (i.e. the sum of all the separate regions)
was increased in fibrous plaque compared to EIT (P<0.001) and PIT (P=0.046). Also, area of central
part of the plaque was in increased in fibrous plaque compared to PIT (P=0.005). B: Total plaque
area was increased in fibroatheroma and fibrous plaque compared to EIT (P=0.023 and P<0.001,
respectively) and there was an increase in central part of plaque area in fibrous plaque compared
to PIT (P=0.013). C: Total number of cells was in increased in fibrous plaques compared to PIT and
EIT (P=0.038 and P=0.010, respectively), and in the central part of the plaque in fibrous plaque
compared to PIT (P=0.005). D: Fibrous plaques were found to have more cells in total plaque than
EIT (P=0.029) and in central part of plaque compared to PIT (P=0.031). In fibroatheroma samples,
central part of the plaque consists of NC, NC border and other regions. Graphs represent median
(IQR) with sample sizes N=11 for EIT, N=10 for PIT, N=9 for fibroatheroma, N=9 for fibrous plaque.
Level of significance was calculated with independent samples Kruskal-Wallis test with Bonferroni
correction for multiple tests.
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Plaques in diseased coronary arteries (i.e., PIT, fibroatheroma, and fibrous plaques)
contained higher absolute numbers of immune cells (Figure 3A) and a higher percentage
of immune cells out of total intimal cells compared to normal tissue (EIT)(Figure 3A).
Specifically, plaques had increased percentages out of all cells of CD3+ T cells (P<0.001),
CD68+ macrophages (P=0.003), CD20+ B cells (P=0.013), CD15+ neutrophils (P=0.017),
and CD31+ endothelial cells (P=0.024). To analyze by which subtypes the accumulation
of immune cells in total plaques was caused, T cells and macrophages were subdivided
based on secondary markers (Figure 3B). Despite increased absolute cell counts of
subtypes, we identified similar fractions for CD3+CD45RO+ memory T cells (P=0.109),
CD68+CD206- M1 macrophages (P=0.323), and CD68+CD206+ M2 macrophages (P=0.323).
Fraction of CD3+CD8+ cytotoxic T cells decreased whereas proportion of CD3+CD8+
helper T cells increased in plaques (P=0.010) resulting in an increase in the ratio helper
T cells/cytotoxic T cells from 1.00 (0.33-1.83) to 2.69 (1.49-5.58) (P<0.001). Figure 3C-F
shows representative overview pictures of the innate panel in EIT (C-D) demonstrating
the presence of macrophages in intima and the absence of endothelium marker CD31 at
luminal endothelial cells but CD31+ vasa vasorum in adventitia. Infiltration of T cells and
B cells in diseased coronary artery is demonstrated in Figure 3E-F.

Similar number of immune cells among diseased samples
Percentages of immune cells were compared among the four groups revealing
increases of T cells (P<0.001), macrophages (P=0.006), and neutrophils (P=0.027) in
fibroatheromas compared to EIT (Figure 4A). In absolute cell numbers, an increase in T
cells, macrophages, B cells, and neutrophils was observed in fibroatheroma versus EIT
and between fibrous plaque versus EIT. CD1c+ conventional dendritic cells type 2 (cDC2s)
were increased in fibrous plaque versus EIT (Figure 4A).
Next, we investigated cell subsets in the four plaque stages. Absolute numbers of helper T
cells, memory T cells, and M1 macrophages were increased in fibroatheroma and fibrous
plaque compared to EIT. Furthermore, cytotoxic T cells were increased in fibroatheroma
versus EIT. Percentages of cell subsets did not differ (Figure 4B). The ratio helper T cells
/ cytotoxic T cells was increased in fibrous plaque compared to EIT (4.52 (1.60-7.01) vs
1.00 (0.33-1.83))(P=0.022). Differences were only found between the normal (EIT)
group and fibroatheroma or fibrous plaque, and none amongst the diseased samples
(PIT, fibroatheroma, and fibrous plaque). This indicates that absolute numbers and
percentages of immune cells remain similar in these three groups.
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Diseased coronary artery intimas contain more immune cells than
normal intimas
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artery intimas (i.e. PIT, fibroatheroma, and fibrous plaques) there is an increase in percentages of T
cells (P<0.001), macrophages (P=0.003), B cells (P=0.013), neutrophils (P=0.017), and endothelial
cells (P=0.024) compared to normal coronary artery intimas (i.e. EIT)(left side). All cell types
are increased when expressed as absolute cell numbers (P<0.001, P<0.001, P=0.005, P=0.001,
P=0.001, P=0.024 for T cells, macrophages, B cells, dendritic cells, neutrophils and endothelial cells,
respectively) (right side). B: Cell subset analyses show an increase in helper T cells as percentage
of T cells in diseased subjects (P=0.010) with coinciding decrease in percentage of cytotoxic T
cells (P=0.010) (left side), and increases in cytotoxic T cells (P=0.006), helper T cells (P<0.001),
memory T cells (P<0.001), M1 macrophages (P<0.001) and M2 macrophages (P=0.040) in diseased
subjects when expressed as absolute cell numbers (right side). C: Overview of innate staining of
EIT with zoomed in areas (D) demonstrating presence of macrophages (red arrows) in some cases
with also CD206 expression (green arrows). Note the absence of CD31 staining at luminal intima
but its presence of vasa vasorum in adventitia (white arrows). E: Overview of adaptive staining in
fibroatheroma with zoomed in areas (F) showing T cells (red arrows), helper T cells (orange arrows),
B cells (green arrows). Graphs represent median (IQR) with sample sizes N=11 for EIT, N=10 for PIT,
N=9 for fibroatheroma, N=9 for fibrous plaque. Level of significance was calculated with independent
samples Mann-Whitney U tests

Regional differences of immune cells
Finally, we investigated the percentages of immune cells per total number of cells in a
specific region. This analysis revealed an increase in B cells in the central part of the
atherosclerotic plaque in fibrous plaques compared to PIT (P=0.020) (Figure 5A).
Percentage of macrophages in the central part was increased in fibroatheroma compared
to PIT (P=0.006) (Figure 5B). When cells were expressed as absolute cell counts, B cells
were increased in central plaque regions in fibrous plaque versus PIT (Figure 5A), and T
cells in shoulder regions in fibroatheroma versus PIT (Figure 5C).
A complete overview of immune cells and plaque stages is summarized in Figure 6.
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Figure 3: Immune cells and subsets in normal and diseased coronary artery. A: In diseased coronary
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increased between fibroatheroma and EIT, and fibrous plaque and EIT for T cells (P<0.001 and
P=0.003), macrophages (P=0.013 and P=0.008), B cells (P=0.041 and P=0.024), and neutrophils
(P=0.023 and P=0.012, respectively). cDC2 are increased in fibrous plaque compared to EIT (P=0.011)
(right side). When these cells are expressed as percentages of all cells, there is an increase in
fibroatheroma compared to EIT for T cells (P=0<001), macrophages (P=0.006), and neutrophils
(P=0.027)(left side). B: There were no differences in cell subsets between plaque stages when these
are expressed as percentages (left side). Absolute cell counts were increased for cytotoxic T cells
(P=0.001), helper T cells (P<0.001), memory T cells (P<0.001), and M1 macrophages (P=0.012) in
fibroatheroma compared to EIT. Cell counts of helper T cells (P=0.002), memory T cells (P=0.008),
and M1 macrophages (P=0.005) were also increased between fibrous plaque and EIT. Graphs
represent median (IQR) with sample sizes N=11 for EIT, N=10 for PIT, N=9 for fibroatheroma, N=9 for
fibrous plaque. Level of significance was calculated with independent samples Kruskal-Wallis test
with Bonferroni correction for multiple tests.
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Figure 4: Immune cells and subsets per plaque stage. A: Absolute numbers of immune cells are
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(C) expressed as percentages of all cells in that region (left side) and as absolute cell counts (right
side). Percentage of B cells and B cell counts are both increased in fibrous plaques compared to PIT
(P=0.020 and P=0.013, respectively), and the percentage of macrophages in central part of the plaque
is increased in fibroatheroma compared to PIT (P=0.006). Absolute number of T cells was increased
in shoulder regions in fibroatheroma versus PIT (P=0.039). For other cell types, no differences were
found in regions per plaque stage. D: Microscopy image of adaptive panel showing presence of B
cells (green arrows), T cells (red arrow), cytotoxic T cells (cyan arrow), memory T cells (orange arrows)
and a representative example of elastic lamina (grey arrow) which divides the tunica intima from
tunica media. E: Representative innate staining with accumulation of CD68 in the core, presence of
DAPI is required to count them as macrophages (red arrows). Note the endothelial cells as sign of
neovascularization (white arrows). Graphs represent median (IQR) with sample sizes N=11 for EIT,
N=10 for PIT, N=9 for fibroatheroma, N=9 for fibrous plaque. Level of significance was calculated with
independent samples Kruskal-Wallis test with Bonferroni correction for multiple tests.

Figure 6: Overview of plaque stages and involved immune cells. Percentages indicate the proportion
of each immune cell type with regard to all cells. In diseased coronary arteries numbers of immune
cells are increased compared to normal coronary arteries. Amongst diseased stages there are no
significant differences in immune cells. SMC: smooth muscle cell; cDC2: conventional dendritic cell
type 2. In fibroatheroma, the central part of the plaque is formed by necrotic region, necrotic border,
and other regions.

39

Chapter 2. Topography of immune cell infiltration in different stages of coronary atherosclerosis

Figure 5: Immune cells per plaque region per plaque stage. B cells (A), macrophages (B), and T cells

DISCUSSION
This study examined different stages of human CAD using mIHC. This novel quantitative
technique enabled the comparison of immune cells in whole plaques and specific plaque
regions between normal coronary arteries (i.e., EIT), and diseased coronary arteries,
including PIT, fibroatheroma, and fibrous plaque. As expected, both innate and adaptive
immune cells were increased in numbers and altered in some subset profiles in diseased
compared with normal arteries. Strikingly, no significant differences were identified in
the relative abundance of immune cells between PIT, fibroatheroma and fibrous plaques,
indicating that the type of innate and adaptive immune responses is constant across the
different stages of plaque development.
The paradigm that atherosclerosis is an inflammatory disease has existed for a long time.
(22) Already in 1856, Virchow proposed that atherosclerosis is the result of inflammation
and cell proliferation reactive to injuries of the vessel wall.(23) More recent studies have
shown the presence of immune cells in particular plaque stages which led to the current
concept that vascular wall macrophages initiate plaque formation with the progression
into foam cells after the internalization of lipids.(24) The commenced inflammation
results in recruitment of more immune cells with both pro- and anti-inflammatory
components which eventually leads to plaque formation. Most previous studies of these
processes have used either animal models, human samples at limited (end stage) plaque
stages, or samples from non-coronary artery arterial beds.(25-27) A comprehensive
overview of immune cells and their potential fluctuations during the progression of
human CAD has, however, not been previously available. By combining mIHC and a
collection of LAD samples featuring the full range of human uncomplicated CAD, we
provide the first map of the major immune cell types and subtypes in coronary plaque
formation. Our results confirmed previous observations made at single plaque stages yet
also provided novel insights.

Similar number of immune cells in diseased coronary arteries
Firstly, we compared the number of immune cells between normal samples (i.e., EIT
group) and diseased samples (PIT, fibroatheroma, and fibrous plaques). As expected,
there was an increase in percentages out of all cells of macrophages, T cells, B cells,
neutrophils, and endothelial cells in diseased tissue. Percentages of T cells, macrophages,
and neutrophils were increased in fibroatheroma compared to EIT. When expressed as
absolute cell counts, also increases were detected in numbers of T cells, macrophages,
B cells, and neutrophils between fibrous plaques and EIT, and fibroatheroma and EIT.
cDC2s were found in higher numbers in fibrous plaque than in EIT.
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Abundance of helper T cells in diseased coronary artery
To study pro- and anti-inflammatory T cell phenotypes, we investigated cell subset
markers. Firstly, despite increases in absolute cell counts, only an increase was found in
the percentage CD3+CD8- helper T cells in diseased tissues compared to normal tissue,
with corresponding decrease in CD3+CD8+ cytotoxic T cells.
Percentages of CD3+CD45RO+ memory T cells remained similar between diseased
and normal tissues. When studied over the four stages, increases were identified in
fibroatheroma subjects compared to EIT in cytotoxic T cells, helper T cells, and memory
T cells. In addition, fibrous plaques contained more helper T cells and memory T cells
than EIT. No differences were found when these subsets were expressed as percentages,
however the ratio helper T cells / cytotoxic T cells was increased in fibrous plaque
compared to EIT (4.5 versus 1.0). Interestingly, Van Dijk et al investigated immune cells in
abdominal aorta atherosclerosis, and although they reported an increase in this ratio as
well during disease progression, in early stages they observed an abundance of cytotoxic
T cells followed by an increase of helper T cells resulting in a 1:1 ratio.(26)

Pro- and anti-inflammatory character of adaptive immune cells in CAD
The presence of T cells in human CAD is described in plaques obtained at different stages
of disease, and also in culprit lesions such as plaque ruptures.(6, 8, 9, 12, 15, 28) Functions
of these T cells are dependent on the specific subset which makes them pro- or antiinflammatory.
Previously, cytotoxic T cells were found in more advanced human atherosclerotic lesions,
particularly in fibrous cap areas.(25) Both athero-protective and pro-atherogenic roles
have been described for cytotoxic T cells.(25) On one hand they can promote plaque
destabilization via secretion of pro-inflammatory cytokines interferon (IFN)y and tumor
necrosis factor (TNF) and induce apoptosis in plaque-supportive endothelial cells and
vascular smooth muscle cells (VSMCs) as demonstrated in animal studies.(25, 29) On the
other hand, so called regulatory cytotoxic T cells have shown athero-protective effects in
mice via destruction of antigen presenting cells and hindering of polarization of helper
T cells.(30) The increase and abundance of helper T cells is described before, their role is
dichotomous, dependent on their subtype. The largest subtypes are Th1 and Th2 cells. Th1
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In contrast to the clear differences in abundance and composition of immune cells
in plaque compared with normal intima, no clear differences were observed between
different plaque types. This may have positive implications for the design of antiinflammatory therapies since it enables the design of strategies that are effective across a
range of plaque stages, which can be expected to have increased efficacy compared with
approaches tailored to specific plaque stages.

cells promote inflammation via secretion of IFNy, TNF, IL-2, and IL-3, and proliferation
of supportive VSMCs is inhibited. On the contrary, Th2 cells exert anti-inflammatory
functions with secretion of IL-13 resulting in decreased expression of vascular cell
adhesion molecule (VCAM)1 and a decline in attracting macrophages as demonstrated in
mouse studies.(25, 31)
Lastly, presence of memory T cells has been described earlier in abdominal aorta
atherosclerosis, and there are clues for clonal expansion of memory T cells, suggesting
an antigen-specific process.(10, 26) Patients with a recent history of stroke exhibited
higher numbers of memory T cells in plaques compared to asymptomatic individuals.(25)
Since our cohort was made available from a biobank without any information on clinical
outcome, verifying these findings was not possible.
Other important players of the adaptive immune system are B cells and dendritic cells. On
one hand, B cells assist in T cell activation and cytokine production as pro-inflammatory
function. On the other hand, anti-inflammatory functions have been described including
antibody production against oxidation epitopes.(6, 17, 18) In general, the number of B cells
was low in our cohort like previously described for atherosclerosis in the abdominal aorta.
(32) Dendritic cells have been described in earlier stages of plaque in which they contribute
to inflammation via cytokines and helper T cell polarization.(6) Here, few dendritic cells
were detected and absolute numbers were increased in fibrous plaques compared to EIT.
Their presence has been described earlier in culprit lesions.(12) In advanced plaques,
dendritic cells suppress regulatory T cell proliferation and they further activate helper
T cells.(10)

Innate immune cell mapping
In diseased subjects, we have observed an increase in number and percentage of
macrophages, which can be explained by the large increase of CD68+CD206- M1
macrophages whilst the numbers of CD68+CD206+ M2 macrophages remained low.
More specifically, the percentage of macrophages increased in fibroatheroma versus
EIT, accompanied by an absolute increase in M1 macrophages. In addition, fibrous
plaques contained more macrophages caused by an influx of M1 macrophages. Between
fibroatheroma and PIT the percentage of macrophages in the central part of the plaque
was increased.
In general, macrophages are known as initiators of atherosclerosis: after uptake of
(oxidized) lipid they form foam cells.(24) A wide variety of stimuli, including lipids,
cytokines, signaling molecules, and hypoxia, may lead to attraction and further
activation of macrophages into the so called pro-inflammatory M1 macrophage. These
M1 macrophages excrete pro-inflammatory cytokines such as TNF, IL-6 and GM-CSF and
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We also observed an increase in neutrophils in diseased tissue. Neutrophils play an
important role in the initiation of atherosclerosis. They can activate endothelial cells and
damage the extracellular matrix, resulting in transfer of LDL and attraction of immune
cells, due to the secretion of chemokines. Neutrophils can also activate macrophages via
granule proteins and neutrophil extracellular traps (NETs) and promote macrophage foam
cell formation.(10, 11) Eventually neutrophils play a role in plaque destabilization, however
they also have a potential role in tissue repair via phagocytosis of debris, excretion of antiinflammatory components, and angiogenesis.(11) CD31+ endothelial cells, characteristic
for angiogenesis, were detected more in diseased samples. Previously, these cells were
found in higher numbers in patients in unstable angina or acute myocardial infarction
in peripheral blood and tissue samples which contributed to clinical interest for CD31 as
potential therapeutic target.(12, 35-37)

Limitations
To our knowledge, this is the first study to examine immune cells and subsets with mIHC
in a wide variety of plaque stages in human CAD. mIHC provides a unique opportunity
to study immune cell landscape quantitatively while maintaining spatial resolution
of cells. However, some limitations of this study need to be acknowledged. Firstly, our
human plaque collection is completely anonymized with limited background information
such as age (below or above 45 years old) and sex, but no clinical information. Secondly,
our cohort lacked tissue samples from culprit lesions. Thirdly, our analyses reveal only
presence of immune cells and immune cell subsets between the different groups without
information about their function. However, the aim of this paper was to describe immune
cells in plaque stages and cell activities were beyond the scope.
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stimulate helper T cell responses.(33) Most studies on human CAD investigated culprit
regions, in which presence of macrophages is described.(7, 9, 27, 34) Higher numbers
of macrophages were found in culprit lesions compared to non-culprit, and in patients
with myocardial infarction or instable angina compared to stable angina patients.(7,
9, 27, 34) A potential role for M1 macrophages in disease progression is the release of
MMPs leading to plaque destabilization. On the other hand, M2 macrophages possess
anti-inflammatory characteristics via excretion of anti-inflammatory factors including
TGF-β resulting in synthesis of collagen and proliferation of fibroblasts.(16) Lee et al
have described that numbers of CD206+ macrophages were similar in plaque lesions in
patients with acute myocardial infarction and stable angina. Although, here we could not
distinguish clinical outcomes because these data were not available and no culprit lesions
were included, we also did not observe differences in neither numbers nor percentages of
M2 macrophages.

In conclusion, in this study we show increases in immune cells in diseased human
coronary arteries compared to normal samples, but no differences between PIT,
fibroatheroma, and fibrous plaques. This indicates that the type of immune response is
constant throughout plaque development and may have implications for the design of
immune therapies targeting atherosclerosis.
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CAD coronary artery disease
cDC2 conventional dendritic cell type 2
EIT eccentric intimal thickening
LAD left anterior descending artery
mIHC multiplex immunohistochemistry
MMP matrix metalloproteinase
PIT pathological intimal thickening
ROI region of interest
SMC smooth muscle cell
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33.

SUPPLEMENTARY METHODS
Drawing Regions of Interests (ROI)
ROI have been drawn manually in each microscopy image of each sample in each panel.
For that, we included the following regions per group.
EIT: EIT was defined as the intima area in the region where the intima/media ratio was >
1 and consisted of the region between lumen and the (fragmented) internal elastic lamina.
PIT: shoulders were drawn first, which were located from the angles of the lesions at both
sides of the plaque with a radius of 750 µm. Between the shoulders, the luminal region
area was located, which was defined as the area between the lumen and 200 µm inwards
the plaque. The central plaque region consisted of the rest of the lesion which was not
included in any other region.
Fibroatheroma: first, the necrotic core was drawn, which was defined as the area without
cells. However, if it appeared to be a natural shape, it was allowed that some cells were
present in the necrotic core. The necrotic core border was the 100 µm surrounding the
necrotic core. Then, shoulders and luminal region area were drawn with the same
definitions as in PIT. Lastly, the other regions were drawn, which was the area of the
lesion which was not included in any other regions. For further analysis, the necrotic core,
necrotic core border and other regions were pooled together as ‘central plaque region’.
Fibrous plaque: in this plaque stage we have drawn luminal region area, shoulders and
central plaque area with the same definitions as PIT.
In all plaque stages, the internal elastic lamina consisted as lower border of the plaque.
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Supplementary

Figure

1:

Quantification of (immune) cells
and

supplementary

markers.

Analysis of both panels include
the combination (C) of the ROIs
(B) to the original XY overview
(A). Analysis of the adaptive
panel (D-I) starts with gating
T cells (D). CD8 is gated in the
general population (E) and then
copied to the T cell population
(F). In the non-T cell population
cDC2s and B cells are gated
(G). Finally, in the population
negative for T cells, cDC2s and
B cells, CD45RO is gated at
the 99%/1% border (H). This
gate is then copied to the T
cell population (I). Analysis of
the innate panel (J-P) starts
with

gating

neutrophils

(J),

followed by macrophages in nonneutrophil population (K) and
endothelial cells in a population
negative for neutrophils and
macrophages (L). MMP9 (M)
and GMCSF (N) are also gated
in

this

negative

population

and these gates can be copied
to

populations

(neutrophils,

of

interest

macrophages).

Finally, CD206 is gated in this
negative population (O) and then
copied to the macrophages (P).
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SUPPLEMENTARY FIGURES

Supplementary figure 2: Representative innate staining of human LAD. White rectangles in overview
indicate the origin of the magnifications of (vasa vasorum in) adventitia (left side) and intima (right
side) with composites in colors and corresponding separated channels. Scale bars in magnifications
represent 25 µm.
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Supplementary figure 3: Representative adaptive staining of human LAD. White rectangles in
overview indicate the origin of the magnifications of adventitia (right side) and intima (below
overview) with composites in color and corresponding separated channels. Scale bars in
magnifications represent 25 µm.
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"Kodachrome
They give us those nice bright colors
Give us the greens of summers
Makes you think all the world’s a sunny day"
Kodachrome – Paul Simon (1973)
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ABSTRACT
Background
Chronic Q fever is a zoonosis caused by the bacterium Coxiella burnetii which can
manifest as infection of an abdominal aortic aneurysm (AAA). Antibiotic therapy often
fails, resulting in severe morbidity and high mortality. Whereas previous studies have
focused on inflammatory processes in blood, the aim of this study was to investigate local
inflammation in aortic tissue.

Methods
Multiplex immunohistochemistry was used to investigate local inflammation in Q fever
AAAs compared to atherosclerotic AAAs in aorta tissue specimen. Two six-plex panels
were used to study both the innate and adaptive immune system.

Results
Q fever AAAs and atherosclerotic AAAs contained similar numbers of CD68+ macrophages
and CD3+ T cells. However, in Q fever AAAs the number of CD68+CD206+ M2 macrophages
was increased, while expression of GM-CSF was decreased compared to atherosclerotic
AAAs. Furthermore, Q fever AAAs showed an increase in both the number of CD8+
cytotoxic T cells and CD3+CD8-FoxP3+ regulatory T cells. Lastly, Q fever AAAs did not
contain any well-defined granulomas.

Conclusions
These findings demonstrate that despite the presence of pro-inflammatory effector cells,
persistent local infection with C. burnetii is associated with an immune suppressed
micro environment.
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Q fever is a zoonosis caused by the Gram-negative intracellular bacterium Coxiella
burnetii (C. burnetii), with natural reservoirs in a wide range of wild and domestic
animals. In infected animals (such as goats) milk, placenta and birth fluids, can contain
this microorganism, which may cause human infections via inhalation. Acute Q fever can
present as pneumonia, hepatitis, and isolated fever, yet 60% of cases are asymptomatic.
(1) Progression to chronic Q fever occurs in approximately 5% of infected individuals
(2); people at risk are older, suffer from aortic or iliac aneurysm or renal insufficiency
(3), or previously underwent valvular or vascular prosthesis surgery. (3) Chronic Q fever
manifests as endocarditis or vascular Q fever, i.e., infection of an abdominal aortic
aneurysm (AAA) or vascular prosthesis. (4-6)
Vascular manifestations of Q fever can have severe clinical consequences. In a population
of proven and probable vascular manifestations of Q fever patients according to the
Dutch consensus guideline, a Dutch cohort study has described that complications had
occurred in 61% of the cases. Of these, acute complications (i.e. rupture, dissection,
endoleak or symptomatic aneurysms) were most prevalent (35%), followed by abscesses
(22%), and fistula (14%). Moreover, 25% of patients had a definitely or probably chronic
Q fever related cause of death. (6) In addition, serological screening of 770 patients with
aorto-iliac disease, e.g., aneurysms or previous vascular reconstructions, demonstrated
that 16.9% was seropositive for Q fever, of which 30.8% suffered from chronic Q fever. In
this group, aneurysm-related acute complications were more common than in aneurysm
patients without Q fever. (7)
To elucidate the pathology underlying chronic Q fever, previous studies have mainly
focussed on immune responses in peripheral blood. Blood mononuclear cells of patients
with chronic Q fever, when exposed to C. burnetii in vitro, produce high amounts of
Interferon-gamma (IFNg), the proinflammatory cytokine considered crucial for killing of
the pathogen. (8, 9) In the infected tissues, C. burnetii resides and replicates in monocytes
and macrophages. (10) In vascular manifestations of Q fever, it is assumed that C. burnetii
survives in resident macrophages in the vascular wall. (11, 12) In such patients, there is
an apparent inability to effectively eradicate C. burnetii, despite the aforementioned
IFNg response. In general, a pro-inflammatory response with granuloma formation and
intracellular killing or control of the bacterium by activated ‘M1’ monocytes/macrophages
is required to contain intracellular infections like Q fever. Surprisingly, the apparent
inability of chronic Q fever patients to kill C. burnetii has only been investigated in studies
in vitro which showed suggestive roles for polarization to tolerogenic M2 macrophages
and increased numbers of circulating regulatory T cells. (13, 14)
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INTRODUCTION

It is still unclear how C. burnetii survives and locally escapes the immune system in
vascular manifestations of Q fever. To address this, we have investigated the local immune
response in C. burnetii-infected AAAs (Q fever AAA), classical atherosclerotic abdominal
aortic aneurysms (AAA), acutely infected AAA, and control aorta tissue, applying
multiplex immunohistochemistry (mIHC) on human patient tissues. We investigated
both the adaptive and innate immune system. We show that in vascular manifestations
of Q fever numerous immune suppressive mechanisms appear to be present, including
the absence of pro-inflammatory granulomas, increased numbers of regulatory T
cells, polarization of macrophages into the tolerogenic M2 phenotype, and decreased
expression of GM-CSF.

METHODS AND MATERIALS
Abdominal aorta tissue samples from patients with Q fever infected aneurysms and
control groups (i.e., atherosclerotic AAAs, acutely infected AAAs, and non-aneurysmatic
aortas) were investigated with a novel mIHC method to study the involvement of the
innate and adaptive immune system in vascular manifestations of Q fever. The data
underlying this article will be shared upon reasonable request to the corresponding
author.

Patient samples
Tissue samples were collected from four groups of patients in two Dutch hospitals: Jeroen
Bosch Hospitals in ‘s Hertogenbosch and Radboud university medical center in Nijmegen.
The first group consisted of patients diagnosed with C. burnetii infected AAA (Q fever
AAA) according to the Dutch consensus guideline (15): all patients had an abdominal
aneurysm (AAA) and IgG phase I was at least 1:1024 in combination with a positive PCR
of aortic tissue. The second group consisted of patients with atherosclerotic AAA without
clinical suspicion of Q fever which were selected from out database at random. The third
group consisted of patients with an acutely infected AAA, with the same definition of
AAA in combination with positive cultures of Streptococcus pneumoniae and Streptococcus
Agalactiae, respectively. In these three groups AAA was defined as a CT proven abdominal
aortic aneurysm with a diameter of at least 3.0 cm. (16) All aneurysmatic tissue samples
were either obtained from patients undergoing elective surgical repair or emergency
repair in case of aortic rupture. The fourth group consisted of abdominal aorta samples
from patients undergoing kidney explantation surgery for transplantation purposes, with
an aortic diameter smaller than 3.0 cm. Due to the limited availability of acutely infected
AAAs and non-atherosclerotic aortas, all available and eligible samples were selected. The
samples from Jeroen Bosch Hospital were described in a previous study. (17)
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Tissue Processing
During surgery, the ventral part of the abdominal aorta was removed. If necessary,
adhering thrombi were gently removed from the tissue before further processing. Directly
after collection, samples were fixed in buffered 4% formaldehyde for at least 24 hours
and no longer than 72 hours. If large amounts of calcification were present, samples
were decalcified by storing them in EDTA solution for another 24 hours. Subsequently,
samples were carefully embedded in paraffin in an attempt to include all aorta layers
(formalin fixed and paraffin embedded (FFPE)). Of these tissues, full thickness transverse
sections of 4 µm were mounted on silane coated glass slides (New Silane III, MUTO PURE
CHEMICALS, Japan).

Multiplex Immunohistochemistry
Samples were stained with two mIHC panels, which enclosed the innate and adaptive
immune system (Table 1). Optimization and validation of mIHC panels were performed
as described previously. (18) Samples were stained with six consecutive tyramide signal
amplification (TSA) stains followed by antigen stripping after every staining. This resulted
in the fluorophore remaining on the target, thus enabling eight simultaneous colors on
one slide (six markers, DAPI and autofluorescence). Slides were stained automatically in
a Leica Bond system (BOND-Rx Fully Automated IHC and ISH, Leica Biosystems). After
positioning in the machine, slides were deparaffinized, rehydrated and washed with demi
water. After this, samples underwent heat induced antigen retrieval (HIER) in BOND
Epitope Retrieval 2 (AR9640, Leica Biosystems) or BOND Epitope Retrieval 1 (AR9961,
Leica Biosystems) during 20 minutes for the adaptive and innate panel, respectively.
Then, protein blocking in Akoya Antibody Diluent/Block (Akoya biosciences, MA) took
place for 10 minutes, followed by incubation with the first primary antibody for 1 hour,
subsequently with the secondary antibody (Polymer HRP, Ms + Rb (Akoya biosciences,
MA)) for 30 minutes and finally with an Opal fluorophore ((Akoya biosciences, MA)
dissolved 1:50 in 1 X Plus Amplification Diluent (Akoya biosciences, MA) for 10 minutes.
To facilitate multiplex staining with six markers, samples were heated for 10 minutes
which enabled antigen stripping. After this staining cycle, this procedure was repeated
for five different primary antibodies, the secondary antibody and corresponding Opal
fluorophores. Finally, DAPI was used as a nuclear counterstain and slides were mounted
with Fluoromount-G (0100-01; Southern Biotech, Birmingham, AL, USA). All incubations
steps were performed at room temperature. Please see Supplementary File 1B for a more
detailed overview of the used reagents.
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The medical ethics committees of the institutions approved the study, in line with the
principles outlined in the Declaration of Helsinki (Radboudumc: 2017-3196; Jeroen Bosch
Hospital: 2019.05.02.01).

Table 1: Overview of the used markers and clones per panel, including definition of each cell type as used for our
analysis.
Adaptive immune system
Markers (clone) DAPI
CD3 (SP7)
CD8 (CD8/144B)
CD20 (L26)
CD1c (2F4)
FoxP3 (236A/E7)
CD45RO (UCHL-1)
Autofluorescence
Cell phenotype

T cell
Helper T cell
Cytotoxic T cell
Regulatory T cell
Memory T cell
B cell
Classic DC type 2
DAPI
Autofluoresence

Innate immune system
DAPI
CD68 (PG-M1)
CD206 (CL038+)
CD15 (MMA)
CD31 (JC70A)
MMP9 (polyclonal)
GM-CSF (polyclonal)
Autofluorescence
CD3+
CD3+ CD8CD3+ CD8+
CD3+ CD8- FoxP3+
CD3+ CD45RO+
CD20+
CD1c+ CD20Nucleus
Elastin fibers

Macrophage
M1-like macrophage
M2-like macrophage
Neutrophil
Endothelium
MMP9+ cell
MMP9+ neutrophil
DAPI
Autofluoresence

CD68+
CD68+ CD206CD68+ CD206+
CD15+
CD31+
MMP9+ CD15MMP9+ CD15+
Nucleus
Elastin fibers

Imaging, multispectral unmixing and analysis
After staining, image acquisition and immune cell quantification were performed using
an automated approach. First, the PerkinElmer Vectra (Vectra 3.0.3; PerkinElmer, MA)
scanned whole slides at 4x magnification and 20x magnification, allowing precise cell
segmentation incorporating the entire sample. The average 20x views per slide was 283
resulting in an average tissue area of 59.0 ± 32.6 mm2, and this high number substantially
reduces the chance of sampling bias. Spectral libraries and inForm Advanced Image
Analysis software (inForm 2.4.8; Akoya biosciences, MA) unmixed these multispectral
images (Figures 1A and 2A).
Subsequently, inForm Advance Imaging Analysis software was used for segmentation of
tissue and cells. For tissue segmentation, tissue slides were divided into tissue, infiltrate,
thrombus, blood, and background (Figure 1C). This segmentation was based on DAPI,
autofluorescence and, if present, also CD20 and CD3. For single cell segmentation, cells
were identified with DAPI and autofluorescence, and, depending on the panel, with
membrane markers CD20 and CD3 (Figure 1B) or CD68, CD206 and CD15. Requiring
DAPI for cell segmentation ensured the exclusion of artifact staining, in which DAPI
is absent. The output of the software was 20x magnification images and cell data
(localization, tissue, phenotype, and marker) per slide. Images were combined into single
flow cytometry standard (fcs) files, allowing analysis in FlowJo (FlowJo 10.0.7, Becton
Dickinson, NJ). In FlowJo, only cells in tissue and infiltrate were analyzed and gates were
drawn as shown in Figure 1E for the adaptive panel and Figure 2B for the innate panel by
two observers with excellent interobserver correlation (Figure 1D and 2D).
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Composite image and cell segmentation tool. C: Tissue segmentation tool (upper image) and overlay
with staining, which shows overlay in segmented and actual stained infiltrate. D: Interobserver
agreement with high intraclass coefficients, supporting our robust method. E: Representative FACS
plots for drawing cell populations.
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Figure 1: Analysis of adaptive immune system panel. A: Composite image and separate channels. B:

Figure 2: Analysis of innate immune system panel. A: composite image and separate channels.
B: Representative FACS plots for drawing cell populations. C: inForm threshold analysis of GMCSF expression. Upper image: GM-CSF channel. Lower image: GM-CSF signal above threshold. D:
Interobserver agreement with high intraclass coefficients.

These clear distinct positive cell populations were not found for CD45RO and MMP9 as
their expression is gradual. (19) For that matter, the gates for these markers were drawn
in negative populations, namely non-T cells and non-neutrophils, respectively. Following
this, these gates were copied to populations that could express these markers. GM-CSF
fcs files did not show distinct positive and negative populations although they were
visible at the microscopy images. Therefore, inForm Advance Imaging Analysis software
was used for automatically thresholding for GM-CSF per sample, providing the number
of GM-CSF positive pixels per sample (Figure 2C).
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To study vessel wall architecture, tissue samples were stained with hematoxylin-eosin
(HE) and Elastin von Gieson (EVG).

Quantification of Tertiary Lymphoid Structures (TLS)
Based on HE staining, a TLS was defined as a nodular structure consisting of at least
50 B and T lymphocytes. These structures are fluent and in case of constriction, split in
multiple TLS.

Statistical analysis
SPSS for Windows (IBM Corp, 2017. IBM SPSS Statistics for Windows, Version 25.0.
Armonk, NY: IBM Corp) was used for statistical analysis. PRISM 8.0.2 (Graphpad, GSL
Biotech LLC, CA) was used for visualization of results. Continuous data were expressed
as mean ± standard deviation (SD), or in case of non-Gaussian distribution, as median
(interquartile range) (IQR). Kruskal-Wallis test adjusted with Bonferroni correction for
multiple testing was used for testing continuous variables between four groups. Binary
variables were tested for differences using the Fisher exact test. Interobserver variability
was calculated with the intraclass correlation coefficient (ICC). Correlations between
continuous non-Gaussian distributed variables were studied with Kendall’s tau because
of low numbers per group. P < 0.05 was considered statistically significant. Principal
component analysis was performed in RStudio 1.2.5033 (RStudio, inc. Boston, MA)
and R (R Foundation for Statistical Computing, Vienna, Austria) using singular value
decomposition and the tidyverse (20) and factoextra packages. (21)

RESULTS
Baseline characteristics
This study includes ten Q fever AAAs (with C. burnetii PCR positive on aortic tissue),
12 classical atherosclerotic AAAs, two acutely infected AAAs (with positive cultures
of Streptococcus species), and five normal abdominal aorta tissues. Table 2 presents
baseline characteristics of the cohort, showing that the majority of patients in all groups
were males of older age (median 71 years old in Q fever group), and cardiovascular risk
factors were common, including hypertension, diabetes mellitus, hypercholesterolemia,
and smoking. Additionally, the aortic diameter was similar amongst the groups.
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Histology

Table 2: Baseline characteristics. * Represents P ≤ 0.05. Numbers display numbers of patients with
percentage, or median with interquartile range (IQR).
Characteristic

Normal (N=5)
3 (60%)

Missing data
normal
2

Atherosclerotic AAA Missing data
(N=12)
atherosclerotic
10 (83.3%)
0

Male
Age

65 (54-68)

0

72 (66-78)

0

Length

1.80 (1.69-1.83)

0

1.77 (1.69-1.80)

0

Weight

80.0 (77.5-102.5)

0

82.6 (75.5-92.6)

0

BMI

27.0 (22.1-34.7)

0

26.8 (24.0-29.4)

0

Hypertension

3 (60%)

0

8 (66.7%)

0

5

9 (75.0%)

0

0

3 (25.0%)

0

Total cholesterol

5

3.6 (3.0-5.2)

5

HDL

5

0.9 (0.8-1.1)

6

Hypercholesterolemia
DM

1 (20%)

Previous aorta surgery

0 (0.0%)

0

6 (50.0%)

0

Rupture

0 (0.0%)

0

0 (0.0%)

0

Artery disease

1 (20%)

4

11 (91.7%)

0

Smoking

3 (60%)

5

11 (91.7%)

1

Packyears

27 (27-27)

4

33 (20-50)

2

CRP

5

12

Diameter CT

5

57 (55-71)

0

Beta blocker

1 (20%)

3

8 (66.7%)

0

ARB / ACEi

2 (40%)

2

6 (50.0%)

0

Calciumblocker

0 (0%)

3

3 (25.0%)

0

Diuretics

0 (0%)

4

1 (8.3%)

0
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Missing data
infectious
1

Significance

9 (90.0%)

Missing data Q Infectious AAA
fever
(N=2)
1
1 (50.0%)

71 (64-77)

0

67 (62-)

0

0.307

1.78 (1.70-)

8

1.76-1.76-1.76)

1

0.923

88.5 (79-)

8

94.8 (94.8-94.8)

1

0.637

27.8 (27.3-)

8

30.6 (30.6-30.6)

1

0.651

6 (60.0%)

2

1 (50.0%)

1

1.000

6 (60.0%)

2

0 (0.0%)

1

0.426

1 (10.0%)

2

0 (0.0%)

1

0.853

4.7 (3.2-6.1)

5

2

0.371

0.9 (0.9-1.3)

5

2

0.583

0 (0.0%)
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Q fever AAA (N=10)

0.482

0 (0.0%)

1

0.034*

3 (30.0%)

0

0 (0.0%)

0

0.193

4 (40.0%)

2

1 (50.0%)

1

0.002*

6 (60.0%)

1

1 (50.0%)

1

0.387

45 (0-53)

1

0 (0-0)

1

0.819

12.5 (12.0-65)

4

2

n/a

60 (45-81)

1

46 (46-46)

1

0.397

3 (30.0%)

2

0 (0.0%)

1

0.567

3 (30.0%)

2

0 (0.0%)

1

0.789

0 (0.0%)

2

0 (0.0%)

1

0.439

2 (20.0%)

0

1 (50.0%)

1

0.009*
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Immune cell activation in Q fever, atherosclerotic, and acutely infected
AAAs compared to normal aortas
Our mIHC technique reveals activation of both the innate and the adaptive immune
system in Q fever, atherosclerotic, and acutely infected AAAs compared to normal
abdominal aortas (Figure 3). In contrast to normal abdominal aortas, all Q fever AAAs,
atherosclerotic AAAs, and acutely infected AAAs showed impressive lymphocyte
accumulation and proliferation with very large tertiary lymphoid structures (TLS)
present in the adventitial layer (Figure 3F, J, N)(20% vs 100% vs 100% vs 100%, respectively
(P=0.000)). Importantly, well-defined granulomas were neither observed in any of
the Q fever AAAs, nor in the other groups. In Q fever AAA, elevated numbers of CD3+ T
cells (P=0.010) and CD20+ B cells (P=0.012) were observed compared to normal aortas.
Atherosclerotic AAAs revealed increased numbers of CD3+ T cells (P=0.005), CD20+ B
cells (P=0.003), and CD15+ neutrophils (P=0.023) compared to control. There were no
significant differences in the numbers of cells between Q fever AAA and atherosclerotic
AAA. As expected, acutely infected AAAs showed an increase in neutrophils compared
to normal aortas (P=0.026). Numbers of CD1c+ classical dendritic cell type 2 (cDC2) and
CD68+ macrophages were similar among all groups.
The principal component analysis (PCA) demonstrated when using these markers, a clear
distinct population with normal aorta samples is formed, whilst the atherosclerotic and
Q fever population completely overlapped (Figure 4A). Therefore, we aimed to investigate
which markers differ between these two groups. If we add cell subset markers for
macrophages and T cells, this overlap has completely disappeared, indicating these subset
markers differentiate these groups (Figure 4B). Below, we will elucidate the differences in
cell subsets between atherosclerotic AAA and Q fever AAA.
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All scale bars represent 50 µm. A-P: Adaptive (A, B, E, F, I, J, M, N) and innate (C, D, G, H, K, L, O, P)
immune cells in a representative normal abdominal aorta, atherosclerotic AAA, Q fever AAA and
acutely infected AAA. Arrows with corresponding colors indicate presence of immune cells with red
for CD3+ T cells, cyan for CD1c+ cDC2, green for CD20+ B cells in the adaptive panel (A, B, E, F, I, J, M,
N); and red for CD68+ macrophages and cyan for CD15+ neutrophils in the innate panel (C, D, G, H,
K, L, O, P). Q: quantification of percentages of different types of immune cells in the whole tissue
sections, showing the increases in T and B cells in atherosclerotic AAA and Q fever AAA compared to
normal and increase in neutrophils in acute infection and atherosclerotic AAA compared to normal.
Note that there are no differences between atherosclerotic AAA and Q fever AAA. * Represents P ≤
0.05. Source data can be found in Figure 3 – Source data 1. v
65

Chapter 3. Differences in local immune cell landscape between Q fever and atherosclerotic abdominal aortic aneurysms identified by multiplex immunohistochemistry

Figure 3: Immune cell activation in atherosclerotic, Q fever infected and acutely infected AAAs.

Figure 4: A: Principal component analysis (PCA) including CD3, CD20, CD68, CD15, and CD1c. There
is a clear distinct population consisting of normal abdominal aortas. There are two data points for
acute infection, resulting in a line. Intriguingly, atherosclerotic AAA and Q fever infected AAA are
completely overlapping. This indicates that these populations are similar when testing for these
cell markers. B: PCA including all markers (CD68, CD15, MMP9, GMCSF, CD31, CD206, CD3, CD1c,
CD8, FoxP3, CD45RO, and CD20). Note the difference with figure 4A: here all groups form separate
populations, indicating that the newly added markers including subset markers describe the
differences between atherosclerotic and Q fever AAA. See Supplementary File 1A for loadings of both
PCAs.

Q fever AAAs show a shift towards M2 macrophages
To investigate whether there are differences in innate immune system activation between
atherosclerotic AAA and Q fever AAA, we used mIHC for description of macrophage
subset populations based on CD68+CD206- (M1 macrophages) and CD68+CD206+ (M2
macrophages) and for expression of matrix metalloproteinase-9 (MMP9) and Granulocyte
Macrophage Colony Stimulating Factor (GM-CSF). As demonstrated in Figure 5, CD206
expression colocalized with CD68 in M2 macrophages. We found that in Q fever AAAs, the
number of CD206+ M2 macrophages was higher than in atherosclerotic aortas (P=0.005)
(Figure 5J). These aortas also revealed lower levels of the pro-inflammatory cytokine GMCSF when corrected for the percentage of macrophages and CD206+ M2 macrophages
(P=0.033 and P=0.007, respectively) (Figure 6). On the other hand, atherosclerotic AAAs
showed a larger amount of the more pro-inflammatory CD206- M1 subset compared to
Q fever AAAs (P=0.005)(Figure 5J), combined with a higher expression of GM-CSF per
macrophage (P=0.033)(Figure 6E). Additionally, we observed a larger MMP9+ proportion
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AAA, upper portion is intima layer, lower portion adventitia. B: Composite of CD68 and CD206 with
majority CD68. C, D: Separated channels for CD68 and CD206 respectively. E: Overview of Q fever
infected AAA, with the same orientation as A. F: Composite of CD68 and CD206, with mostly CD206+
cells which also express CD68, as supported by separated channels in G and H. I, J: Quantification
of percentages of macrophages in entire tissue sections (I) and of proportions of M1 and M2
macrophages in these macrophages (J), showing the phenotype switch in Q fever AAAs towards M2. *
Represents P ≤ 0.05. Source data can be found in Figure 5 – Source data 1.

of macrophages in atherosclerotic AAAs than in Q fever AAAs (P=0.04). These findings
are compatible with extensive chronic inflammation but an immune-suppressed
environment in Q fever AAAs in contrast to atherosclerotic AAAs.

Increased cytotoxic T cells and regulatory T cells in Q fever AAAs
To study the involvement of the adaptive immune system in both groups, tissues were
stained with antibodies against CD8 for cytotoxic T cells, FoxP3 for regulatory T cells,
and CD45RO for memory T cells. Helper T cells were defined as CD3+ T cells without
CD8 expression.
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Figure 5: Phenotype shift in macrophages in Q fever towards M2. A: Overview photo of atherosclerotic

Figure 6: Q fever infected AAAs express lower levels of GM-CSF. A-D: Representative composite image
of atherosclerotic AAA (A) and Q fever AAA (C) and corresponding GM-CSF channels (B, D). E: The
expressed levels of GM-CSF corrected for the number of macrophages and M2 macrophages are lower
in Q fever infected AAAs, suggesting an immune suppressed environment. Source data can be found
in Figure 6 – Source data 1.

Whereas the number of CD3+ T cells is equal among vascular manifestations of Q fever
and atherosclerotic AAA samples, samples from patients with vascular manifestations of
Q fever exhibited larger numbers of CD3+CD8+ cytotoxic T cells (P=0.000), coinciding
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When correcting numbers of T cell subsets for infiltrate area, we found an increase in the
number of CD3+CD8+ cytotoxic T cells in Q fever AAA compared to atherosclerotic AAA
(P=0.013)(Figure 7H). If the number of T cell subsets is calculated per mm2 tissue (defined
as entire sample area minus infiltrate area), the numbers of both CD3+CD8+ cytotoxic T
cells and CD3+CD8-FoxP3+ regulatory T cells are increased in Q fever AAA (P=0.043 and
P=0.036 respectively)(Figure 7I).

Ruptured and non-ruptured aneurysms exhibit similar immune
responses
Strikingly, only Q fever AAAs ruptured while the median diameter (60 mm) did not differ
from the diameter in the atherosclerotic AAA group (57 mm)(P=0.887). To investigate
whether these patients could be included in our analyses, we tested for differences
between ruptured (N=3) and non-ruptured (N=21) aneurysms. Although signs of acute
inflammation could be expected, no differences were found in the number of CD3+ T cells
(P=0.206), CD20+ B cells (P=0.407), CD1c+ cDC2 (P=0.150), CD15+ neutrophils (P=0.275),
and CD68+ macrophages (P=0.176). Also, when testing for cell subsets, ruptured and nonruptured aneurysms exhibited similar numbers of CD68+CD206- M1 and CD68+CD206+
M2 macrophages (P=0.206), CD3+CD8+ cytotoxic T cells (P=0.329), CD3+CD8-FoxP3+
regulatory T cells (P=0.206), and CD3+CD45RO+ memory T cells (P=0.176). The similarity
of the results between both groups may be explained by the sampling method; all samples
were taken from the ventral side of the aneurysm and the rupture side was unknown or
not registered at the time.

Q fever aortas reveal extensive fibrosis
All above mentioned features are signs of chronic inflammation and long-existing
disease. This was supported by HE- and Elastin Van Gieson (EVG) stainings, which
demonstrated destruction of elastin fibers and fibrosis. Both atherosclerotic AAAs and
Q fever AAAs exhibited extensive atherosclerotic plaque formation. However, there were
large differences in vessel architecture as demonstrated in Figure 8. Earlier studies
have extensively described that aortic aneurysms show fragmentation of elastin fibers
indicating media degeneration. (22, 23) In our series, the amount of elastin fibers was
even more decreased in many Q fever AAAs than in atherosclerotic AAAs with a similar
diameter (marked with black arrows in Figure 8E and 86J). In addition, the tunica
adventitia showed extensive fibrosis in Q fever AAAs (marked with asterisks in Figure 8I
and 8L).These changes indicate the (more pronounced) disrupted architecture in Q fever
AAAs, which can attribute to ongoing inflammation.
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with a decrease of CD3+CD8- helper T cells (P=0.000) and CD3+CD45RO+ memory T
cells (P=0.023)(Figure 7G). Infiltrates were formed, as depicted by the strong correlation
between T- and B-cells (correlation coefficient 0.6 [CI 0.404-0.788], P=0.000).
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with corresponding colors indicate presence of immune cells, with orange for memory T cells, yellow
for T helper cells, and cyane for cytotoxic T cells. A-F: Overview of atherosclerotic AAA (A) and Q fever
AAA with zoomed photos of tissue (B, E) and tertiary lymphoid structures (TLS)(C, F). In both A and
B the upper side of the photo is the intima layer. Note all the FoxP3+ (yellow) cells in Q fever infected
tissue. G: Percentage of T cells of all cells and T cells subsets out of T cells; G, H, I: Quantification
shows a shift in cytotoxic / helper T cell ratio and decrease in memory T cells in Q fever AAAs. Q fever
AAAs show increased numbers of cytotoxic and regulatory T cells, indicating both immune activation
and suppression. Source data can be found in Figure 7 – Source data 1.

Figure 8: HE and Elastin von Gieson (EVG) stainings demonstrate the disrupted architecture of Q
fever infected AAAs. Representative images of HE staining of AAA with 22x zoomed in sections (A, B,
C) and EVG staining of adjacent slide (D, E, F) demonstrate the atherosclerotic plaque, immune cells
and infiltrates with relatively preserved vessel architecture as shown by presence of elastin fibers (black
arrows pointing at black lines). HE (G, H, I) and EVG (J, K, L) of adjacent Q fever AAAs slides reveal
pronounced atherosclerosis and immune cell infiltration, and loss of elastin fibers in the media layer
(K). In the adventitia (I, L) tissue is replaced by large amounts of fibrosis, indicated with asterisks.
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Figure 7: Q fever AAAs exhibit both pro-inflammatory and anti-inflammatory T cell subsets. Arrows

DISCUSSION
We are the first to introduce mIHC in vascular manifestations of Q fever to study
ongoing local inflammation. This sophisticated mIHC method enabled us to quantify
immune cells in large sections of tissue which minimized sampling bias. First, we showed
that granulomas are absent in Q fever AAAs. Second, atherosclerotic and Q fever AAAs
were similar when comparing numbers of immune cells. However, there were striking
differences in the composition of macrophage- and T cell-phenotypes between AAAs and
Q fever AAAs, leading to new insights into the pathogenesis of vascular manifestations of
Q fever and its complications and possibly with therapeutic consequences.
Our first observation, the absence of well-formed granuloma formation in our cohort of
Q fever AAAs is an important one, since it suggests that the local immune landscape lacks
an adequate pro-inflammatory response. In our series, we could not find any well-formed
granuloma similar to how they are described in acute Q fever. In acute Q fever manifesting
in non-vascular tissue, so called doughnut granulomas are reported: granulomas with a
central clear space and a fibrin ring within or at its periphery (1, 24), for example in liver
biopsies in case of hepatitis. (25) Here, granuloma is a feature of active defense against
the pathogen. However, we should take into account that our group of acute aortitis with
Streptococcus species did not show granulomas either. In chronic Q fever granulomas
have not been described before. (24, 26) In particular, Lepidi described that resected valve
specimens of patients with Q fever endocarditis lacked well-formed granulomas. (12) In
vascular Q fever, granulomatous responses consisting of histiocytes surrounding necrotic
areas have been reported in Q fever AAAs, however well-formed granulomas were not
found. (17) Thus, we would interpret the absence of organized granulomas as the first clue
for an immune-suppressed environment in AAA of Q fever patients that allows persisting
infection after the acute phase.
Secondly, our results demonstrate some similarities between Q fever AAAs and AAAs.
Percentages of CD3+ T cells, CD20+ B cells, CD1c+ cDC2, CD15+ neutrophils, and CD68+
macrophages are similar between the groups with atherosclerotic AAA and Q fever
AAA. This finding is supported by the PCA, which shows overlapping populations of
atherosclerotic and Q fever AAAs when entering these inflammatory cell markers. This
does not come as a surprise since there are suggestions that vascular manifestations of Q
fever develops in preexisting atherosclerotic aneurysms. (5, 7, 17, 27, 28)
Despite the similarities, we discovered that atherosclerotic and Q fever AAAs do have
important differences, which emerge when investigating macrophage and T cell
subset markers. Macrophages in Q fever AAAs were found to be polarized into the less
inflammatory M2 phenotype, which is ‘tolerogenic’ and poorly microbicidal, in contrast
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There are several possible explanations for the lack of macrophage activation. First, our
results demonstrate decreased expression of GM-CSF in Q fever AAAs compared to AAAs.
GM-CSF is a pro-inflammatory cytokine that activates granulocytes and macrophages.
(30) Its decreased expression in Q fever AAAs may contribute to the immune suppressive
environment in Q fever AAA. The role of GM-CSF in the context of aneurysm formation
has been investigated previously. (31) Strikingly, Son et al described increased occurrence
of aortic dissection and intramural hematoma in wild type mice subjected to aortic
inflammation (CaCl2 + Ang II administration) when also receiving GM-CSF. Only
administrating GM-CSF, without the prerequisite of aortic inflammation, did not
result in aortic dissection or intramural hematoma. Its potential clinical relevance
was confirmed in human blood: GM-CSF serum levels of patients suffering from acute
dissection were higher than controls with coronary artery disease, aortic aneurysms of
healthy volunteers. (31) Additionally, in our cohort we found that Q fever AAAs rupture at
smaller diameter compared to atherosclerotic AAA. This finding, combined with the GMCSF paradox, suggests that the development of Q fever AAAs and atherosclerotic AAAs
follow different pathways, however strictly hypothetically.
Second, a key cytokine in activation is IFNg, a T-helper (Th)-1 cytokine that activates
macrophages and makes them more microbicidal. Previous studies from our group
have demonstrated that peripheral blood mononuclear cells from patients with chronic
Q fever exhibit an abundant production of IFNg when exposed to C. burnetii antigens.
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to the M1 phenotype that possesses a machinery that can clear an infection. Interestingly,
in the AAAs we found less M2 polarization based on presence of CD206. This would either
indicate that macrophages polarize towards M2 in response to C. burnetii infection, or
that the presence of M2 polarization is a prerequisite for C. burnetii persistence. Previous
studies have demonstrated that C. burnetii inhabits and proliferates in monocytes and
macrophages, and more specifically, in resident vascular wall macrophages in case of
vascular Q fever. (10, 12) It has been shown by Benoit et al. that C. burnetii stimulates
an atypical M2 activation program in monocyte-derived macrophages in vitro. (14) M2
polarization of macrophages was also observed in C. burnetii infected transgenic mice
constitutively expressing IL-10 in macrophage lineage, a mouse model for chronic Q
fever pathogenesis. (29) Spleens and livers of these mice showed increased expression of
arginase-1 and mannose receptor (CD206) and decreased expression of iNOS, IL-12 and
IL-23 in bone-marrow derived macrophages after infection with C. burnettii compared
to C. burnetii-infected wild type mice. These previous findings suggested that chronic Q
fever is associated with M2 polarization of macrophages, but direct evidence in chronic
Q fever patients was lacking. Our findings establish that outgrowth and persistence of C.
burnetii in AAAs is associated with the predominance of CD68+CD206+ M2 macrophages.

(8, 9) These findings were enigmatic since there is an apparent inability of the patient’s
immune system to kill C. burnetii at the infected sites. The current findings would be
compatible with a downregulated IFNg response at the infected site.
In addition to differences in macrophage subsets, differences in T cell subsets were
also observed. Numerous T cells were observed both in tissue and in TLS, of which the
latter are known ectopic lymphoid tissues at inflammation sites, including infections
and auto-immune diseases such as atherosclerosis. (32-34) These structures are
important inductive sites for T cells and antibody production. (34-36) The first difference
is the number of CD3+CD8+ cytotoxic T cells, which increased in both infiltrate and
surrounding tissue of Q fever AAA compared to AAA. Although the numbers of cytotoxic T
cells were high, their function might be compromised, resulting in defective elimination
of C. burnetii. The increased numbers of CD3+CD8-FoxP3+ regulatory T cells we found
in Q fever AAAs may play a role here. An increased number of circulating regulatory T
cells has also been shown by Layez et al in Q fever endocarditis patients and in acute Q
fever patients. (13) Regulatory T cells can inhibit cytotoxic T cells directly or indirectly (37),
with a possible role for IL-10 produced by this T cell subset. An important role of IL-10 in
chronic development of Q fever has been postulated based on converging evidence from
a series of in vitro studies. IL-10 production by peripheral blood mononuclear cells from
patients with Q fever endocarditis and Q fever with valvulopathy who were at risk for
developing chronic Q fever was high, compared to control individuals. (38, 39) Moreover,
IL-10 specifically increases C. burnetii replication in naive monocytes (40) possibly
by downregulating IFNg. Finally, low IL-10 production in monocytes from patients
with acute Q fever was associated with C. burnetii elimination, whereas C. burnetii
replicated in monocytes from patients with chronic Q fever and high IL-10 production.
The microbicidal activity of monocytes from patients with chronic Q fever was restored
by neutralizing IL-10. (41) The murine model of chronic Q fever mentioned above, also
confirmed a key role for IL-10 in bacterial persistence. C. burnetii infection is persistent
in mice that overexpress IL-10 in the macrophage compartment. (29) Thus, IL-10 could
play a crucial role in this immune-suppressed environment.
The last major difference between Q fever AAA and atherosclerotic AAA is the extent
of damage to the vascular wall architecture in Q fever AAAs. This is demonstrated by
extensive loss of elastin fibers and increase of fibrosis present in the vascular wall.
Fragmentation of elastin fibers has been described for AAAs previously (23), however
we found the loss of elastin fibers more evident in the lesions from Q fever AAAs than
atherosclerotic AAAs. Fibrosis is characterized by replacement of normal tissue by
excessive connective tissue, and usually follows chronic inflammation. Presence of
fibrosis is a sign of a type 2 immune response (42), which we also demonstrated in our
cohort with the abundance of M2 macrophages. This may be the effect of persistent
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These novel insights could lead to new clues for novel treatments and thus developments
for clinical care. Currently, Q fever AAA still leads to significant morbidity and mortality
rates despite antibiotic and surgical treatment. Epidemiological studies demonstrate the
similar risk profile of Q fever and non-Q fever infected AAAs, yet the risk of complications
is higher in the Q fever infected group (7), even up to 61% (6), and 25% of patients
suffering from Q fever AAA had deceased with a definitely/probably chronic Q fever
related cause of death. (6) Here, we confirm that in vascular manifestations of Q fever,
the local immune response is skewed towards an immunotolerant state. Hypothetically,
the decreased expression of GM-CSF suggests a possible role for immunomodulating
treatment, for example with administration of recombinant GM-CSF. This is already
approved for neutropenia due to myelosuppression (48), and has been suggested for
treatment for pulmonary tuberculosis. (49) There might be a role for immunomodulating
adjuvant therapies in patients with Q fever AAA in whom treatment failure is observed
with antibiotics alone.
Our study was the first to use mIHC in Q fever AAA and thereby to gain information
about the number and proportion of immune cells, and simultaneously obtain spatial
information. This powerful technique and the access to rare Q fever AAA tissue are strengths
of this study. While other studies have tested for immune cell activation and recruitment
in peripheral blood, we were able to study the actual infected tissue. Interpreting our
results in context of previous observations enables us to increase our understanding of the
pathophysiology of Q fever AAA. Still, several limitations should be noted. First, our sample
size is limited with only ten vascular manifestations of Q fever samples. However, this is
still the largest study investigating local immune responses in Q fever AAA in humans. In
addition, in our quantification method we include entire slides up to 238 20x views per
patient, which minimizes the effects of the small sample size. Second, consistent with IHC
studies in general, we can only describe the immune cells we observe, without answering
mechanistic questions. Although epidemiological studies suggest that Q fever AAA is the
result of C. burnetii infected AAAs, our study did not support causation. Moreover, our
study lacks direct IHC identification of C. burnetii in Q fever AAA, however all samples were
proven PCR positive. Additionally, elastin (breakdown) and fibrosis were not quantified.
Lastly, it should be emphasized that these results and interpretations are based on tissue
samples from patients with indication for surgery. Nevertheless, when interpreting our
results in light of the current literature, we can reasonably formulate hypotheses about the
pathophysiology and test these in further research.
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presence of growth factors, proteolytic enzymes, angiogenic factors, and profibrotic
cytokines. (43, 44) Previously, fibrosis was also observed in chronic Q fever endocarditis
in humans and cows. (12, 45-47) This indicates that our Q fever AAA cohort suffered from
more destructive disease than our AAA cohort.

Taken together, this leads to the following hypothesis with a prominent role for immune
suppression. First, macrophages that harbor C. burnetii are not effectively killing the
micro-organisms, probably due to a lack of activation by proinflammatory cytokines like
GM-CSF and IFN-g in a microenvironment with excess IL-10. Second, effector T cells that
attempt to eliminate the intracellular bacterium residing in monocytes and macrophages,
are hindered by regulatory T cells that are prominent IL-10 producers. Third, there is
a lack of microbicidal M1 macrophages, instead macrophages are polarized into the
tolerogenic M2 phenotype, which leads to insufficient attack of the pathogen, enabling
persistent infection.
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Supplementary File 1A: Loadings of Principal Component Analysis 1 and 2 as depicted in Figure 4.
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ABSTRACT
Background
Bicuspid aortic valve (BAV) is associated with ascending aorta aneurysms and dissections.
Presently, genetic factors and pathological flow patterns are considered responsible
for aneurysm formation in BAV while the exact role of inflammatory processes
remain unknown. In order to objectify inflammation, we introduce a highly sensitive,
quantitative immunohistochemistry approach.

Methods
Tissue originating from dissected, aneurysmatic and non-aneurysmatic ascending aortas
from BAV patients was stained with a novel 8-colour immunohistochemistry technique
allowing for simultaneous visualization of adaptive or innate immune system markers
on one slide. Whole slides (up to 400 20x-views/patient) were quantitatively analyzed
by phenotyping single cells, describing correlations between cell types and investigating
cell-cell interactions.

Results
Aneurysm formation was associated with a 4-times increase of lymphocytes in the
adventitia. Tertiary lymphoid structures with B cell follicles and helper T cell expansion
were identified in aneurysmatic aortas, suggesting a targeted adaptive immune
response. Only dissected aortas showed a statistically significant increase of helper T cells
and cDC2s in the media. Furthermore, aneurysms and dissections were associated with a
shift in macrophage phenotype to the more aggressive M1-like subset.

Conclusions
We identified an organized immune response, associated with BAV aortopathy, by
employing a novel immunohistochemistry method. Since current understanding has not
led to specific therapy or prognostic markers other than diameter, our findings could
shine new light on the multifactorial process of deterioration of the aortic vessel wall
towards a dissection. Inflammatory regulators could lead to new biomarkers identifying
patients at risk of aortic dissection and medical options to prevent aorta vulnerability.
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Thoracic aortic aneurysm, i.e. the dilatation of the aorta beyond 1.5-times the normal
diameter, is a prevalent yet lethal disease that is often silent until presentation as an acute
aortic syndrome (AAS) such as dissection or intramural hematoma.(1-3) A dissection is an
acute event where an intima entry tear is formed and blood propagates along the length
of the aorta to form a false lumen within the aorta layers. AAS have a very high mortality
rate(4), therefore clinical care is focused on prevention with timely reparative surgery.
(5) This strategy is complicated by an incomplete understanding of aortopathies(6),
insufficient pharmacological therapies(7) and most importantly: poor predictive value of
aortic diameter for AAS.(8)
Bicuspid aortic valve (BAV) is one of the common risk factors for ascending aorta
aneurysm and dissection formation.(9) A BAV is an aortic valve consisting of two valve
leaflets due to congenital fusion of two of the three aortic valve cusps. BAV is the most
common congenital heart defect, affecting 1-2 % of the general population.(6, 9) The
majority of patients with BAV will develop aortic dilatation, an occurrence that increases
with age.(9) The development of BAV associated aortopathies is not fully understood.
Genetics and abnormal flow patterns are implicated, although the precise mechanisms
and their value in predicting outcomes remain unclear.(6, 10-12)
Inflammation is seen as an important player in vascular diseases, ranging from
hypertension to atherosclerosis and aneurysm formation in the aorta.(13-15) Strikingly,
aneurysmatic aortas in BAV patients show at first glance no inflammation.(16, 17)
However, inflammation-associated genes are upregulated in BAV aortopathy.(18) To date,
potential ongoing inflammatory processes within BAV aneurysms have not been studied
at a cellular level with state-of-the-art techniques.
Inflammation is a protective response involving blood vessels, molecular mediators, and
many cell types of the immune system. Immune cells can be studied by using markers
to specifically identify cell subsets exerting particular functions. The presence of high
numbers of B cells in combination with neovascularization can be indicative for chronic
inflammation, whereas neutrophils indicate acute inflammation.(19, 20) Characterization
of T cell subsets, dendritic cell (DC) subsets and macrophage polarization can be used to
investigate the extent of involvement and activation status of the immune system in BAV
aortopathy.(21-23)
In this study we aimed to investigate whether inflammatory processes are involved in the
development of ascending aorta pathology in patients with BAV. Inflammatory processes
were studied with a wide variety of markers, focusing on both the innate and the adaptive
87

Chapter 4. Infiltration of Immune Cells in the Aortic Wall is Associated with Aortopathy in Patients with Bicuspid Aortic Valve

INTRODUCTION

immune system. An eight-color immunohistochemistry (IHC) method with automated
quantitative analysis was applied to detect differences between non-aneurysmatic,
aneurysmatic and dissected aortas that led to new hypotheses explaining the dissecting
aorta in BAV patients.

METHODS AND MATERIALS
Detailed materials and methods can be found in the Supplementary methods, also please
see the Major Resources Table in the Supplemental Materials.

Patient samples
Patient material was collected from 3 academic centers in the Netherlands; 1) patients
with a BAV undergoing elective surgical repair of ascending aorta aneurysms or acute
surgical repair of acute Stanford type A dissections at the Radboudumc in Nijmegen, 2)
patients with a BAV undergoing elective surgical replacement of the aortic valve with
or without concomitant proximal aortic replacement at the Leiden University Medical
Centre, Leiden, 3) post-mortem non-aneurysmatic BAV aortic wall samples from the
Heart Valve Bank of the Erasmus Medical Centre in Rotterdam. The Leiden and Rotterdam
samples have been used in a prior study.(24) Approval by the medical ethics committees
of the institutions was obtained before the start of the study conformed to the principles
outlined in the Declaration of Helsinki (2017-3196).
The study population was divided in three groups: 1) non-aneurysmatic (n = 13) defined as
a maximum ascending aorta diameter below 40 mm; 2) aneurysm (n = 10) defined as an
ascending aorta diameter of 40 mm and larger and 3) hyperacute dissection (n = 4) defined
as patients with a Stanford type A dissection proven on CT or trans-thoracic ultrasound and
symptoms for less than 24 hours, in accordance with the IRAD definition.(25)

Tissue Processing
All aneurysm and dissection samples were obtained from surgery. The aneurysm samples
were taken from the most severely affected (maximal diameter) ventral and outer curve
portions of the ascending aorta as assessed by the surgeon. The dissection samples were
taken from the area of the entry tear and the immediate distal portion down-stream.
In the case of a dissection the intima flap from the propagating tear and the standing
adventitia portions of the aorta were embedded. The thrombotic tissue adhering to the
entry and propagating tear was excluded from analysis. All samples were formalin fixed
and paraffin embedded (FFPE): samples were fixed directly after excision in buffered
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Multiplex Immunohistochemistry
Tissue sections were stained with two multiplex IHC panels (Table 1); one for the detection
of lymphocytes and dendritic cells, one for myeloid cells and vascularization. Antibodies
and panels were validated and optimized as described in great detail previously by us
and others.(26-28) The staining procedure consisted of six consecutive tyramide signal
amplification stains with an antigen stripping step between all stains. The fluorophore
remained on the target after the antigen stripping step resulting in eight simultaneous
colors on one slide.
Tissue sections were deparaffinized, rehydrated and washed with demi water before
heat induced antigen retrieval in EnVision™ FLEX target retrieval solution (pH 9, K8004,
Agilent, Santa Clara, CA) for 10 minutes. Protein blocking was performed by covering
the tissue in Akoya Antibody Diluent/Block (Akoya biosciences, MA). Primary antibodies
were incubated for 1 hour, followed by Polymer HRP Ms + Rb (Akoya biosciences, MA)
as a secondary antibody for 30 minutes. Visualization was done with tyramide signal
amplification (TSA) using an Opal fluorophore (Akoya biosciences, MA) dissolved 1:50
in 1 X Plus Amplification Diluent (Akoya biosciences, MA). All incubations steps were
performed at room temperature. Please see the Table 2 in the Supplementary Materials
for a more detailed overview of the used reagents. To achieve a multiplex stain, featuring
6 markers on a single slide, this staining cycle was repeated five more times in series
with a different Opal fluorophore for each marker. Finally, DAPI was used as a nuclear
counterstain and slides were mounted with Fluoromount-G (0100-01; Southern Biotech,
Birmingham, AL, USA).

Slide imaging and multispectral unmixing
Slides were scanned at 20x magnification using the PerkinElmer Vectra (Vectra 3.0.3;
PerkinElmer, MA). Multispectral images were unmixed using spectral libraries and
inForm Advanced Image Analysis software (inForm 2.4; Akoya biosciences, MA). Spectral
libraries were built from images of single stained tissues for each reagent and a nonstained slide for the elastin autofluorescence.
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4% formaldehyde for at least 24 hours. Samples were carefully embedded in paraffin to
include all aorta layers. Full thickness transverse sections of 4 µm were mounted on silane
coated glass slides (New Silane III, MUTO PURE CHEMICALS, Japan).

Table 1: The two eight-color IHC panels used for identification of cells of the adaptive and the innate
immune system. Markers used for defining specific cell populations are listed. Antibody clones
between brackets.
Panel markers (clone)

Panel cell phenotypes

Adaptive immune
cell panel

Innate immune cell
panel

Adaptive immune cell panel

Innate immune cell panel

DAPI

DAPI

T cell

CD3+

Macrophage

CD68+

CD3 (SP7)

CD68 (PG-M1)

Helper T cell

CD3+ CD8-

M1-like
macrophage

CD68+
CD206-

CD8 (C8/144B)

CD206 (CL038+)

Cytotoxic T cell

CD3+ CD8+

M2-like
macrophage

CD68+
CD206+

CD20 (L26)

CD15 (MMA)

Regulatory T
cell

CD3+ CD8FoxP3+

Neutrophil

CD15+

CD1c (2F4)

CD31 (JC70A)

Memory helper CD3+ CD8T cell
CD45RO+

Endothelium

CD31+

FoxP3 (236A/E7)

MMP9 (polyclonal)

B cell

CD20+

MMP9+ cell

MMP9+
CD15-

CD45RO (UCHL-1)

GM-CSF (polyclonal)

classic DC
type 2

CD1c+ CD20-

Autofluorescence
(elastin fibers)

Autofluorescence
(elastin fibers)

Tissue and cell analysis
Whole slides consist of up to 400 20x-views. 20x magnification was chosen as it allowed
accurate cell segmentation while simultaneously sampling a large aorta section which
minimized sampling bias. Note that only the inserts of figure 2 and figure 4 are displayed
at the actual scanned resolution. Single cells were segmented using inForm Advance Image
Analysis software which uses DAPI to identify cells and improves upon this segmentation
using the membrane makers CD20 and CD3 when present. Artifact staining is very sparce
and only present in necrotic areas void of cells. Excluding artifact staining in the analysis
was possible by the DAPI based cell segmentation since only fluorescence associated with
a cell is analyzed. Consequently, cell membranes without a nucleus -because it is outside
of the section- will not be analyzed. This is most notable with large and irregularly
shaped cells such as macrophages. Cell data (localization, tissue, phenotype and marker
expression data) and 20x view images were merged to form single flow cytometry
standard files for each slide. These data were subsequently analyzed using FlowJo (Becton
Dickinson, NJ). The tissue slides were divided into intima, media and adventitia based on
the trained inForm tissue segmentation data (Figure 1B). Cells were phenotyped by gating
as shown in Figure 1D. The expression of CD45RO and MMP9 is gradual as reported
previously,(29) and does not result in a distinct positive population. Therefore, nonimmune cells were used as the negative control population for CD45RO and MMP9 and
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Nearest neighbor analysis
Nearest neighbor analysis was performed on M1-like macrophages (CD68+ CD206-)
and endothelial cells (CD31+ CD68-) located in the media and adventitia of all aortas as
phenotyped by inForm cell phenotyper. All data belonging to one slide were merged in
order to find nearest neighbors on adjacent tiles. Slides that contained less than 150 cells
of one phenotype were excluded because of a high chance for a sample error. An adapted
version of the Akoya Biosciences ‘phenoptr’ (30) nearest neighbor analysis was performed,
finding the median minimal distance between M1-like macrophages and endothelial cells.

Statistical analysis
Statistical analysis was performed with SPSS for Windows (IBM Corp, 2017. IBM SPSS
Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp). Visualization of results
was done with PRISM 8 (Graphpad, GSL Biotech LLC, CA). Continuous data were
expressed as mean ± standard deviation (SD), or in case of non-Gaussian distribution
median (interquartile range) (IQR). The non-Gaussian distributed variables were
compared between two groups with the Kolmogorov-Smirnov test. Testing between
three groups was performed with the independent Kruskal-Wallis test adjusted with
Bonferroni correction for multiple testing. Binary variables were tested for differences
using the Fisher exact test. Interobserver variability was calculated with the intraclass
correlation coefficient (ICC). Correlations between continuous non-Gaussian distributed
variables were studied with Kendall’s tau because of low numbers per group. P < 0.05 was
considered statistically significant.
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cells with a higher expression of the marker compared to the negative control were marked
as positive (see Supplementary Figure 1 for an example). As FoxP3 expression declined
in post-mortem samples, this marker was not included in analysis of post-mortem nonaneurysmatic samples (group 1). The inForm tissue segmenter was specifically trained
on DAPI, elastin autofluorescence, CD20 and CD3 to recognize lymphoid infiltrates.
Lymphoid infiltrates were defined as dense lymphocytic conglomerates where both Tand B-lymphocytes are physically touching. Subsequently, these regions where scored as
tertiary lymphoid structures (TLS) by a pathologist in training based on the presence of
separate B and T cell zones, venules or germinal centers.

RESULTS
Patient baseline characteristics
BAV ascending aorta samples were collected and divided into 3 groups: non-aneurysmatic,
aneurysm and dissection. Baseline characteristics showed statistically significant
differences between the aorta diameter of non-aneurysmatic versus aneurysm and
dissection samples (Table 2). There was no significant difference between the diameters
of aneurysm and dissections (Table 2). The time between the onset of symptoms of acute
aortic dissection and surgery was relatively short, with a median of 4.4 (2.5 – 15.5) hours
(Table 2). This short interval is of key importance, as the acute mechanical tissue damage
of the propagating tear will initiate an acute inflammatory response.
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interquartile range. *ACEi Angiotensin Converting Enzyme inhibitor; ARB Angiotensin II Receptor
Blocker.
Variable

Non-aneurysmatic
(n = 13)

Aneurysm (n = 10)

Dissection (n = 4)

P value

Male sex n (%)

12 (92)

9 (90)

2 (50)

0.172

Age (year)

52 (47-63)

57 (51.25-60.25)

67 (43.5-69.5)

Time from symptoms
to surgery (hours)

N/A

N/A

4.4 (2.5 - 15.5)

Diameter (mm)

39.5 (31-42.25)

50.50 (47.25-57.25)

54 (47-64)

39.5 (31-42.25)

50.50 (47.25-57.25)

39.5 (31-42.25)

< 0.001
0.001

54 (47-64)

0.005

50.50 (47.25-57.25)

54 (47-64)

1.0

Vasculopathy
Aortic stenosis n (%)

3 (23)

5 (50)

1 (25)

0.542

Aortic regurgitation
n (%)

1 (8)

2 (20)

0 (0)

0.733

Combined n (%)

4 (31)

2 (20)

1 (25)

0.845

3 (23)

3 (30)

1 (25)

1

Previous surgery n (%) 0 (0)

0 (0)

0 (0)

n/a

Medical history
Hypertension n (%)

Medication
ACEi*/ARB† n (%)

2 (15)

2 (0)

0 (0)

1

Other antihypertensive n (%)

1 (8)

3 (30)

1 (25)

0.807
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Table 2: Baseline characteristics of the study cohort (n = 27). Data are shown as n (%) or median ±

Quantitative multiplex immunohistochemistry allows identification of
multiple cell types in tissue sections
To comprehensively investigate the inflammatory response in BAV aortopathy, two
antibody panels were designed and optimized. These panels identify cells of either
the innate or the adaptive immune system (Table 1). Eight colors from 6 antibodies
markers, DAPI and elastin autofluorescence on a single slide, resulted in complete
colocalization of markers which is key when describing cell subsets with more than
one marker (Supplementary Figure 2). Fluorescence excitation and emission spectra
were overlapping, therefore multispectral images were unmixed using a spectral library
(Figures 1A; Supplementary Figure 3). Figure 1A shows the unmixing of a representative
sample and demonstrates the effectiveness of the unmixing step as can be observed by the
lack of bleed-through, even when fluorophore intensity is high. After unmixing, images
were refined in a three-step process to extract whole slide single cell phenotype data.
In the first step, the inForm tissue segmenter was employed to distinguish the intima,
media and adventitia layers as shown in Figure 1B. This allowed for separate analysis
of the different layers and exclusion of hematomas caused by the surgery or dissection
where circulating peripheral blood cells are present. A layer specific analysis of vascular
tissue is essential for an adequate analysis of the distinct disease processes which are
enfolding in each layer. An automated machine learning based approach as employed
here is needed to allow such analysis without prohibitively increasing analysis times.
In the second step, cells were virtually dissociated with the inForm cell segmentation
tool (Figure 1C). Finally, cells were divided in populations based on marker expression
as assessed by a flowcytometry-like method (Figure 1D). Supplementary Figure 4 shows
the similar imaging processing for the innate immune cell panel. Data from FFPE tissue
have substantially more fluorescent background signal, compared to flow cytometry,
which results in a less clear separation of cell populations. Despite this difficulty, the
interclass correlation coefficient (ICC) of two blinded observers was excellent (Figure
1E), demonstrating the robustness of this analysis approach. Additionally, this semiautomated approach allows analysis of entire slides decreasing sampling error. In this
study, the mean number of 20x-magnification views analyzed per subject was 228 ± 107.

Ascending aorta aneurysms show a strong increase in lymphocyte
numbers in the adventitia compared to non-aneurysmatic aortas
Tissue damage caused by hypertension, pathological flow patterns, and aging can lead to
an activation of the immune system.(13, 31) Cells of the adaptive immune system can be
attracted to areas with such tissue damage via cytokine production by (resident) cells of
the innate immune system. Subsequently, the cells of the adaptive immune system can
locally be activated through detection of damage associated molecular patterns (DAMPs)
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Figure 1: Image processing and data analysis methods. A All markers were stained consecutively
and were simultaneously scanned with a fluorescence microscope and visualized with inForm.
All separate channels of the adaptive immune cell panel (except autofluorescence) are shown to
visualize the quality of the unmixing step. B inForm machine learning based tissue segmentation was
used to distinguish the adventitia (A), media (M) and intima (I) and exclude the background (Ba) and
blood (Bl) from the analysis C Cell segmentation was based on identification of the nucleus on the
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by the pattern recognition receptors on lymphocytes.(32) However, the adaptive immune
system can further maintain and steer the immune reaction towards tolerogenic or proinflammatory when it recognizes antigens and receives co-stimulatory clues. Here, the
adaptive immune system is studied by markers discriminating B cells, T cells and various
subsets thereof (Table 1). Distinguishing these subsets provides insight in T cell function
and activation state. Furthermore, type 2 classic dendritic cells (cDC2), which interact
with and present antigen to helper T cells, can be identified.(22)

DAPI signal (segmentation marked in green) and membrane identification on CD3, CD8 and CD20
(segmentation marked with the red line). D Single cell data visualized with FlowJo. Marker expression
of the segmented single cells was assessed with a flowcytometry-like method. This resulted in cell
populations that could be reproducibly gated as shown here for the adaptive immune cell panel. E
Inter-observer agreement was excellent as measured with the intraclass correlation coefficient (ICC)
thus cell population gating shows good reproducibility between observers (n = 27 for each cell type).

First, the adventitia of BAV ascending aorta aneurysms was compared to nonaneurysmatic samples (Figure 2A and B). The adventitia of dissected aortas was not
analyzed as the pressure of the blood entering layers of the aorta disrupted the original
morphology of the weak adventitia and the deposited peripheral blood cells contaminated
the sample (Figure 2C). The media layer is much stronger and this results in a single
tear that can easily be excluded in the analysis. The adventitia of aneurysm samples
contained 4-times more lymphocytes and even 25-times more B cells when compared to
non-aneurysmatic samples (Figure 2D). Especially more helper T cells and B cells were
observed in the adventitia of aneurysms, these cell types seem to increase simultaneously
as is suggested by their positive correlation (r=0.411 (CI 0.087-0.671), p=0.007). The
number of CD45RO+ memory T cells was significantly higher in the aneurysm compared
to the non-aneurysmatic group (p < 0.01). Finally, very limited numbers of regulatory T
cells were observed in the adventitia of aneurysmatic aortas. (Figure 2D).

Figure 2: Adventitia of aneurysms showed increased numbers of lymphocytes. A Representative
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cross-section of the adventitia of a non-aneurysmatic BAV ascending aorta (n = 13). Note the helper T
Representative cross-section of the adventitia of a BAV ascending aorta aneurysm (n = 10). Note the
strong increase of T cells and the appearance of a significant number of B cells. C Representative
cross-section of the adventitia of a dissected BAV ascending aorta (n = 4). The adventitia has largely
been destroyed by the force of the entering blood. However, a large number of lymphocytes can be
seen scattered close to the media and at the edge of the adventitia (arrow). D Quantification of
adaptive immune system cells in the adventitia of non-aneurysmatic (n = 13) and aneurysmatic (n =
10) BAV aortas, total analyzed 20x-views = 6318. Data shown as median ± inter-quartile range, * p
<0.05, ** p <0.01 as calculated with the independent Kolmogorov-Smirnov Test.

Lymphocytes in the adventitia of aneurysmatic aortas are organized as
tertiary lymphoid structures
The multiplex IHC method we used allows for whole slide quantification of immune
cell subsets while also maintaining morphological information. Here, we identified
organized structures of T- and B-cells and cDC2s in the adventitia of aneurysms,
displaying T and B cell zones, germinal centers and venules (Figure 3C and D). Based
on these observations, we classified these structures as tertiary lymphoid structures
(TLS). TLS formation can occur during chronic and non-resolving inflammation as these
structures play an important role in immune defense. To quantify TLS in an unbiased way,
a machine learning algorithm was used (Figure 3A). TLS were present in the adventitia of
38% of BAV aneurysms whereas in non-aneurysmatic BAV ascending aortas no TLS were
present (Figure 3B). TLS were also observed in dissected samples however these were not
quantified as the destroyed adventitia morphology did not allow robust analysis (Figure
2C and 3D).
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cells, cytotoxic T cells and cDC2s which are mainly situated around the vasa vasorum (arrows). B

Figure 3: Tertiary lymphoid structures (TLS) were only identified in the adventitia of aneurysms and
dissections. A Left, a 20x magnified image of a tertiary lymphoid structure showing the separate B
and T cell zones and a germinal center. Right, result of tissue segmentation of this 20x magnified
image with a machine learning algorithm. B Quantification of the occurrence of a TLS in the
adventitia of non-aneurysmatic (n = 13) and aneurysmatic (n = 10) BAV ascending aorta samples,
aneurysm samples have TLS significantly more often as calculated with the Fisher’s exact test. C
Representative image of a TLS found in the adventitia of an aneurysmatic aorta, germinal center
indicated with an arrow. D Although most dissected BAV ascending aortas had a non-representative
adventitia due to the disruption of the entering blood, TLS with germinal centers (white arrow) were
observed.

Number of helper T cells in the aortic media is associated with disease
severity, not aorta diameter
Deterioration of the integrity of the aortic media is generally seen as the key process leading
to a vulnerable aorta. In the media of dissected aortas an increase in cDC2s, a subset of
DC potent in activating helper T cells, was found in the media of dissected aortas.(22)
Furthermore, a significantly increased number of T cells, especially helper T cells was
observed compared to the media of non-aneurysmatic aortas (Figure 4A-D). Strikingly, we
found these helper T cells and cDC2s only in areas with disruption of the elastin fiber layout,
observable as elastin fragmentation and loss of elastin density (Figure 4).
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Representative cross-section of the media of a non-aneurysmatic BAV ascending aorta (n = 13). Sparse
helper T cells were found in outer 2/3th of the media often in blood vessels. B Representative crosssection of the media of an aneurysmatic BAV ascending aorta (n = 10). A slight increase in number of
T cells, now extravasated into the tissue, was observed in the media of aneurysmatic aorta samples.
Note the decrease of elastin density and frequent elastin fiber breaks. C Infiltration of helper T cells,
and the occasional cytotoxic T cell in the aortic media of dissected aortas (n = 4). We also observed an
increased number of cDC2s in these samples. Note the decrease of elastin density and frequent
elastin fiber breaks. D Quantification of adaptive immune system cells in the media of nonaneurysmatic (n = 13), aneurysmatic (n =10) and dissected (n=4) BAV aortas. Data shown as median
(interquartile range), * p < 0.05, ** p <0.01 as calculated with the independent Kruskal-Wallis Test
adjusted with Bonferroni correction for multiple tests or Kolmogorov-Smirnov Test in case of two
groups (regulatory T cells). Total analyzed 20x-views = 6318 E Scatter plot of M1-like macrophages
(left; n = 27) T cells (middle; n = 27) and cDC2s (right; n = 27) in the media versus the aorta diameter,
dissected samples are marked as a red dot. There was poor correlation between aorta diameter and
number of inflammatory cells in the media as calculated with the Kendall’s tau.
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Figure 4: The media of dissected aortas showed an increased number of helper T cells and cDC2s. A

In aneurysmatic and non-aneurysmatic aortas, the numbers of T cells in the media and
adventitia were positively correlated (r=0.368 (CI 0.023-0.639), p=0.017). This observation
might suggest that these processes are connected.
Finding immune cell infiltration of the aorta media poses the key question whether
these cells infiltrate as a result of the expanding aorta or are indicative of a separate
process which is contributing to the vulnerability and expansion of the aorta. Since our
findings are inherently descriptive, interpretation of the data is speculative. Yet, in order
to investigate whether the observed differences were the direct result of an expanding
aorta diameter, we studied the correlation between number of immune cells and aorta
diameter. The correlation between immune cell numbers and aorta diameter was absent
for T cells and poor for M1 macrophages and cDC2s (Figure 4E). This may indicate that
immune cell infiltration of the media is not simply caused by an expanded aorta wall.
Since we do find differences stratified to disease state (i.e., non-aneurysmatic, aneurysm
and dissection) immune cell infiltration into the media might be the result of a separate
process.

Dissections in BAV are not associated with immune cell infiltration of
the intima
The process of atherosclerosis is, amongst others, characterized by immune cell
recruitment in the intima.(14) In this cohort, no differences are observed in immune cell
numbers in the intima between non-aneurysmatic, aneurysmatic and dissected aortas
(Supplementary Figure 5). This may suggest that atherosclerosis does not play a role in
the development of ascending aorta aneurysms and dissections in patients with BAV,
which is in line with earlier reports in patients with tricuspid aortic valves.(33)

Aneurysms and dissections show increasing numbers of M1-like
macrophages
Helper T cells exert their function through production of cytokines that can activate and
modulate the innate immune system.(23) To get insight in these processes, the number
of neutrophils and macrophages as well as their polarization were assessed (Table 1).
Furthermore, the expression of one of the important metalloproteinases (MMP) in aortic
disease, MMP9, was studied to investigate whether this specific MMP contributed to matrix
vulnerability in BAV aortopathy.
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A Full thickness sample of a non-aneurysmatic BAV ascending aorta (n = 13). Note sparse M1-like
macrophages (red arrow) in the media, closely situated to the sparse vasa vasorum (endothelium
in white). The adventitia showed mainly M2-like macrophages (green arrow). Neutrophils were
found intra-vascular (cyan arrow). B Full thickness sample of an aneurysmatic BAV ascending aorta
(n =10). Note the increase in M1-like macrophages and some disruption of the media elastin fibers
(grey arrow). C Full thickness sample of a dissected BAV ascending aorta (n = 4). Note the increase
in M1-like macrophages (red arrow) in the media and strong infiltration of neutrophils (cyan arrow)
in the adventitia alone. D Quantification of innate immune system cells in the media and adventitia
of non-aneurysmatic (n = 13), aneurysms (n = 10) and dissections (n = 4), total analyzed 20x-views
= 5931. Data shown as median ± inter-quartile range, * p < 0.05, ** p < 0.01 as calculated with the
independent Kruskal-Wallis Test adjusted with Bonferroni correction for multiple tests.

The adventitia of both non-aneurysmatic and aneurysm samples was analyzed (Figure 5).
Again, the adventitia of dissected aortas was excluded due to mechanical damage (Figure
5C). In the adventitia, increased numbers of macrophages in aneurysmatic compared
to non-aneurysmatic samples were observed (Figure 5D). Although the adventitia
of dissections was disrupted, visually a strong increase in neutrophils was observed
compared to non-aneurysmatic samples (Supplementary Figure 6). The media could be
interpreted reliably and showed a gradual increase in numbers of macrophages from
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Figure 5: Aneurysms and dissections showed increased numbers of macrophages in the aorta media.

non-aneurysmatic to aneurysmatic and dissected aorta samples (Figure 5). The interplay
between the adaptive and innate immune system was supported by the correlation
between T cells and macrophages in the media (r=0.411 (CI 0.129-0.676), p=0.007) and
more specifically T helper cells and macrophages (r=0.466 (CI 0.140-0.744), p=0.004).

Figure 6: Nearest neighbor analysis of the distance between M1-like macrophages and endothelium
did not show macrophages in dissections closer to the vasa vasorum. A Visualization of the nearest
neighbor analysis on a single 20x view. M1-like macrophages are marked in red, endothelium in
cyan, the distance between a M1-like macrophage and the closest endothelial cell was marked
with a white line. Cells are only phenotyped in the presence of a DAPI stained nucleus, which is an
important quality control mechanism to prevent analysis of artefact staining. CD68 staining (in red)
of the irregular membrane of macrophages can be seen without the cells’ nucleus in the section,
consequently these signals are not analyzed as a cell. Note that the full analysis was done on a whole
slide level, not on separate 20x views. B Quantification of the median distance between M1-like
macrophages and endothelium. We do not observe a significant difference in this distance between
non-aneurysmatic (n = 5), aneurysmatic (n = 9) and dissected (n = 4) samples as calculated with the
Kruskal Wallis test. Data shown as median ± inter-quartile range.

The majority of media macrophages was M1-like, indicative for a pro-inflammatory
innate immune cell activation21. Furthermore, GM-CSF, a pro-inflammatory cytokine
implicated in the onset of aortic dissections(34), was observed in vascular smooth muscle
cells (VSMC) and media infiltrating immune cells of dissections and some aneurysms
(Supplementary Figure 7B-D). Non-dilated aortas rarely showed GM-CSF positive cells
(Supplementary Figure 7A).

102

Increased vascularization of the media in dissected aortas could indicate
chronic inflammation preceding an AAS
CD31 was used to quantify vascularization; an increase of cells expressing this marker
is indicative for neoangiogenesis.(19) Macrophages can express high levels of CD31.
Multiplex IHC allowed exclusion of these CD31 positive macrophages from this
analysis. Media CD31+ endothelial cells increased from 0.26% (IQR 0.16%-0.62%) to
1.08% (IQR 0.83%-1.73%) of all cells (p=0.009) for non-aneurysmatic to dissection
samples, respectively (Figure 5D). Additionally, the number of CD31+ endothelial cells
correlated with the number of T cells and macrophages in the media, r=0.530 (CI 0.3250.715), p=0.000 and r=0.351 (CI 0.139-0.553), p=0.012 respectively. This is indicative for
neoangiogenesis associated with inflammation in the period preceding dissection as is
often found found in chronic inflammation.

In situ phenotyping of cells allows for nearest neighbor analysis to asses
cell migration
Multiplex IHC allows identification of cell types while maintaining information about
their specific location within the sample. To study whether the increase in macrophages in
dissected samples compared to non-aneurysmatic media can be attributed to monocyte
recruitment from the circulation, a nearest neighbor analysis was performed to study
the distance between macrophages and the nearest vasa vasorum (Figure 6A). If cells
would have been recruited based on an acute event (i.e. dissection), it could be expected
that these cells were found much closer to the nearest vasa vasorum compared to nonaneurysmatic or aneurysm samples.(36) We did not observe differences in the median
distance between macrophages and endothelial cells of all groups (Figure 6B). This
observation might indicate that the acute dissection did not yet result in extravasation of
additional monocyte/macrophages and that the number of macrophages observed were
likely present before the dissection.
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Pro-MMP9 can be produced in the aorta by macrophages, VSMC and fibroblasts, which
is a sign of disease severity.(35) Pro-MMP9 is also prestored in neutrophils and released
upon activation into the extracellular matrix where it is activated. Since neutrophils are
expected to contain high concentrations of pro-MM9 irrespectively of disease etiology
they were excluded from analysis. We did not observe an increased expression of proMM9 and MMP9 in aneurysms or dissections compared to non-aneurysmatic samples
which could indicate that this specific metalloproteinase did not contribute to dissection
formation in BAV aortopathy (Figure 5D).

DISCUSSION
BAV is a highly prevalent heart defect with a significant risk of developing aortopathy and
AAS.(9) The clinical task of preventing high-mortality complications such as dissection is
difficult and likely leads to both over and under treatment. An incomplete understanding
of the underlying mechanisms leading to aorta dilatation and ultimately acute dissection,
makes recognition of the vulnerable aorta challenging. Here we show that, especially in
the adventitia of ascending aorta aneurysms and dissections in patients with BAV, high
numbers of immune cells are present. These immune cells are organized in tertiary
lymphoid structures, indicative for chronic and non-resolving inflammation. We
hypothesize that these ongoing inflammatory responses lead to deterioration of the
aorta wall. This hypothesis is underscored by our observation that the aortic media is also
infiltrated by immune cells, coinciding with disruption of elastin fibers.
Currently, the diameter of the ascending aorta is the most important parameter to
decide on prophylactic replacement of the aorta in order to avoid acute life-threatening
complications such as dissections.(5) In our cohort of aneurysmatic and dissected
ascending aortas, the aorta diameters did not differ significantly. This is in line with
clinical observational studies which show that the majority of aortic dissections occur at
a diameter less than the cut-off for surgery. This does not imply that the aorta diameter
is not relevant in aortopathy, it merely emphasizes the shortcomings of this parameter as
a sole prognostic tool in the complex multi-factorial pathophysiology of dissections.(8)
BAV aortopathy develops through unique genetic factors and flow pattern mechanisms.
(6, 9-12) BAV aorta aneurysms are characterized by disruption of elastin fibers, VSMC
death, and matrix degradation, all forms of tissue damage.(5, 9, 37, 38) This tissue damage
is more specifically the result from abnormal flow patterns(12, 39), MMP2 upregulation(6,
17), VSMC oxidative stress and erroneous collagen and elastin biosynthesis, cross-linking
and microarchitecture.(37, 40) These combined processes lead to the formation of DAMPs
that can activate resident cells which recruit circulating leukocytes to these damaged
regions and might thus explain the increased number of immune cells observed here.(41)
Previously, inflammation in BAV aortopathy was studied using conventional hematoxylineosin staining or IHC with macrophage markers such as CD68.(16, 17, 42) The majority of
these studies did not show significant differences in immune cell numbers between nonaneurysmatic and aneurysmatic aortas of patients with BAV. Yet, other studies described
neovascularization and low grade inflammation in aneurysmatic and dissected BAV
aortas.(18, 42)
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In dissection samples it is important to distinguish whether the observed immune cells
were present before the dissection, possibly contributing to the event, or as a result
of the acute trauma of the dissection. In various models of acute injury, numbers of T
cells, macrophages and myeloid DCs are not increasing within the first 12 hours after
injury.(44-46) Since the median time from first symptoms of dissection to surgery was
4.4 hours, we believe that these cells were present before the acute event. Our nearest
neighbor analysis can also provide insight into the chronology of changes in immune
cell numbers between non-aneurysmatic and dissection samples. Acute extravasating
cells could be expected to be localized closer to the vasa-vasorum compared to resident
cells. We observed no difference in the macrophage-endothelium distance between acute
dissections and electively removed aortas, which suggests that the observed macrophages
were present before the acute event. Moreover, the vascularization of the aortic media
was significantly increased in dissections compared to non-aneurysmatic samples. This
finding suggests neoangiogenesis in affected aortas, which takes time to develop and is
associated with chronic inflammation.(19) Indeed, we find a correlation between aortic
media vascularization and immune cell numbers.
Overall, we show for the first time in BAV aortic aneurysms and dissections, increased
numbers of immune cells. Similar results were observed by He and colleagues in tricuspid
valve ascending aortic aneurysms.(47, 48) The contribution of these immune cells to
aorta vulnerability in both conditions is unknown, although it might be based on a joint
mechanism.
In our comprehensive visualization of immune cells, aneurysms have increased
numbers of lymphocytes in the adventitia compared to non-aneurysmatic aortas. These
lymphocytes might be recruited by resident innate immune cells and become organized
into cell clusters that facilitate interactions with antigen presenting cells (APCs).(49)
A wide range of chemokines, toll-like receptor (TLR) ligands and growth factors are
implicated in the activation of the involved cells and the development and organization
of these cells into clusters.(49, 50) In the vessel wall, TLR-4 ligands such as heat-shock
protein (hsp) 70, induced during vessel wall damage from acute hypertension(38), might
play a central role in this process. In these clusters, antigen is continuously presented
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We implemented a novel whole slide quantitative multiplex IHC method that allowed
investigation of diverse immune cells in aortic tissue in a highly sophisticated manner.
We minimized sampling bias by quantifying immune cells on an average of over 200
20x-magnification views per subject. Furthermore, we employed a quantification
method with remarkably good interobserver agreement and thus minimized observer
bias. Therefore, this novel method might be more appropriate to discover biologically
important differences in immune cell composition.(26, 27, 43)

by professional APCs. In general, when antigen is recognized by a lymphocyte this will
lead to the formation of TLSs with a germinal center. Previous research has shown that a
nonspecific stimulus of the TLR-4 receptor is insufficient to form germinal centers within
these TLSs.(51, 52) Therefore, tissue damage may explain the presence of lymphocytic cell
clusters, yet an alternative explanation for the formation of germinal centers is needed.
Highly organized TLSs with germinal centers were observed in 38% of the adventitias of
aneurysmatic aortas. In contrast, no TLS formation was observed in non-aneurysmatic
aortas. TLSs can be formed at sites of infection or chronic immune stimulation. The
presence of TLSs and their association with tissue damage in chronic diseases has led to
the suggestion that they are important inductive sites for T lymphocytes and antibodies
that contribute to pathology.(53, 54) Auto-reactive T cells to elastin fragments were
recently identified by Gu and colleagues in the peripheral blood of patients with thoracic
aneurysm disease. A similar auto-antigen might be responsible for the immune cell
infiltrate observed in this study.(55) However, it should be noted that the activation of the
adaptive immune system is highly context dependent and influenced by environmental,
microbiome and life-style factors.(56) Therefore, it is probable that the presence of such
auto-antigen will only lead to immune system engagement in a specific tissue with
specific factors present, which could explain why other elastin containing tissues are not
affected in these patients.
Our study is not designed to provide evidence for specific mechanisms underlying
adaptive immune cell activation, and yet the presence of T cell subsets can provide
indications. The increase of helper T cells, coinciding with the constant number of
cytotoxic T cells in our patient cohort, is indicative for an extra-cellular antigen such as an
extracellular matrix protein.(57)
Another T cell subset we detected, although in small numbers, are regulatory T cells.
These cells are induced during an immune response to prevent damaging overactivation
of cytotoxic T cells. Strikingly, the number of regulatory T cells that we observed in
aneurysms (3.5 IQR 2.1–4.7% of all helper T cells) was very low compared to the numbers
present in a reparative tissue injury reaction(58), which might indicate a deregulated
immune response.
Our multiplex method provides the unique opportunity to study cells in their biological
context. The location of immune cells might be particularly indicative for their role in
aorta vulnerability. The media is the layer that contributes most to the strength of the
vessel wall. Here, in the media of dissected aortas an increase in helper T cells, cDC2s
and M1-like macrophages is observed when compared to non-aneurysmatic aortas.
Antigen presentation and T cell stimulation by cDC2s tend to tip the T cell balance
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Some limitations need to be acknowledged. First, the sample size of our groups is limited.
However, instead of analyzing only a few 20x-views, we have analyzed entire slides. This
totaled to an average of over 200 20x-views per patient. This minimizes the sampling
bias compared to the conventional method and is therefore a good representation of
the ongoing processes in BAV aortopathy. Our findings are only representative of the
BAV subpopulation of patients with aortopathy. These results cannot be extrapolated to
tricuspid aortic valve patients and patients with Marfan syndrome given the important
distinctions between these aortopathy subpopulations. However, comparable results
could be expected based on earlier work (47, 48) and investigation of these subpopulations
would therefore be an interesting area of future research.
In summary, degenerative processes attributing to dissection in BAV aortopathy are
numerous. Genetic factors and pathogenic flow patterns which subsequently alter VSMC
function take a central place in our current understanding of ascending aorta aneurysms
in BAV. Here we introduce an in-depth analyses method to investigate immunological
processes in vascular disease. With this method, chronic immune activation in BAV
aortopathy was made visible, expanding on the limited knowledge that is available
on this subject. The presence of chronic immune activation is independent of aorta
diameter and is not solely based on a reaction towards tissue damage. We hypothesize
that aberrant activation of the adaptive immune system contributes to the process of
aortic vulnerability, alongside genetic factors and flow-mediated mechanisms. Further
investigation into the role of the immune system in the pathogenesis of AAS in BAV is
warranted and could lead to new diagnostic or therapeutic avenues.
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towards a helper T cell skewed immune response.(22) The increase in cDC2s coincided
with an increase in helper T cells in dissected compared to non-aneurysmatic aortas.
These helper T cells, might further activate macrophages to produce pro-inflammatory
cytokines and chemokines such as GM-CSF, as indeed was observed in this study and in
previous pre-clinical and clinical work.(34) The increase in M1-like macrophages in the
media of dissected aortas hints to a more damaging immune response in BAV dissections
compared to non-aneurysmatic aortas. This complex interaction between innate and
adaptive parts of the immune system could play a role in aorta vulnerability, especially
when this interaction is deregulated.
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Non-standard Abbreviations and Acronyms
AAS acute aortic syndrome
APC antigen presenting cell
BAV bicuspid aortic valve
cDC2 classic dendritic cell type 2
DAMP damage associated molecular pattern
DC dendritic cell
FFPE formalin fixed and paraffin embedded
GM-CSF granulocyte-macrophage colony stimulating factor
Hsp heat shock protein
ICC intraclass correlation coefficient
IHC immunohistochemistry
IQR interquartile range
MMP matrix metalloproteinase
TLS tertiary lymphoid structure
TLR toll-like receptor
VSMC vascular smooth muscle cell
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SUPPLEMENTARY TABLES
Antibodies
Supplementary Table 1
Target antigen

Vendor

Catalog #

Working concentration

CD3 (SP7)

Thermo-Fisher

RM-9107

1:400

CD8 (CD8/144B)

Dako

M7103

1:1600

CD20 (L26)

Thermo-Fisher

MS-340-S

1:300

CD1c (2F4)

Abcam

Ab156708

1:150

FoxP3 (236A/E7)

eBioscience

14-4777-82

1:300

CD45RO (UCHL-1)

Thermo-Fisher

MS-112-p

1:3000

CD68 (PG-M1)

Dako

M087601

1:200

CD206 (CL038+)

Sigma

AMAB90746

1:2500

CD15 (MMA)

BD Biosciences

559045

1:600

CD31 (JC70A)

Dako

M0823

1:800

MMP9 (polyclonal)

Atlas antibodies

HPA001238

1:600

GM-CSF (polyclonal)

Sanbio

PP1101P1

1:200
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Persistent ID / URL

9107S1903A

https://www.thermofisher.com/order/catalog/product/RM9107-R7#/RM-9107-R7

340S1705A

https://www.thermofisher.com/order/catalog/product/MS340-R7#/MS-340-R7
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Lot #

https://www.abcam.com/cd1c-antibody-oti2f4-ab156708.
html
https://www.thermofisher.com/antibody/product/FOXP3Antibody-clone-236A-E7-Monoclonal/14-4777-82

112p1712B

https://www.thermofisher.com/order/catalog/product/MS112-P#/MS-112-P

20029531
02683

https://www.sigmaaldrich.com/catalog/product/sigma/
amab90746?lang=en&region=US

8004667

https://www.bdbiosciences.com/us/applications/research/
stem-cell-research/cancer-research/human/purifiedmouse-anti-human-cd15-mma/p/559045

0054859
D106525

https://www.atlasantibodies.com/products/antibodies/
primary-antibodies/triple-a-polyclonals/mmp9-antibodyhpa001238/

0905M030RB G2414 cv

https://www.origene.com/catalog/antibodies/primaryantibodies/pp1101p1/gm-csf-csf2-rabbit-polyclonalantibody
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Other
Supplementary Table 2: Major resources used.
Description

Source / Repository

Silane coated glass slides

New Silane III, MUTO PURE CHEMICALS,
Japan

EnVision™ FLEX target retrieval solution

K8004, Agilent, Santa Clara, CA

Akoya Antibody Diluent/Block

Akoya biosciences, MA

Polymer HRP Ms + Rb

Akoya biosciences, MA

Plus Amplification Diluent

Akoya biosciences, MA

Fluoromount-G

Southern Biotech, Birmingham, AL, USA

Spectral-DAPI

Akoya biosciences, MA

Opal 520

Akoya biosciences, MA

Opal 540

Akoya biosciences, MA

Opal 570

Akoya biosciences, MA

Opal 620

Akoya biosciences, MA

Opal 650

Akoya biosciences, MA

Opal 690

Akoya biosciences, MA
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Persistent ID / URL

Cat # 0100-01

Supplementary Figure 1: Representative analysis of T cell CD45RO expression. Non-immune cell
population is taken as a negative control, T cells with a higher expression compared to this negative
control population are considered CD45RO+ memory T cells.
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SUPPLEMENTARY FIGURES

Supplementary Figure 2: Representative 20x image displaying the various markers in false color to
visualize colocalization of markers on single cells. A: CD20 and DAPI displayed. B: CD20, CD3 and
DAPI displayed, showing no colocalization of the B cell and T cell markers. C: CD3, CD8 and DAPI
displayed, showing single positive CD3+ helper T cells (red) and double positive CD3+ CD8+ cytotoxic
T cells (red and cyan colocalizing). D: Complete composite image with all makers displayed. E: CD3,
CD8, FoxP3 and DAPI displayed showing CD3+ FoxP3+ double positive regulatory T cells (red and
yellow). Note the transcription factor FoxP3 (yellow) localized in the nucleus. F: CD3, CD8, CD45RO
and DAPI displayed showing CD4+ CD8- CD45RO+ memory helper T cells (red and orange).

Supplementary Figure 3: Unmixing of the autofluorescent elastin fibers (white)
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C

D

Supplementary Figure 4: Image processing for the innate immune system panel. A: Representative
unmixing example form the adventitia of an aneurysm sample. B: Representative unmixing example
from the adventitia of a dissection sample. C: Cell segmentation for the innate panel. Note the larger
membrane search distance compared to the adaptive immune system panel, which was chosen
because of the irregular shape of macrophages. Furthermore, a cell is only recognized when a DAPI
signal is present, some CD68 and CD206 signals are not accompanied by a DAPI signal because cells
can span multiple 4µm slices. D: Marker expression of the segmented single cells was assessed with
a flowcytometry-like method. This resulted in cell populations that could be reproducibly gated as
shown here for the innate immune cell panel. M1/M2 dichotomy gate was placed based on the nonmacrophage expression of CD206 in that sample (grey).
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Supplementary Figure 5: Quantification of immune cells in the intima does not show significant
differences between non-aneurysmatic, aneurysm and dissection groups. A: Quantification of
the adaptive immune cells. B: Quantification of the innate immune cells. Data as median with
interquartile range
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Supplementary Figure 6: Representative images of the adventitia from samples stained with the
innate immune system panel. Only dissections show an increased number of CD15+ neutrophils and
possible signs of neutrophil extravasation from the CD31+ vaso vasorum. A: Adventitia of a nonaneurysmatic aorta sample of a patient with BAV. Note the sparse CD15+ (cyan) neutrophils in the
CD31+ vaso vasorum. B: Adventitia of an aneurysmatic aorta sample of a patient with BAV. Note an
increase in CD15+ (cyan) neutrophils still present inside the CD31+ vaso vasorum. Furthermore, an
increase in CD68+ (red) CD206+ (green) macrophages and increased expression of GM-CSF (yellow)
in the media/adventitia border can be observed. C: Adventitia of a dissected aorta from a patient with
BAV. Note the steep increase in CD15+ (cyan) neutrophils that are now clearly extravasated. Signs
consistent with neutrophil extravasation can be observed (cyan arrows).
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dissection samples. A: Non-aneurysmatic samples showed sporadic GM-CSF expression. B: Aneurysm
sample at the media layer with M1-like macrophage (red) accumulation near disrupted elastin
fibers, some slight GM-CSF expression is visible in surrounding cells (arrow). C: Aneurysm sample
at the media-adventitia border with M1-like macrophage (red) and M2-like macrophage (red and
green colocalization) accumulation in close proximity to the vasa vasorum. These macrophages
show strong expression of GM-CSF (yellow) (arrows). D: Dissection sample at the media with M1-like
macrophages (red) with strong GM-CSF (yellow) expression. Strong GM-CSF expression (yellow) can
be seen in most cells of the media, these cells are most likely vascular smooth muscle cells
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Supplementary Figure 7: GM-CSF expression (yellow) in non-aneurysmatic, aneurysm and

"Mas Mas Mas!"
Rolf Sanchez (2020)
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Outcomes in Mid Aortic Syndrome, an
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ABSTRACT
Objective
Mid-Aortic Syndrome (MAS) is narrowing of the distal thoracic and/or abdominal aorta
with congenital, inflammatory or idiopathic etiology. Untreated, prognosis is poor due
to hypertension. Follow-up data after treatment are, contrary to aortic coarctation,
sparse. Aim of this study was to investigate hypertension during follow-up after medical,
endovascular, and surgical therapy.

Design
Systematic review and meta-analysis of case series and reports was performed studying
hypertension during follow-up of juvenile (i.e. 0-17 years) and adult MAS patients after
medical, endovascular or surgical therapy.

Methods
PubMed, Embase, and Web of Science were queried and eligible articles underwent
quality control. Descriptive statistics were reported based on available data and individual
patient data meta-analysis was performed using one-stage approach accounting for
clustering case series or decades of reporting for case reports. For meta-analysis, missing
outcome and etiology data were multiply imputed.

Results
121 studies were included comprising 92 juveniles and 88 adults. Endovascular and
surgical interventions were reported comparably in juveniles and adults (33.7% versus
27.3%;P=.419; 52.2% versus 58.0%;P=.457). At baseline 92.4% of juveniles and 87.5% of
adults were hypertensive, decreasing to 23.2% and 24.1% during follow-up. In juveniles,
after endovascular therapy more hypertension was found compared to surgery (38.1%
versus 10.8%;P=.020). Meta-analysis also demonstrated a trend for hypertension after
endovascular therapy in juveniles, whereas hypertension was more prevalent following
surgery in adults compared to endovascular therapy or medication.

Conclusions
This review and meta-analysis investigates the outcome in different therapeutic options
for MAS in juveniles and adults We found that complications and hypertension during
follow up were more common in juveniles after endovascular treatment, whereas surgery
in adults was associated with more hypertension.
The study protocol was published in PROSPERO (CRD42021252208).
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Mid-aortic syndrome (MAS) is a rare clinical condition characterized by segmental
narrowing of the distal descending thoracic and/or abdominal aorta. MAS accounts
for 0.5-2% of aortic coarctations, and, contrary to the classical aorta coarctation in the
area of the ductus arteriosus, is not strictly a congenital condition since onset can also
occur at a later age. (1-3) Acquired inflammatory conditions, such as Takayasu’s arteritis,
are the major cause of MAS in adult patients (age ≥18). (2, 4-6) In juvenile patients
(age 0-17), MAS is mainly associated with genetic diseases such as Alagille syndrome
and neurofibromatosis type 1. However, most MAS cases (approximately 64%), are
unfortunately classified as idiopathic. (5)
Hypertension is often the first symptom of MAS, which manifests proximally to the
stenosis while low blood pressure is found distally. In addition, MAS often presents
with stenoses in renal arteries resulting in decreased renal perfusion also leading to
hypertension. Other symptoms include headaches and seizures, postprandial pain, and
claudication, depending on the localization of MAS. The purpose of therapy is to control
arterial blood pressure in order to prevent hypertensive complications since untreated
MAS is associated with poor prognosis, with natural history studies between 1960 and
1979 demonstrating 30-45% mortality before patients reach median 34 years of age
unfortunately without further specification. (3) Treatment consists of anti-hypertensive
medical management and/or endovascular or surgical intervention. Although medical
management can be sufficient to achieve satisfactory results, in most cases (72%)
intervention is necessary, mostly due to the severity of hypertension and/or renal failure
due to malperfusion. (5) Because of a substantial morbidity and mortality, the timing
of endovascular or surgical intervention is crucial. The choice of the intervention is
highly individualized and based on the location, severity and etiology of the disease,
the response to medical treatment, the severity of symptoms as well as the age and the
body composition of the patient. (2, 5) Unfortunately, specific guidelines regarding
the treatment of MAS in adults and juveniles are lacking. Therefore, further studies
are needed to enhance knowledge about the optimal treatment of MAS, to improve
management decisions, and to reduce morbidity and mortality.
In this study, we systematically reviewed the existing literature on MAS in juveniles as
well as adults. The aim of this meta-analysis was to investigate clinical features, etiology,
involvement of various abdominal arteries and therapeutic options in patients with
MAS. Our primary objectives were to identify optimal treatment options for MAS and to
delineate differences between juvenile and adult patients in terms of hypertension during
follow up.
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INTRODUCTION

METHODS
Review protocol
The primary aim of this systematic review and meta-analysis is to investigate differences
in outcome after medical, endovascular or surgical therapy for juvenile and adult MAS
patients. Clinical features, etiology, involvement of various abdominal arteries and
therapeutic options in patients with MAS were investigated with focus on differences in
outcome (i.e. hypertension during follow up) between juveniles and adults. Criteria for
study selection, outcomes of interest and methods of analysis were established before
analysis. This review was performed in accordance with the PRISMA guidelines (7, 8)
and our protocol was published in PROSPERO (registration number CRD42021252208).
Please see supplemental materials for PRISMA checklist and PRISMA abstract checklist.
Data are available upon reasonable request.

Search strategy
A systematic search was executed in databases of Embase, PubMed and Web of Science.
Our search strategy consisted of various synonyms and phrases for “mid-aortic
syndrome”, which were combined with the Boolean “OR”. Because no MeSH term (in
Pubmed) or Emtree terms (in Embase) for mid-aortic syndrome were found, the terms
“Abdominal aorta” and “coarctation” were combined as MeSH terms or Emtree terms and
added to the search using the Boolean “OR”. No restriction regarding year of publication
was applied to identify all possible relevant studies. Full search strategies per database
are described in Supplementary Methods.

Eligibility criteria and study selection
Case reports, case series and reviews including human MAS patients, regardless of age,
were included. MAS was defined as a narrowing of the distal descending thoracic and/
or abdominal aorta with or without stenosis of splanchnic or renal arteries. All studies
involving patients with other locations of narrowing of the aorta were excluded. Patients
with narrowing due to trauma or radiation were excluded, as well as classic “coral reef
aortas”, since endovascular therapy is introduced and accepted only recently in this
subcategory. Conference abstracts, studies not available in English, or studies without
full text availability were also excluded.
Search results were imported into the reference management software Endnote X9
(Endnote, Clarivate, Philadelphia, PA). Duplicates were removed and remaining articles
were imported into Rayyan QCRI, a web-tool for screening of studies for systematic
reviews. (9) Initially, articles were independently screened on title and/or abstract by
two reviewers (K.C. & B.Y.). All discrepancies were resolved through consensus and the
remaining articles were exported into Endnote X9. Subsequently, full text articles were
128

Data collection and analysis
Data were collected in Microsoft Excel 2016 (Microsoft Corporation, Redmond,
Washington, USA) using a data extraction template, which was made with consensus
by two reviewers (K.C. & B.Y.). Data included author, year of publication, patients’
characteristics, symptoms at presentation, clinical findings, etiology, location of aortic
narrowing, involvement of splanchnic and/or renal arteries, treatment, complications,
reinterventions, outcomes of treatment, and outcomes at follow-up. Data regarding
follow-up included the length of follow-up in months, presence of hypertension, use of
anti-hypertensive drug(s), reintervention status, and death.
The primary outcome was hypertension at follow up, and blood pressure was considered
hypertensive when arterial blood pressure in the arm was >140 mmHg systolic and/
or 90 mmHg diastolic for adults. In juveniles age-dependent thresholds are applicable,
therefore juvenile patients were classified as hypertensive when reported by the treating
facility. Juveniles were defined as patients from 0 until 17 years of age and adults as
patients from 18 years or above. For etiology, patients were categorized into three groups:
idiopathic, congenital and inflammatory. Etiology was classified as idiopathic if no
underlying diagnosis was found after extensive investigations. (5)
Congenital causes included non-inflammatory non-atherosclerotic conditions
including Neurofibromatosis type I, Alagille syndrome, Mucopolysaccharidosis VII,
Fibromuscular dysplasia (FMD), Williams Syndrome, Down Syndrome, and Fetal Alcohol
Syndrome (FAS). Inflammatory origins included Takayasu’s arteritis, Systemic Lupus
Erythematosis (SLE), unspecified large vessel arteritis, and low-grade inflammation
including atherosclerosis. The anatomic type of MAS was classified according to the most
proximal site of abdominal narrowing (suprarenal, intrarenal or infrarenal). In case of
aortic stenosis extending from suprarenal to infrarenal, the anatomic type of MAS was
classified as supra- to infrarenal. MAS cases that were localized in distal descending
thoracic aorta were also included, irrespective of whether they were accompanied by
abdominal localizations.
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retrieved and assessed by two reviewers (K.C. & B.Y.). The methodological quality of all
full text articles was assessed using a critical appraisal checklist for case reports and
case series of the Joanna Briggs Institute. (10, 11) Case reports were excluded if 2 or more
criteria out of 8 were not met, and case series were excluded if 3 out of 10 criteria were not
met. If only pooled data were provided in an article, corresponding authors of case series
were contacted and individual patient data were requested.

Medical treatment was categorized as single therapy, double therapy or triple therapy
when one, two or at least three anti-hypertensive drugs were used, respectively. Antihypertensive drugs were categorized into their pharmaceutical class. The outcome of
medical treatment was classified as normotensive (office blood pressure <140/90 mmHg
at the arm for adults or when reported as normal by the treating facility), blood pressure
improvement (blood pressure decreased, but still hypertensive, i.e. blood pressure
>140/90 mmHg) or non-responsive (no reduction of blood pressure) as used previously. (5)
Short-term results of surgical or endovascular intervention were defined as maximum 30
days post intervention and classified as uneventful (successful intervention), complicated
(aortic tear, bleeding, thrombosis, aneurysm, stent embolization), procedure failure or
death. (5) Reason for reintervention was categorized into rest-stenosis, in stent stenosis,
graft stenosis, or unsatisfactory outcome (no reduction of blood pressure or no reduction
of symptoms). (5) Data were documented as missing if no information was provided.

Statistical analysis
For the descriptive analyses, data were analyzed using IBM SPSS Statistics 25 (IBM SPSS
Statistics for Windows, version 25 (IBM Corp., Armonk, N.Y., USA). Continuous variables
were presented as mean ± standard deviation in case of normal distribution and as
median (interquartile range Q1-Q3) in case of non-Gaussian distribution. For nominal
variables percentages were calculated. Missing data were presented as percentages and
were not imputed for the descriptive analyses. Patients were divided into two groups:
juveniles (age 0-17) and adults (age 18 or above). For analysis of studies providing
individual patient data, comparison for nominal variables was performed using a Fisher’s
exact test and comparison for continuous variables was calculated with independent T
Test or independent samples Mann-Whitney U test.
In order to investigate the relationship between type of treatment (medication only,
endovascular treatment, or surgery) and the primary outcome of hypertension at followup, an individual patient data meta-analysis (IPD-MA) was performed. Cases identified
in the systematic review comprised of single case reports as well as case series. In order
to ensure model stability for the imputation and analysis models, for the purposes of
the IPD-MA any individual case reports or case series with fewer than 5 patients were
grouped by publication decade and considered as clusters for the analysis. This clustering
of patients by publication decade also recognizes that patients in the same decade are
more likely to have similar outcomes on average when compared with patients from
other decades, given medical practices and standards in that decade. The other case
series were maintained as separate clusters for the analysis. A one-stage IPD-MA, in
which the IPD from all studies are analysed simultaneously in a hierarchical regression
model with random effects (12), was performed using random-effects logistic regression,
with a random intercept specified for the clustering variable (i.e. publication decade or
130
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case series). Potential confounding factors of age category (juvenile or adult), etiology
(idiopathic, congenital, inflammatory), and sex were included in the model. To explore
any modification of the treatment outcomes in juveniles compared with adults, an
interaction term between age category and treatment type was included in the model.
Not all patients had data available on the primary outcome of hypertension at follow up
or etiology. Prior to the IPD-MA, these missing data were imputed using jomo (https://
CRAN.R-project.org/package=jomo) for multiple imputations (m = 50). This approach
allowed for between-cluster heterogeneity when imputing and also allowed the sharing
information on the covariance matrix across studies and the imputation of variables that
were wholly missing from the clusters (i.e. in cases where hypertension at follow up was
not reported in case series). (13) All variables to be included in the substantive analysis
model, including the interaction terms were included in the imputation model.

RESULTS
Study Inclusion
Figure 1 demonstrates the identification, screening, and inclusion of studies. Database
searches resulted in 2098 studies, after removal of duplicates 1620 title/abstracts were
screened. This was followed by full-text quality assessment of 469 papers using checklists (10,
11) and finally 126 case reports and 28 case series were included, compromising 270 patients.
The primary aim of this systematic review meta-analysis was to study the percentage of
hypertensive patients during follow up in juvenile and adult patients with MAS following
medical therapy, endovascular intervention or surgery. Therefore it is necessary that all
therapies were available at time of publication of the studies. As endovascular treatment did
not emerge before the current century (14, 15), studies published before 2000 were excluded
from these analyses. Descriptive statistics for the cases identified before 2000 are provided
in Supplementary Table 1. (16-48)

Figure 1: PRISMA 2020 flow diagram. This flow diagram demonstrates identification, screening and
inclusion of studies for our meta-analysis. (8)
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Our cohort included 180 patients among which 92 juveniles (51.1%) and 88 adults (48.9%)
(Table 1). (1, 2, 49-168) A higher percentage of males were reported in the juvenile cases
compared with the adult cases (P=.004). The median age of juveniles was 9.0 (3.0-13.0)
years old and the median age of adults was 39.0 (26.3-52.0) years (P<.001). Only 6.8%
of adults were asymptomatic compared to 17.4% of juveniles (P=.020). Most patients
presented with symptoms of claudication (18.5% of juveniles and 50.0% of adults, P=.032).
In both age groups, most presented with hypertension (92.4% of juveniles and 87.5% of
adults, P=1.000) or diminished femoral pulses (43.5% of juveniles and 43.2% of adults,
P=.560). Heart murmurs were reported more frequently in juveniles (27.2% vs 11.4%,
P=.044) while renal impairment was more frequently reported in adults (20.5% vs 7.6%,
P=.005).

Etiology
Etiology of origin of MAS differed between age categories (P<.001) based on reported data
which was provided in 56.5% of juveniles and 67.1% of adults. In juveniles most cases were
idiopathic (53.9% versus 32.2% in adults, P=.034), while in adults inflammatory causes,
including Takayasu arteritis (30.5%) and atherosclerosis (13.6%), were reported frequently
(50.9% versus 13.5% in juveniles, P<.001) While the overall frequency of a congenital
diagnosis was not significantly increased in juveniles (P=.076), neurofibromatosis type I
was significantly more common in juveniles (15.4% versus 1.7%, P=.012) and was the most
common congenital diagnosis (Table 2).

Location of MAS
For diagnosis of MAS presence and extent, CT angiography and invasive angiography
were commonly used imaging modalities in both age categories (Supplementary Table 2).
Figure 2 shows the distribution of MAS in juvenile and adult patients. In juveniles, most
MAS cases were localized in supra- to infrarenal (28.4%) aorta segment, solely suprarenal
aorta segment (26.1%), suprarenal and distal descending thoracic aorta (14.6%), and
isolated infrarenal (13.9%). MAS in adulthood manifested in isolated infrarenal (27.6%),
isolated suprarenal (25.76%), suprarenal and distal descending thoracic aorta (15.19%),
and isolated distal descending thoracic aorta (15.25%) (Supplementary Table 2).
Isolated supra- to infrarenal aorta involvement was reported more for juveniles (28.4%
versus 10.6%)(P=.006), whereas in adults MAS was localized more in the infrarenal
segment (27.6% versus 13.9%)(P=.047). Involvement of one or two renal arteries was
more described in juveniles (66.3% versus 39.8%)(P=.003) with majority bilateral
manifestations. Involvement of superior mesenteric artery was reported in 58.9% of
juveniles versus 38.3% of adults (P=.024) and in both groups involvement of celiac artery
was common. Additionally, whilst bilateral renal artery disease and involvement of SMA
were reported more frequently in idiopathic and congenital cases than in inflammatory
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Patient characteristics

Table 1: Baseline characteristics of MAS patients. Percentages were calculated with all juveniles (N=92)
or adults (N=88) as denominator. Level of significance is calculated with Fisher Exact 2 sided Test or
independent samples Mann-Whitney U Test.
Juvenile (N=92)
N (or median)

% (or QR)

Missing (%)

Gender
Age

male

49
9.00

53.26
(3.00-13.00)

0.00
0.00

Etnicity

hispanic
african

2
2

2.17
2.17

82.61

asian

4

4.35

caucasian

8

8.70

other

0

0.00

Asymptomatic

16

17.39

17.39

Dyspnea

11

11.96

85.87

Nausea / vomiting

6

6.52

91.30

Failure to thrive

5

5.43

94.57

Headache

12

13.04

82.61

Abdominal pain

9

9.78

85.87

Claudication

17

18.48

71.74

Stroke

11

11.96

86.96

Hypertension

85

92.39

3.26

Systolic blood pressure

165.50

139.25-188.75

26.09

Symptoms

Physical
findings

End-organ
damage

Diastolic blood pressure 81.00

100.00-110.00 31.52

Heart murmur

25

27.17

64.13

Abdominal bruit

29

31.52

59.78

Decreased femoral pulse 40

43.48

47.83

Seizures

2.17

96.74

Left ventricle
35
hypertrophy
Congestive heart failure 5

38.04

42.39

5.43

68.48

Decreased ejection
fraction
Ejection fraction (%)

10

10.87

60.87

43.00

28.00-50.75

89.13

Cardiomegaly
Renal impairment

5
7

5.43
7.61

70.65
41.30

43.00-102.00

94.57

2

MDRD (ml/ min/1,73 m2) 80.00
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Adult (N=88)

Level of
significance

N (or median) % (or IQR)

Missing (%)

P-value

28
39.00

31.82
26.25-52.00

0.00
0.00

.004
<.001

4
0

4.55
0.00

88.64

.164

3

3.41

2

2.27

1

1.14

6

6.82

6.82

.020

8

9.09

89.77

1.000

4

4.55

94.32

.685

0

0.00

100.00

n/a

15

17.05

82.95

.101

7

7.95

88.64

1.000

44

50.00

43.18

.032

7

7.95

92.05

1.000

77

87.50

9.09

1.000

178.00

161.25-207.25

40.91

.003

100.00

80.00-107.00

46.59

.372

10

11.36

75.00

.044

13

14.77

73.86

.089

38

43.18

51.14

.560

1

1.14

98.86

1.000

16

18.18

64.77

.248

7

7.95

67.05

.747

2

2.27

78.41

.183

56.00

54.50-60.00

89.77

.019

2
18

2.27
20.45

84.09
47.73

1.000
.005

55.00

32.50-82.00

87.5

.596
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Table 2: Etiology of MAS. Overview of etiologies and subcategories in juvenile and adult MAS patients,
including imputed etiology data. NF1: Neurofibromatosis type 1; FMD: Fibromuscular Dysplasia; FAS:
Fetal Alcohol Syndrome; SLE: systematic Lupus erythematodes. Percentages were calculated with
all known etiologies in juveniles (N=52) or adults (N=88) as denominator. Level of significance is
calculated with Fisher Exact 2 sided Test
Juvenile (N=92),
etiology reported in
N=52

Adult (N=88), etiology Level of
reported in N=59
significance

N

N (or
mean)

%

% (or SD)

Etiology

<.001

Idiopathic
Congenital

28

53.85

19

32.20

.034

17

32.69

10

16.95

.076

NF1

8

15.38

1

1.69

.012

Williams syndrome

2

3.85

1

1.69

.599

Alagilles syndrome

1

1.92

5

8.47

.212

Mucopolysaccharidosis VII

1

1.92

0

0.00

.468

FMD

3

5.77

3

5.08

1.000

FAS

1

1.92

0

0.00

.473

Down syndrome

1

1.92

0

0.00

.473

Inflammatory
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P-value

7

13.46

30

50.85

<.001

Takayasus arteritis

6

11.54

18

30.51

.021

SLE

0

0.00

1

1.69

1.000

Non spec arteritis

1

1.92

3

5.08

.622

Atherosclerosis

0

0.00

8

13.56

.007

Figure 2: Localizations of MAS and involvement of other vessels per age category. Each localization in
the abdominal segment can be accompanied with (upper percentage) or without (lower percentage)
thoracic distal descending aorta coarctation. Percentages were calculated with reported affected
localizations as denominator. * Represent statistical differences between juvenile and adulthood
MAS. Level of significance was calculated with two-sided Fisher Exact’s Test.
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in the entire population (P=.041 and P=.020), diseased isolated infrarenal MAS was more
common in inflammatory cases (P=.005)(Supplementary Table 3). In the three adult and
three juvenile patients without hypertension, MAS was localized at the infrarenal aorta
(P=.009 and P=.002, respectively). On the other hand, infrarenal MAS did not exclude
hypertension as twelve out of fifteen adult and seven out ten juvenile infrarenal MAS
patients presented with hypertension. 33 out of 34 adults with renal artery involvement
presented with hypertension whilst in absence of renal artery involvement 21 out of 23
adults present with hypertension (P=.559). Juveniles with renal artery involvement
suffered from hypertension in 59/60 cases whereas in absence of renal artery disease this
was 12/15 cases (P=.024). Total number of patients per category represent the number of
patients in which presence or absence of these parameters was provided.

Table 3: Medication in juvenile and adult MAS patients. ACE: Angiotensin Converting Enzyme. ARB:
Angiotensin Receptor Blocker. * Missing was calculated with all juveniles or adults as denominator.
** Percentages were calculated with all known juveniles or adults using medication (N=59 and N=55,
respectively) as denominator. Level of significance was calculated with Fisher Exact 2 sided Test.

Use of medication

Juvenile (N=92),
medication
reported in N=59

Adult (N=88),
medication reported
in N=55

Level of
significance

N

%

N (or mean)

P-value

59

64.13

55

Missing medication information*
Number of
groups**

Group**

Outcome**
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29.35

% (or
SD)
62.50

.775

29.55
.597

mono

6

10.17

8

14.55

duo

14

23.73

12

21.82

triple or more

31

52.54

32

58.18

Betablockers

27

45.76

21

38.18

1.000

ACE inhibitors

13

22.03

9

16.36

.800

ARB

6

10.17

8

14.55

.366

Diuretics

12

20.34

7

12.73

.591

Calcium antagonists

24

40.68

18

32.73

1.000

Alfablocker

5

8.47

5

9.09

.737

Normotensive

8

13.56

9

16.36

1.000

Improvement not normotensive

11

18.64

5

9.09

.164

Non responsive

20

33.90

22

40.00

.486

Antihypertensive medications were prescribed in 114 patients, representing 64.0% of
juveniles and 62.5% of adults (P=.775) (Table 3). Across all age groups, most required
three separate antihypertensive agents to achieve control (52.5% of juveniles and 58.2%
of adults). Beta blockers, calcium channel blockers and ACE inhibitors were the most
commonly prescribed antihypertensive medications. There were no differences in
outcome after medication with only a minority of patients achieving normotension (13.6%
and 16.4%)(P=1.000) and a large proportion not responding to therapy (33.9% and 40.0%)
(P=.486) for juvenile and adult patients, respectively. Outcome after medical treatment
did not differ among idiopathic, congenital, and inflammatory etiologies over the entire
population as 23.8%, 23.1%, and 23.8% of patients respectively were reported to reach
normotension (P=1.000) and 42.9%, 69.2%, and 61.5% respectively were non responsive
(P=.256).

Invasive management
154 patients underwent invasive therapy, which represents 85.9% of juveniles and 85.2%
of adults (P=1.000, see Table 4) in our cohort. Endovascular treatment was distributed
equally between age categories (P=.419). Percutaneous transluminal angioplasty (PTA)
without stenting was more frequent in juveniles (54.8% versus 4.2%, P<.001) whilst PTA
with stenting was the predominant endovascular treatment in adults (95.8%). Of note,
four juvenile patients needed eventually surgery after attempted PTA (P=.278) because of
procedure failure or persistent hypertension during follow up .
Surgery was necessary in 52.2% of juveniles and 58.0% of adults (P=.457), with aortaaorta bypass and thoracoabdominal bypasses being the most common interventions
performed. Compared to adults, juveniles needed re-intervention more frequently (26.6%
versus 11.4%, P=.040) and complications after intervention were more frequent (17.7%
versus 5.7%, P=.027). These complications in juveniles were mostly related to endovascular
treatments (35.5% versus 6.3% of surgeries, P=.005)(Supplementary Table 4).
Potential risk factors for complications after endovascular or surgical intervention were
explored (Supplementary Table 5). After surgery, two out of seven complications occurred
in patients with FMD (total number of FMD patients was eight)(P=.047). Involvement of
celiac artery and SMA were reported in 85.7% of cases with complications (P=.004 and
P=.025, respectively). In cases with complications following endovascular treatment,
25.0% showed decreased femoral pulses (P=.035). In the case of renal artery involvement,
complications most often occurred when manifested bilaterally (P=.022). 66.7% of
endovascular complications occurred after PTA without stenting (P=.009).

139

Chapter 5. Therapeutic Options and Treatment Outcomes in Mid Aortic Syndrome, an Unexplored Cause of Hypertension: A systematic review and meta-analysis.

Medical management

Table 4: Intervention in MAS patients. PTA: Percutaneous Transluminal Angioplasty; TESLA: tissue
expander stimulated lengthening of arteries; BP: Blood Pressure. * Missing was calculated with all
juveniles or adults undergoing intervention as denominator. ** Percentages were calculated with all
known juveniles or adults undergoing intervention (N=59 and N=55, respectively) as denominator. Level
of significance was calculated with Fisher Exact 2 sided Test or independent samples Mann-Whitney U test
.
Juvenile (N=92)

Intervention
Endovascular**

N (or
median)

% (or IQR)

Missing
(%)

79

85.87

0.00
0.00*

31

39.24

PTA

17

54.84

PTA with stent

14

45.16

Conversion to surgery

4

12.90

83.54*

48

60.76

0.00*

Aorta-aorta bypass

20

41.67

Thoracoabdominal bypass

15

31.25

Renal autotransplantation

3

6.25

Reconstruction patch graft

3

6.25

Aortic patch

3

6.25

Nephrectomy

3

6.25

TESLA

5

10.42

21

26.58

pseudoaneurysm

2

9.52

no control BP / still symptoms

5

23.81

graft stenosis

4

19.05

in stent stenosis

4

19.05

rest stenosis

4

19.05

Frequency of re-intervention

1

(1.00-3.00)

Time to re-intervention
(months)
Complication**

12

(3.25-54.00)

Surgery**

Re-intervention**
Reason for re-intervention**
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14

17.72

reversible myocardial ischemia

1

7.14

death

3

21.43

procedure failure

7

50.00

stent embolization

1

7.14

thrombosis
bleeding

0
1

0.00
7.14

aortic tear

1

7.14

31.65*

72.15*
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Adult (N=88)

Level of
significance

N (or
median)

% (or IQR) Missing (%) P-value

75

85.23

0.00

1.000

24

27.27

0.00*

.419

1

4.17

<.001

23

95.83

.096

0

0.00

98.67*

.278

51

57.95

0.00*

.457

24

47.06

.488

21

41.18

.264

2

3.92

1.000

4

7.84

.716

1

1.96

.621

0

0.00

.246

0

0.00

10

11.36

0

0.00

2

20.00

4

40.00

1

10.00

0

0.00

1

(1.00-1.00)

.042

24

.562

5

(12.0027.00)
5.68

0

0.00

0

0.00

0

0.00

0

0.00

1
1

20.00
20.00

1

20.00

.059
30.67*

.040
.438

26.67*

.027
.021
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Table 5: Hypertension at follow up. Hypertension at follow up is depicted for the total cohort and
per intervention type per age category. All percentages are calculated with completed cases in
each category as denominator. Level of significance was calculated with Fisher Exact 2 sided Test or
independent samples Mann-Whitney U Test on dataset without imputed data.
Total cohort

Juvenile (N=92)

% (or
IQR)

Missing (%) N (or
median)

% (or
IQR)

Missing
(%)

Fisher Exact
2 sided or
independent
T-test
Level of
significance

Duration of follow up 23
(months)

(8.0072.00)

16.30

18

(6.0047.75)

18.18

.74

Hypertension at
16
follow up
Medication at follow 50
up

23.19

25.00

13

24.07

38.64

1.000

69.44

21.74

41

71.93

35.23

.847

Death at follow up

3

3.80

14.13

1

1.32

13.64

.620

Juveniles

Endovascular (N=31)

N (or
median)

Adult (N=88)

Surgery (N=48)

Fisher Exact
2 sided or
independent
T-test

N (or
median)

% (or
IQR)

Missing (%) N (or
median)

% (or
IQR)

Missing
(%)

Level of
significance

Duration of follow up
(months)
Hypertension at
follow up
Medication at follow
up
Death at follow up

18

19.3548387

24

.163

32.26

4

(11.7587.00)
10.81

12.50

8

(6.0049.00)
38.10

22.92

.020

20

83.33

22.58

18

50.00

25.00

.013

0

0.00

19.35

1

2.33

10.42

1.000

Adults

Endovascular (N=24)

Missing
(%)
13.73

Fisher Exact
2 sided or
independent
T-test
Level of
significance
.098

35.42

.132

Surgery (N=51)

N (or
median)
Duration of follow up 12
(months)
Hypertension at
1
follow up
Medication at follow 12
up

% (or
IQR)
(6.0033.00)
6.67

Missing (%) N (or
median)
12.50
18
51.61

9

% (or
IQR)
(9.7551.75)
29.03

70.59

45.16

20

64.52

35.42

.757

Death at follow up

0.00

29.03

1

2.17

4.17

1.000
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Based on observed data, a similar proportion of juvenile (23.2%) and adult (24.1%)(P=1.000)
patients presented with hypertension at follow up during a comparable follow up duration
(48.5 versus 34.7 months, P=.740)(Table 5). Whereas 67 of the 92 juvenile patients presented
with hypertension at baseline, only sixteen (23.8%) suffered from hypertension during
follow up (P=.587). At baseline 53 of the 88 adults were reported to have hypertension, of
which twelve patients reported with hypertension during follow up (22.6%)(P=.241) while
patient developed hypertension during follow up after normotension at baseline. Among
juveniles, more cases of hypertension at follow up occurred after endovascular treatment
(38.1%) when compared to surgery (10.8%)(P=.020) while also more patients were in need
of antihypertensive drugs (83.3% versus 50.0%, P=.013). In adults, no differences were
found in hypertension at follow up after endovascular (6.7%) or surgical therapy (29.0%)
(P=.132). In the entire population, hypertension rates were similar for idiopathic (17.0%),
congenital (18.5%), and inflammatory etiologies (8.1%)(P=.580) during follow up.
Table 6 presents the estimated proportions of patients with hypertension at follow-up
for the full cohort following multiple imputation, both overall and by type of treatment,
etiology, sex and age category and Supplementary Table 6 presents the results from the
random effect logistic regression (one-step IPD-MA) using these imputed data. The test
for the joint interaction was just over the pre-specified significance threshold (P=.08),
suggesting that there is weak evidence in support of differences in treatment outcomes
for juveniles and adults. This difference can also be observed in Figure 3 which presents
the estimated probability of hypertension at follow up for each treatment type, and by age
category. While similar probabilities for hypertension during follow up for juveniles and
adults were estimated after medication, the effect of intervention appeared to differ for
juveniles and adults. For juveniles, the probability of hypertension was estimated to be
lower following surgery, while for adults the reduction in the probability of hypertension
was observed in the endovascular group (Supplementary Table 7).
Figure 3: Adjusted predicted
probabilities of hypertension
at follow up with 95% CIs,
by treatment type and age
category. Adjusted for gender
and etiology. Note: Due to
normal approximation, some
of the estimated 95% CIs fall
below zero.
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Hypertension at follow up and IPD-MA results

Table 6: Estimated proportions with hypertension at follow up following multiple imputation.
% with hypertension (95% CI)
Total
Treatment

Etiology

Age category

Gender
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24.1 (16.5-31.8)
Medication

36.9 (14.3-59.5)

Endovascular

24.0 (10.1-37.8)

Surgery

20.8 (10.8,30.9)

Idiopathic

27.9 (13.8-42.0)

Congenital

29.0 (12.0-46.0)

Inflammatory

15.5 (0.0-32.0)

Juvenile

23.6 (13.6-33.6)

Adult

24.6 (13.3-36.0)

Female

19.6 (10.0-29.5)

Male

30.1 (18.5-41.7)

While coarcation aortae (i.e. narrowing of the aorta located at the isthmus), is a wellknown underlying condition for hypertension, MAS is less renown as a structural cause
of hypertension. This systematic review and individual patient data meta-analysis of
case series and reports investigated hypertension at follow up after medical treatment,
endovascular intervention or surgery in adult and juvenile patients with MAS. In this
analysis, 92 juveniles and 88 adults were included from 121 studies to investigate baseline
characteristics, etiology, localization, and treatment options. We demonstrated that the
probability of hypertension during follow up was decreased for adults after endovascular
treatment, while juvenile patients who underwent surgery showed decreased probability
of hypertension.
The origin of MAS may be congenital, inflammatory, or idiopathic. Among juveniles,
53.9% of patients were diagnosed with idiopathic MAS in which no underlying cause was
identified, which was a higher prevalence than in adults (32.2%). In juveniles, congenital
causes were more frequently identified than in patients with MAS diagnosed in adulthood
(32.7% versus 17.0%). Regarding specific etiology, neurofibromatosis type I was identified
much more frequently in childhood (15.7%) than in adulthood (1.7%). Inflammatory
disease was found to be the etiology in 50.9% of adults compared to 13.5% of juveniles.
Takayasu’s arteritis was the most commonly diagnosed inflammatory disease associated
with MAS. These numbers partially confirm what is known in literature; Rumman et al.
described 64% of childhood MAS cases are idiopathic and Porras et al. reported finding an
etiology for MAS in 64% of cases in a largely juvenile patient population.(3, 5)
Different MAS etiologies may correlate with different affected aorta segments and
involvement of related arteries. The manifestation of MAS in supra- to infrarenal aorta
was more prevalent in juveniles compared to adults, with also higher prevalence of
(bilateral) renal artery disease and involvement of superior mesenteric artery with
similar percentages as described earlier. (3, 5) We classified etiologies as reported
previously, in which idiopathic MAS was defined as the absence of specific underlying
diagnosis, or when etiology was assumed congenital due to childhood presentation
with exclusion of Mendelian disorders neurofibromatosis type I, Alagille’s syndrome,
and Williams Syndrome, which were considered congenital. (5) Here, we also classified
Mucopolysaccharidosis VII, FMD, FAS, and Down’s Syndrome as congenital. Due to
the frequent lack of histological assessment and limitations of our current knowledge,
not all idiopathic MAS may be truly idiopathic but could be considered congenital as
supported by embryological postulations. In a healthy situation from the third week of
fetal age, the two dorsal aortas fuse and will eventually form the thoracoabdominal aorta.
In congenital MAS, it is hypothesized that failure to fuse or overfusion of the dorsal
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aortas leads to a narrowing of the definitive aorta with potentially abnormalities to the
lateral (for example renal arteries) and posterior (intercostal arteries) branches, although
multiple or unilateral renal or intercostal arteries were not reported in our studies. (1, 169)
On the other hand, disturbance of the Notch signaling pathway, crucial for proliferation
and differentiation of vascular smooth muscle cells, is thought to play a role in MAS
development in Alagille’s syndrome. (170) In Williams syndrome, associated with ELN
mutation, elastin deficiency results in unrestrained proliferation and migration of
vascular smooth muscle cells leading to occlusion of the vessel. (171) Other congenital
origins might follow similar paths and be substantially different from truly idiopathic
cases. This should also be considered when interpreting clinical or outcome differences
between etiologies.
Although key clinical feature in MAS patients is hypertension, patients can present with
a variety of symptoms related to localization and which vessels are affected, including
headaches, seizures, vision loss, postprandial pain, failure to thrive, and leg ischemia.
Hypertension was found in 87.5%-92.4% of patients and might be caused by renal
hypoperfusion resulting in activation of renin-angiotensin system because of decreased
blood pressure distal to the stenosis and involvement of renal arteries. (2) Another
possible explanation is that increased resistance locally leads to increased pulse pressure
and thereby pulse pressure amplification, eventually resulting in central hypertension.
(172) In all patients without hypertension, infrarenal MAS was reported. On the other
hand, infrarenal MAS did not exclude hypertension. In addition, in case of renal artery
involvement the vast majority of patients were hypertensive in both age categories but
absence of renal artery involvement did not eliminate the risk of hypertension. Endorgan damage indicators revealed that in adult patients renal impairment was reported
more frequently with a mean MDRD of 58.7 ± 30.2 ml/min/1,73 m2 and left ventricle
hypertrophy in 38.0% of juveniles, similar to Porras et al. (3) More juveniles (17.4%) than
adults (6.8%) were asymptomatic which supports previous numbers and in case of
symptoms these involved claudication, headache and dyspnea for both age categories
with more claudication in adults than in juveniles.
MAS is most often complicated by hypertension proximal to the stenosis for which
therapy is mandatory. Older studies have demonstrated poor prognosis of untreated MAS
demonstrating that up to 45% of MAS patients do not reach the age of 34, suggestive of
need for intensive blood pressure control. (3) Medical management of hypertension is the
first step in controlling blood pressure, yet only 64.1% of juveniles and 62.5% of adults
were reported to be treated medically in our review. Three antihypertensive agents
were most commonly prescribed, with beta blockers, calcium channel blockers, and
ACE inhibitors being the most used drug classes. Only 13.6-16.4% of patients achieved
normotension with antihypertensive drugs while 33.9-40.0% of were nonresponsive as
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When antihypertensive drugs alone do not achieve normotension, interventions are often
pursued to augment therapy. Although guidelines describing indications for invasive
treatments do not exist, uncontrolled hypertension, kidney damage, claudication, and
intestinal ischemia have been described as indications to pursue invasive management.
(2) Porras et al. suggested invasive therapy is appropriate if the degree of stenosis exceeds
60% or if milder cases of stenosis are associated with symptoms reflective of end organ
damage (cardiomyopathy, renal failure, claudication) or refractory hypertension. (3, 4)
Additionally, location and length of MAS and involvement of splanchnic arteries should
be taken into account. (5) Optimal timing has not been defined either: there might be
suggestions that patients with inflammatory etiology should not undergo surgery in the
acute phase; and that intervention in juveniles should wait until late adolescence when
growth is slowing or complete. (4) When invasive management is pursued, choice between
endovascular versus surgical intervention should be deliberated carefully. Whereas
endovascular therapy has shown effectiveness in increasing vessel’s diameter acutely,
there is higher risk of restenosis and reintervention over follow up. In contrast, surgical
management also results in increased vessel diameter but with fewer complications and
longer freedom from re-intervention time. (3)
Surgical options include aorta-aorta bypass and thoracoabdominal bypass, reconstruction
patch graft, renal autotransplantation, aorta patch, and nephrectomy. (3, 5) One recent
study described five patients treated with Tissue Expander Stimulated Lengthening of
Arteries (TESLA). (173) By insertion of a tissue expander between the aorta and the spine
one achieves staged lengthening of the aorta. In term, excision of the stenotic segment
with an end-to-end aortic anastomosis may be performed preventing the use of prosthetic
material. Surgery was performed in 52.2-58.0% of patients followed by complications in
7.8% of adults and 6.3% of juveniles, consisting of death, procedure failure, and bleeding
in juveniles, and thrombosis and aortic tear in adults. Similar surgery and complication
rate was reported by Rumman et al. (5) Reintervention was required in 22.9% of juveniles
and 15.7% of adults. Regardless of age, patients with complications after surgery were
often diagnosed with concomitant stenosis of celiac artery and superior mesenteric
artery. Porras et al. described increased complication risk for neurofibromatosis patients
due to potential spontaneous aneurysms and arterial wall abnormalities. (3) We could not
confirm this association in our study.
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reported previously. (5) In this review, 9.1-18.6% had improved blood pressures that did
not meet target normotension, which contrasts to Porras et al. who reported 69% of all
hypertensive patients reaching normotension. (3) This difference might be due to their
inclusion of younger individuals, and it was suggested that patients with congenital
disorders (predominantly juvenile) respond favorably to medical management of
hypertension. (3, 5)

Endovascular therapy consists of PTA with or without stenting. 27.3-33.7% of patients
underwent endovascular treatment leading to complications in 35.5% of juveniles and 4.2%
of adults. This concerned often procedure failure, followed by death, reversible myocardial
ischemia, stent embolization, aortic tear and bleeding. High endovascular complication
rates were reported previously (3, 5) and are higher than after surgery in juveniles. Patients
undergoing endovascular treatment who suffer from complications, presented more with
decreased femoral pulses and were treated by PTA only.
Aim of abovementioned therapies is control of blood pressure and relieve of symptoms. In
our cohort with reported data, medication solely resulted in normotension in 13.6-16.4% of
patients. Juvenile and adult patients did not differ in hypertension at follow up. Strikingly,
among juveniles, more patients suffered from hypertension at follow up after endovascular
therapy with use of more antihypertensive drugs. Following surgery, hypertension at follow
up was noted for 10.8%-29.0% and 38.1%-6.7% following endovascular therapy for juveniles
and adults, respectively. Rumman et al described uncontrolled blood pressure in 4.6% and
13.3% following surgical and endovascular intervention respectively which is lower than in
our cohort. (5)
In addition to this descriptive analysis, the percentage of patients with hypertension
during follow up was also estimated using multiple imputations, resulting in an estimation
of 24.1% of all patients. Random effect logistic regression revealed similar probabilities
for hypertension after medication for both age categories with these imputed data,
however trends towards different outcomes were detected for juveniles and adults after
intervention. In juveniles, the probability of hypertension after endovascular treatment
was the same as after medical treatment but was decreased in those who underwent
surgery. The opposite effect was detected in adults: the probability of hypertension after
surgery was similar as after medical treatment, whereas endovascular treatment decreased
this probability. These new insights may be of clinical value: it is suggestive for preferred
therapies in each age category, yet conclusions should be drawn carefully with regard to
this retrospective analysis. In addition, although endovascular treatment may be indicated
because of anatomical characteristics or comorbidities, there should be awareness for postinterventional hypertension in children.
To our knowledge, this is the first meta-analysis investigating MAS in both childhood and
adulthood. Since guidelines for diagnosis and treatment for MAS are lacking and majority
of published studies involve case reports or case series, this analysis provides a complete
overview of current literature. This study was performed with robust methods: the protocol
was published before initiation in PROSPERO, PRISMA guidelines were adhered and
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There are limitations of this study that should be considered. First, there might be
publication bias. Clinicians performing successful interventions are more likely to describe
and publish these, whereas this might not be the case for failed treatments or (successful)
conservative therapy. Also, endovascular therapy was not developed until current century
which led to exclusion of studies older than 2000. (14, 15) In addition, all studies were
case reports and case series with no randomized controlled trials or large observational
cohorts available for review. However, quality assessments using standardized checklists
were performed to ensure quality of included studies. (10, 11) Moreover, a large portion of
studies did not provide the required data, resulting in missing data. Despite these missing
data we were still able to perform primary analyses as group numbers were high enough.
To overcome these missing data for the meta-analysis, we performed multiple imputation,
which is a valid method to account for missing data. (13)
In conclusion, MAS is a relatively unknown disease which needs further study because of its
severe clinical consequences and lack of clinical guidelines. A better understanding of this
disease, its therapies and outcomes may help in increasing awareness. This meta-analysis
provides a comprehensive overview of MAS in juvenile and adult patients. Treatment
options are pharmacotherapy i.e. antihypertensive drugs, endovascular intervention, and
surgery. The chance of hypertension at follow up is similar overall for these interventions in
the general MAS population. However, careful consideration is recommended for juvenile
patients: endovascular therapy may lead to more cases of hypertension during follow up
than surgery, while accompanied with a higher complication rate.
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all included studies underwent quality control using published guidelines. This study of
treatment options and their effects may assist the clinician in decision-making in current
time where guidelines are lacking.
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Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED,
IC Timespan=All years
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Supplementary Tables
Supplementary Table 1: Overview of studies published before 2000. Note that majority of patients
are juveniles and only four endovascular interventions were published. * Percentages were calculated
with juveniles or adults undergoing intervention as denominator. ** Percentages were calculated
with completed cases of juveniles or adults as denominator. Level of significance was calculated with
Fisher Exact 2 sided Test or independent T-test.
Juvenile (N=60)

Baseline

Etiology

Localization

Vessel involvement

Medication

164

N (or median)

% (or IQR)

Missing (%)

Male

37

61.67

0.00

Age

11.05

5.33-14.00

0.00

Asymptomatic

7

11.67

43.33

Hypertension

59

98.33

1.67

Inflammatory

1

1.67

63.33

Congenital

18

30.00

Idiopathic

3

5.00

Distal thoracic aorta isolated

1

1.67

13.33

Suprarenal isolated

18

30.00

11.67

Suprarenal and distal thoracic
aorta

4

6.67

1.67

Interrenal isolated

10

16.67

1.67

Infrarenal isolated

5

8.33

3.33

Infrarenal and distal thoracic
aorta

1

1.67

1.67

Supra to infrarenal isolated

18

30.00

5.00

Distal thoracic and supra to
infrarenal

2

3.33

1.67

Renal artery involvement

47

78.33

11.67

bilateral

31

51.67

21.67

unilateral

16

26.67

Celiac artery

20

33.33

33.33

Superior mesenteric artery

25

41.67

28.33

Inferioc mesenteric artery

3

5.00

33.33

Use of medication

31

51.67

31.67

monotherapy

1

3.23

duotherapy

7

22.58

triple or more

10

32.26

41.94
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Adult (N=30)

Level of
Significance

N (or median)

% (or IQR)

Missing (%)

P-value

10

33.33

0.00

.014

30.00

21.00-39.50 0.00

<.001

2

6.67

40.00

.470

26

86.67

0.00

.011

2

6.67

53.33

.547

3

10.00

.001

9

30.00

.003

0

0.00

33.33

1.000

4

13.33

3.33

.068

1

3.33

0.00

.659

2

6.67

0.00

.324

10

33.33

3.33

.005

0

0.00

0.00

1.000

4

13.33

30.00

.397

9

30.00

0.00

.001

14

46.67

6.67

<.001

6

20.00

53.33

.135

8

26.67

2

6.67

10.00

<.001

3

10.00

13.33

<.001

0

0.00

13.33

.273

11

36.67

53.33

1.000

0

0.00

1

9.09

1

9.09

81.82

1.000
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Medication groups

Betablockers

10

32.26

41.94

ACE inhibitors

6

19.35

41.94

ARB

0

0.00

Diuretics

12

38.71

41.94

Calcium antagonists

3

9.68

41.94

Alfablockers

1

3.23

41.94

Normotensive

4

12.90

29.03

Improvement but not
normotensive
Non responsive

3

9.68

45.16

10

32.26

45.16

Intervention

45

75.00

0.00

Endovascular

4

8.89

0.00

4

100.00

0.00

41

91.11

0.00

Aorta-aorta bypass

10

24.39

0.00

Thoracoabdominal bypass

17

41.46

0.00

Renal autotransplantation

4

9.76

0.00

Reconstruction patch graft

2

4.88

0.00

Aortic patch

8

19.51

0.00

Nephrectomy

3

7.32

0.00

8

17.78

4.44

death

2

25.00

0.00

procedure failure

1

12.50

thrombosis

4

50.00

bleeding

0

0.00

aortic tear

1

12.50

Medication outcome

PTA
Surgery

Complication*

Reintervention*
Reason

Follow up **

166

13

28.89

15.56

pseudoaneurysm

2

15.38

0.00

no control BP / still symptoms

3

23.08

graft stenosis

6

46.15

in stent stenosis

1

7.69

rest stenosis

1

7.69

Hypertension at follow up

8

16.00

16.67

Medication at follow up

23

57.50

33.33

Death at follow up

1

1.89

11.67

9.09

81.82

1.000

0

0.00

81.82

1.000

0

0.00

1

9.09

81.82

1.000

1

9.09

81.82

.211

1

9.09

81.82

.195

0

0.00

9.09

.283

0

0.00

72.73

1.000

3

27.27

72.73

.521

30

100.00

0.00

0.002

0

0.00

0.00

0.297

0

0.00

0.00

.297

30

100.00

0.00

<.001

4

13.33

3.33

1.000

20

66.67

3.33

<.001

0

0.00

3.33

.298

2

6.67

3.33

.594

3

10.00

3.33

1.000

0

0.00

3.33

.548

5

16.67

6.67

1.000

1

20.00

20.00

.879

1

20.00

1

20.00

1

20.00

0

0.00

2

6.67

46.67

0.182

1

50.00

0.00

1.000

0

0.00

1

50.00

0

0.00

0

0.00

7

25.93

10.00

.369

2

16.67

60.00

.020

1

3.70

10.00

1.000

Chapter 5. Therapeutic Options and Treatment Outcomes in Mid Aortic Syndrome, an Unexplored Cause of Hypertension: A systematic review and meta-analysis.

1

167

Supplementary Table 2: Localizations of MAS and involvement of other arteries. MRI: Magnetic
Resonance Imaging; US: Ultrasound; MRA: Magnetic Resonance Angiography; CTA: Computed
Tomography Angiography. Percentages are calculated with all juveniles or adults as denominators.
*Level of significance was calculated with Fisher Exact 2 sided Test.
Juvenile (N=92)
N
Localization

Distal thoracic aorta 4
isolated
Suprarenal isolated 18

6.78
26.09

25.00

17

25.76

25.00

1.000

Suprarenal and
12
distal thoracic aorta

14.63

10.87

12

15.19

10.23

1.000

Interrenal isolated

5

6.10

10.87

4

5.06

10.23

1.000

Interrenal and distal 0
thoracic aorta

0.00

10.87

0

0.00

10.23

N/A

Infrarenal isolated

13.92

14.13

21

27.63

13.64

.047

Infrarenal and distal 3
thoracic aorta

3.66

10.87

1

1.28

11.36

.621

Supra to infrarenal
isolated

21

23.38

19.57

7

10.61

17.05

.006

Distal thoracic and
supra to infrarenal

8

9.76

10.87

5

6.41

11.36

.566

61

80.26

17.39

35

55.56

28.41

.003

bilateral

50

81.97

17

58.62

unilateral

11

18.03

12

41.38

34

48.57

23.91

27

44.26

30.68

.726

Superior mesenteric 43
artery

58.90

20.65

23

38.33

31.82

.024

Inferior mesenteric 6
artery
MRI
0

8.82

26.09

3

5.66

39.77

.730

0.00

0.00

1

1.15

1.14

.002

US

1

1.09

0

0.00

MRA

9

9.78

6

6.82

CTA
angiography

39
43

42.39
46.74

59
21

67.05
23.86

Renal artery
involvement

Involvement Celiac artery
other arteries

Imaging
modality of
diagnosis
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N (or
mean)
9

% (or
SD)
15.25

Missing
(%)
32.95

Level of
significance
P-value

Missing
(%)
35.87

11

%

Adult (N=88)

.239

.036

.
Entire population

Idiopathic %
(N=47)

Congenital
(N=27)

%

Inflammatory %
(N=37)

Level of
significance

Missing
(%)

Localization

Distal
thoracic
aorta
isolated

5

10.64

1

3.70

6

16.22

.706

60.00

Suprarenal
isolated

8

17.02

1

3.70

5

13.51

.544

51.67

Suprarenal
and distal
thoracic
aorta

6

12.77

6

22.22

2

5.41

.080

42.78

Interrenal
isolated

1

2.13

3

11.11

0

0.00

.042

42.78

Infrarenal
isolated

5

10.64

4

14.81

14

37.84

.005

46.11

Infrarenal
and distal
thoracic
aorta

1

2.13

1

3.70

2

5.41

.821

43.33

Supra to
infrarenal
isolated

12

25.53

3

11.11

3

8.11

.069

49.44

Distal
thoracic
and
supra to
infrarenal

6

12.77

3

11.11

2

5.41

.547

43.33

22

46.81

18

66.67

16

43.24

.261

54.44

bilateral

19

40.43

11

40.74

8

21.62

.041

68.89

unilateral

3

6.38

7

25.93

8

21.62

Celiac
artery

21

44.68

11

40.74

7

18.92

.198

55.00

Superior
mesenteric
artery

18

38.30

14

51.85

5

13.51

.020

55.56

Inferioc
mesenteric
artery

3

6.38

2

7.41

1

2.70

.741

60.00

Renal artery
involvement

Involvement
other arteries
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Supplementary Table 3: Localization of MAS and vessel involvement in entire population per etiology

Supplementary table 4: Reinterventions and complications per intervention type per age category.
Percentages are calculated with denominators juveniles endovascular, juveniles surgery, adults
endovascular, or adults surgery. BP: Blood pressure. Level of significance was calculated with Fisher
Exact 2 sided Test or independent samples Mann-Whitney U Test.
Juveniles

Endovascular (N=31)

Re-intervention
*Reason for re-intervention

N (of median)

% (or IQR)

Missing (%)

10

32.26

12.90

pseudoaneurysm

0

no control BP / still
symptoms
graft stenosis

5

in stent stenosis

4

rest stenosis

1

0

Frequency of re-intervention

1.5

1.00-2.75

74.19

Time to re-intervention (months)

3.00

1.00-18.00

77.42

Complication

11

35.48

9.68

reversible myocardial 1
ischemia
death
2
procedure failure

6

stent embolization

1

bleeding

0

aortic tear

1

Adult

Endovascular (N=24)

Re-intervention
Reason for re-intervention

19.35

N (of median)

% (or IQR)

Missing (%)

2

8.33

79.17

no control BP / still
symptoms
graft stenosis

0

in stent stenosis

1

0

Frequency of re-intervention

1.00

1.00-1.00

91.67

Time to re-intervention (months)

24.00

24.00-24.00

95.83

1

4.17

25.00

Complication
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thrombosis

0

bleeding

1

aortic tear

0

N (of median)

% (or IQR)

Missing (%)

Level of
significance
P-value

11

22.92

16.67

.433

2
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Surgery (N=48)

<.001

0
4
0
3
1.00

1.00-3.00

77.08

.600

36.00

10.50-90.00

81.25

.016

3

6.25

20.83

.005

0

.686

1
1
0
1
0

Surgery (N=51)
N (of median)

% (or IQR)

Missing (%)

Level of
significance
P-value

8

15.69

9.80

.389

2

.143

4
0
1.00

1.00-1.00

82.35

1.000

39.00

26.00-52.00

88.24

1.000

4

7.84

1.96

1.000

1

.422

0
1
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Supplementary Table 5: Complications in entire population after endovascular therapy or surgery.
Percentages were calculated with endovascular or surgical complications as denominator. Level of
significance is calculated with two sided Fisher Exact Test to investigate difference in population with
and without complication after endovascular therapy or surgery.
Entire population

Endovascular
complications
(N=12)

%

Missing
(%)

Asymptomatic

2

16.67

27.3

Dyspnea

4

33.33

80

Nausea / vomiting

2

16.67

85.5

Failure to thrive

1

8.33

98.2

Headache

2

16.67

81.8

Abdominal pain

4

33.33

89.1

Claudication

2

16.67

70.9

Stroke

1

8.33

90.9

Hypertension

11

91.67

21.8

Abdominal bruit

3

25.00

70.9

Decreased femoral pulse

3

25.00

56.4

Seizures

1

8.33

98.2

Left ventricle hypertrophy 6

50.00

49.1

Congestive heart failure

2

16.67

60

Cardiomegaly

1

8.33

74.5

Renal impairment

1

8.33

60

Within last 12 months

0

0.00

98.2

Endovascular

0

0.00

16.4

Surgery

0

0.00

16.4

Inflammatory

3

25.00

41.8

Congenital

2

16.67

Idiopathic

2

16.67

Idiopathic

2

16.67

41.8

Congenital

2

16.67

41.8

Neurofibromatosis

0

0.00

43.6

Williams syndrome

0

0.00

43.6

Alagilles syndrome

0

0.00

43.6

Mucopolysaccharidosis
VII

0

0.00

43.6

Symptoms

Physical findings

End-organ
damage

Previous
intervention

Etiology
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Surgery
complications
(N=7)

%

Missing
(%)

Level of
significance

1.000

1

14.29

15.2

.544

1.000

0.00

92.9

n/a

1.000

0.00

98

n/a

0.00

98

n/a

1

14.29

90.9

1

14.29

87.9

1.000

4

57.14

50.5

1.000

1

14.29

90.9

n/a

1.000

6

85.71

17.2

1.000

1.000

0

0.00

76.8

.304

0.035

1

14.29

59.6

1.000

1

14.29

99

0.669

2

28.57

63.6

1.000

1.000

0

0.00

73.7

1.000

1.000

1

14.29

86.9

.154

1.000

2

28.57

50.5

.546

n/a

0

0.00

94.9

1.000

n/a

0

0.00

11.1

1.000

0.557

1

14.29

11.1

.222

0.548

0

0.00

50.5

.112

3

42.86

2

28.57

0.671

2

28.57

50.5

1.000

0.296

3

42.86

50.5

.087

1.000

0

0.00

50.5

1.000

n/a

1

14.29

50.5

.196

n/a

0

0.00

50.5

n/a

n/a

0

0.00

50.5

1.000

1.000

1.000
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Level of
significance
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FMD

1

8.33

43.6

Fetal alcohol syndrome

1

8.33

43.6

Down syndrome

0

0.00

43.6

3

25.00

41.8

Takayasus arteritis

3

25.00

43.6

SLE

0

0.00

43.6

Non spec arteritis

0

0.00

43.6

Atherosclerosis

0

0.00

43.6

Distal thoracic aorta
isolated
Suprarenal isolated

2

16.67

34.5

2

16.67

30.9

Suprarenal and distal
thoracic aorta
Interrenal isolated

1

8.33

16.4

0

0.00

16.4

Infrarenal isolated

3

25.00

20

Infrarenal and distal
1
thoracic aorta
Supra to infrarenal isolated 2

8.33

16.4

16.67

20

Distal thoracic and supra
to infrarenal

1

8.33

16.4

8

66.67

38.2

bilateral

8

66.67

60

unilateral

0

0.00

Involvement other Celiac artery
4
arteries
Superior mesenteric artery 5

33.33

49.1

41.67

49.1

8.33

52.7

12

100.00

16.4

PTA

8

66.67

16.4

PTA with stent

4

33.33

16.4

Inflammatory

Localization

Renal artery
involvement

Inferioc mesenteric artery 1
Endovascular

Surgery
Aorta-aorta bypass
Thoracoabdominal bypass
Renal autotransplantation
Reconstruction patch graft
Aortic patch
Nephrectomy
TESLA
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2

28.57

50.5

.047

0.226

0

0.00

51.5

n/a

n/a

0

0.00

51.5

1.000

1.000

0

0.00

50.5

.158

0.335

0

0.00

50.5

.574

n/a

0

0.00

51.5

n/a

1.000

0

0.00

50.5

1.000

0.562

0

0.00

50.5

1.000

1.000

0

0.00

48.5

1.000

0.444

1

14.29

35.4

1.000

0.657

2

28.57

22.2

.196

n/a

0

0.00

22.2

1.000

0.669

0

0.00

25.3

.576

0.261

0

0.00

23.2

1.000

1.000

0

0.00

32.3

1.000

0.458

2

28.57

23.2

.104

0.113

6

85.71

33.3

.079

0.022

4

57.14

63.6

1.000

1

14.29

0.400

6

85.71

28.3

.004

0.068

6

85.71

28.3

.025

1.000

1

14.29

32.3

.330

7

100.00

11.1

n/a

4

57.14

11.1

.697

1

14.29

11.1

.241

1

14.29

11.1

.287

1

14.29

11.1

.452

0

0.00

11.1

1.000

0

0.00

11.1

1.000

1

14.29

11.1

.154
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0.406

n/a
0.009
0.009
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Supplementary table 6: Results for IPD-MA, random effects logistic regression and IPD-MA
individual patient data meta-analysis. * Reference categories are juveniles, surgery and females. Joint
significance test for interaction: F(2, 516.9) = 2.50, p = 0.08
.
Odds Ratio

Std. Err.

[95% Conf. Interval]

P-value

5.03

4.18

(0.98, 25.83)

.05

medication

5.23

5.23

(0.73, 37.34)

.10

endovascular

5.77

4.73

(1.15, 28.96)

.03

Adult*medication

0.19

0.33

(0.01, 5.56)

.33

Adult*endovascular

0.03

0.05

(0.00, 0.52)

.02

Congenital

1.07

0.94

(0.19, 6.08)

.94

Inflammatory

0.47

0.36

(0.10, 2.11)

.32

Male

1.49

0.73

(0.57, 3.92)

.42

Constant

0.09

0.08

(0.02, 0.47)

.00

Adult
Intervention type

Interaction terms

Etiology

Supplementary table 7: Estimated predicted probabilities. Adjusted for gender and etiology.
Proportion with
hypertension at
follow up

[95% Confidence Interval]

Medication, Juveniles

0.33

(0.06-0.61)

Medication, Adults

0.34

(-0.01-0.69)

Endovascular, Juveniles

0.35

(0.15-0.56)

Endovascular, Adults

0.10

(-0.07-0.27)

Surgery, juveniles

0.10

(-0.01-0.21)

Surgery, Adults

0.33

(0.15-0.51)
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"Not knowing is part of the fun"
The Big Bang Theory – Sheldon Cooper
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Chapter 6
Discussion and future perspectives
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The aim of this thesis is to obtain novel insights in and the relative contribution of the
inflammatory component of various vascular disease entities. Despite all interest in
cardiovascular disease during the last decades, serious shortcomings are still present and
need further study in search for improvement of patient care.

Inflammation in cardiovascular disease
The paradigm that atherosclerosis is an inflammatory disease has existed for a long time.
Already in 1856, Virchow proposed that atherosclerosis is the result of inflammation and
cell proliferation reactive to injuries of the vessel wall (1), even before the first studies
unraveling the role of cholesterol were performed by Anichkov in 1913.(2, 3) Since mouse
models including ApoE-/- and LDLr-/- were developed in the 90’s and more advanced
laboratory techniques became available, our understanding of atherosclerosis has reached
new dimensions.(2) We have learned that vascular wall macrophages initiate plaque
formation with the progression into foam cells after the internalization of lipids. The
commenced inflammation results in recruitment of more immune cells with both proand anti-inflammatory components which eventually leads to plaque formation. Both
innate and adaptive immune cells have been detected in coronary artery atherosclerosis,
however controversial roles were accredited. Macrophages with foamy and non-foamy
phenotypes are abundant in early plaque stages as well as in culprit regions.(4-7) In late
stage atherosclerosis, macrophages are thought to contribute to plaque destabilization
by the release of matrix metalloproteinases (MMPs) upon adapting the pro-inflammatory
M1 phenotype.(8) The more tolerogenic M2 macrophages have anti-inflammatory
characteristics and may facilitate stabilizing collagen synthesis.(9) Also neutrophils
have opposite roles: they have a pro-inflammatory role in initiation of atherosclerosis
and plaque destabilization, but may also be needed for tissue repair.(10, 11) Adaptive
immune cells are also abundant in CAD, but the importance of adaptive immunity for
atherosclerosis progression remains less clear than for innate immunity and is a topic of
ongoing investigation. T cells, both the helper and cytotoxic phenotype are detected in
advanced plaque stages and in culprit lesions, whereas the anti-inflammatory regulatory
T cells have been reported in higher numbers in younger compared with older patients
with CAD.(4, 7, 12-14) The role for B cells in CAD appears to be a two-edged sword as well:
pro-inflammatory when they assist in T cell activation and possibly anti-inflammatory
upon production of neutralizing antibodies against oxidation-specific epitopes (such as
present at oxidized LDL) in the atherosclerotic plaque.(4, 15-17)
The inflammatory character of atherosclerosis is not only established by description of
local immune cells. Detection of interleukin (IL)-6, IL-1β, and high-sensitivity C-reactive
protein (hs-CRP) in peripheral blood are markers associated with risk of atherosclerotic
cardiovascular diseases and markers to monitor treatment effect. These markers could
originate from the local inflammation: in vascular wall macrophages, inflammasomes
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Inflammation research has further extended to other locations of vascular disease,
including aortic aneurysms. The abdominal aorta is a preferential location for
atherosclerosis, thus it is not surprising that aortic abdominal aneurysms (AAA) contain
atherosclerotic plaques with immune cells but it should be emphasized that only a small
fraction of all patients with abdominal aortic atherosclerosis develop aneurysms. In these
AAAs, several innate and adaptive immune cells have been identified. Aneurysms have
been studied in human tissue samples and animal models, in which several knockouts
and/or treatments are applied to induce aneurysm formation and eventually ruptures.(22)
However, these models make assumptions hindering translation to the human patient
and therefore hampering the essential question: do these cells initiate the formation of an
AAA, or are these present as a consequence of the lesion?(23)
In contrast to AAA, studies investigating the immune system in thoracic aortic aneurysms
(TAA) are scarce. While initially these aneurysms were considered as non-inflammatory
and associated with hereditary syndromes, more recent studies have detected
macrophages and T cells in TAAs in patients with tricuspid aortic valves (TAV) but the role
of immune cells in bicuspid aortic valve (BAV) aortopathy remains undiscovered.
Inflammation also plays a role in aortic diseases in which the diameter decreases
instead of increases. An under-exposed disease is mid-aortic syndrome (MAS) in which
coarctation of the abdominal aorta leads to severe hypertension. MAS can be diagnosed
without underlying cause (i.e., idiopathic) or as associated with genetic disorders (e.g.,
William’s Syndrome, Down’ Syndrome) but a major group comprises inflammatory
MAS. Inflammatory causes leading to MAS include Takayasu’s arteritis, SLE, and
atherosclerosis. Since MAS is a rather rare disease, studies investigating the role of
inflammation and genetic disorders in clinical presentation and treatment outcomes of
MAS are scarce.
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are formed, which are complex cytosolic proteins that eventually convert pro-IL-1β into
IL-1β and cleave pro-IL-18 into IL-18.(18) These pro-inflammatory cytokines induce
IL-6 production leading to CRP production by the liver.(19) Interestingly, elevated levels
of TNF-α, IL-6, and hs-CRP in peripheral blood are also detected in patients suffering
from chronic rheumatic diseases. This chronic inflammation and altered lipid profile
are thought to contribute to accelerated plaque formation, on the other hand we should
also consider the effects of the administered therapies on the cardiovascular risk.
(20) On population level, rheumatoid arthritis patients have 1.5 times higher risk for
cardiovascular death compared to the general population and for patients suffering from
systemic lupus erythematosus (SLE), this risk is further increased by 2-3 times leading to
specific indications for risk management in clinical guidelines.(19, 21)

In addition to the inflammatory character of vascular diseases, attention has also been
pointed towards infectious vascular diseases. The relevance and potential disastrous
consequences of infectious disease in general have been emphasized by the current
Coronavirus Disease 2019 (COVID-19) pandemic. What at first glance appeared as
a potentially lethal respiratory infection emerged to have a strong interplay with
cardiovascular disease. On one hand, pre-existing cardiovascular disease was commonly
reported in patients suffering from severe COVID-19 and this also appeared to be a risk
factor for complicated courses and mortality. On the other hand, patients with COVID-19
had a higher chance to develop cardiovascular diseases after they recovered from the
infection, including acute coronary syndromes, myocarditis, venous thromboembolism,
and arrhythmias. A potential pathway here may be angiotensin-converting enzyme
2 (ACE2) which is and an important enzyme in the renin-angiotensin-aldosterone
system (RAAS) responsible for fluid, electrolyte, vascular resistance, and blood pressure
regulation. The Coronavirus uses this enzyme as entry system to enter the cell.(24)
For other infectious diseases also interplays with cardiovascular disease have been
demonstrated or hypothesized. Within the field of atherosclerosis, the ‘response to
injury’ hypothesis represents the idea that the chronic vascular inflammation is preceded
by endothelial injury leading to expression of adhesion molecules on endothelial cells.
(25) Numerous potential injuries have been postulated: well-known factors including
hyperlipidemia and mechanical factors (hypertension and altered shear stress) but
also infections.(26) In vitro and animal studies suggest that pathogens including
Porphyromonas gingivalis (P. gingivalis), Chlamydia pneumoniae (C. pneumoniae),
hepatitis C virus (HCV), cytomegalovirus (CMV), and human immunodeficiency virus
(HIV) are associated with atherosclerosis. Potential mechanisms for plaque formation
include expression of endothelial adhesion molecules intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and monocyte chemoattractant
protein-1 (MCP-1) leading to migration of inflammatory cells and induction of lectin-like
ox-LDL receptor-1 (LOX-1) promoting lipid accumulation. CMV appears to be capable
of inducing plaque progression via vascular smooth muscle cell proliferation. Plaque
instability can be promoted through alterations in vascular tone via nitric oxide, induction
of a procoagulant state and secretion of MMPs. In addition, molecular mimicry, i.e.,
proteins of pathogens mimic human proteins leading to immune responses towards the
host proteins, might also play a role. Until now, antibiotic therapies in cardiovascular
patients did not improve clinical endpoints which might suggest that the identified
pathogens co-exist locally and not necessarily lead to clinical events.(25)
A pathogen capable of inducing potentially severe cardiovascular infections including
endocarditis, infected aneurysms, and vascular prostheses is the bacterium C. burnetii,
causing Q fever. Patients with acute Q fever may be asymptomatic or experience flu186

What we have studied on inflammation
The concept of inflammation is not novel in atherosclerotic research, and as expected,
we have identified increased numbers of innate and adaptive immune cells in diseased
coronary arteries compared to normal coronary arteries in Chapter 2. However, the
novelty was the similarity in number and type of immune cells among the diseased
groups which could have clinical implications as elaborated later in this Discussion.
The first guidelines for description of plaques demonstrated atherosclerotic plaque
formation as a linear process in which all plaque stages followed in a pre-determined
order and potentially lead to complications including plaque erosion or plaque rupture.
However, a few years after publication of these guidelines an amendment was proposed
by Virmani. One of the major modifications was the replacement of the linear order by
which plaque stages occur by a maze of potential orders in which plaque stages could
follow each other. More importantly, not only the former called end-stage would be the
stage leading to clinical events, but this could follow any stage except for the ‘normal’
artery. This paradigm on atherosclerotic plaque development is supported by our finding
demonstrating the similarities in immune cell composition among diseased groups.
BAV aortopathy remains a largely undiscovered disease. With a prevalence of 1-2%,
BAV is the most common congenital heart defect and a great contributor for developing
TAA and dissections in the general populations. Both altered flow pattern and genetic
predispositions are assumed to cause aortopathy in which the vascular wall integrity
is diminished. The most obvious clinical expression of this aortopathy is the increase
of the vessel’s diameter which also is the most used biomarker for follow-up of the
aneurysm. When the diameter of the TAA reaches a threshold of 5.5 cm, the risks for
acute aortic syndromes (AAS) including dissections outweighs the surgical risks for
elective repair. Nonetheless, observational studies have demonstrated that majority of
the acute dissections occur below this threshold, which shows that solely the aneurysm’s
diameter is not the best prognostic marker. In addition to diameter, in known aneurysms
growth rate can be used during follow-up to predict the course of disease. Unfortunately,
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like symptoms, and progression to a chronic infection occurs in approximately in 5% of
the infected individuals. Risk factors for developing chronic Q fever include higher age,
presence of aortic or iliac aneurysm, renal insufficiency, and previous valvular or vascular
prosthesis surgery. A large proportion of patients with proven and probable vascular
manifestations of Q fever (i.e., infection of aneurysm or vascular prosthesis) suffer from
acute complications such as ruptures and abscesses, leading to increased mortality.
Whereas acute Q fever can resolve spontaneously or with single antibiotic therapy for
two-three weeks, chronic Q fever requires dual antibiotic therapy for multiple years with
still unsatisfactory results and surgery is therefore considered as well.(27)

aneurysms are commonly an incidental finding and waiting until growth occurs is not
always a favorable option. There is need for a screening tool distinguishing the ‘nonactive’ aneurysms and ‘active, prone to dissect’ aneurysms. Therefore, we studied the
pathology of BAV aortopathy aiming for the discovery of novel biomarkers.
The study in chapter 4, although with a small sample size, confirmed the similar
diameters between patients with aneurysmatic and dissected aortas. Interestingly, we
identified some changes in the local immune cell landscape in BAV aortopathy stages.
We did not detect any changes in immune cells numbers in the intima layer between
non-aneurysmatic, aneurysmatic and dissected aortas, suggesting that BAV aortopathy
develops irrespective of atherosclerosis. Over disease progression, infiltration of immune
cells was detected. Strikingly, a 4-times increase of the number of lymphocytes organised
in tertiary lymphoid structures (TLS) in adventitias of aneurysmatic aortas emerged with
the most impressive increase measured in B cells: aneurysm adventitias contain 25 times
more B cells than non-aneurysms. In addition, we discovered that the number of immune
cells in BAV aneurysms was much higher than in coronary atherosclerosis. For example,
the media and adventitia layer of TAA patients contain a median of 1.79% (interquartile
range (IQR) 1.19-2.66) and 8.66% (IQR 6.89-13.14) macrophages out all cells, respectively,
compared to a median of 3.46% (IQR 1.09-6.86) in the intima of diseased coronary arteries
(i.e., pathological intimal thickening, fibroatheroma, and fibrous plaques). The median
percentage of T cells in the media of BAV aneurysms was 0.37% (IQR 0.23-0.61) and
12.42% (8.95-19.58) in the tunica adventitia, whereas this was only 3.34% (IQR 1.49-6.69)
in the intima of diseased coronary arteries. In atherosclerotic AAAs, we detected 10.4%
(IQR 7.80-14.42) macrophages and 13.59% (IQR 10.29-35.76) T cells. As currently targeted
and non-targeted immunotherapy is under investigation in coronary atherosclerosis in
which the numbers of immune cells are lower, we believe there might be future for such
therapies in TAA and AAA. Potential clinical applications in terms of biomarkers and
immunotherapy are discussed later in this chapter.

Cardiovascular infection: vascular manifestations of chronic Q fever
Aortic aneurysms can also be located in the abdominal aorta and can be complicated by
infectious diseases, including chronic Q fever. Prognosis of these infected AAAs is poor
due to high complication and mortality rate, thus appropriate and dedicated treatment is
urgently needed.
As it was not clear how the immune response is regulated locally in vascular
manifestations of Q fever, we have investigated the immune cell landscape. Chapter 3
shows that in vascular Q fever the local immune response is skewed to an immune-tolerant
state. Strictly hypothetically, the decreased expression of Granulocyte Macrophage –
Colony Stimulating Factor (GM-CSF) suggests a possible role for immune-modulating
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Mid-aortic syndrome
Whereas the first chapters of this thesis focused on vascular disease on preclinical and
cellular level, the last chapter investigated vascular disease on patient and population
level. Despite that the first description of MAS originated from 1847 (30), clinical
guidelines or large trials are lacking due to its rarity.
Three major etiology groups can cause MAS: congenital conditions (such as Williams
syndrome), inflammatory diseases including Takayasu’s arteritis or idiopathic. In
juvenile patients more idiopathic cases were identified in contrary to more inflammatory
causes in adults. Accompanied with different etiologies, also different localizations
and affected side branches were reported between these age categories. Hypertension
proximally to the stenosis is key clinical feature in MAS patients, and requires intensive
treatment since studies regarding natural history of MAS have demonstrated poor
prognosis. To prevent hypertension-related complications, the high blood pressure
was initially treated with antihypertensive medications, and if this was not sufficient,
interventions were performed. Our descriptive data demonstrated that solely medication
resulted in normotension in a very low proportion of patients with no difference between
the age categories. Although guidelines for precise indications are lacking, uncontrolled
hypertension, kidney damage, claudication, and intestinal ischemia have been described
as indications to pursue invasive management.(31) Other indications include the degree
of stenosis exceeding 60%, or milder cases of stenosis when associated with symptoms
reflective of end organ damage (cardiomyopathy, renal failure, claudication) or refractory
hypertension, with also taking location and involvement of splanchic arteries into
account.(32, 33)
Hypertension during follow up, our primary outcome measure, was reported similarly
for adults and juveniles. Strikingly, among juveniles, more patients suffered from
hypertension at follow-up after endovascular therapy with use of more antihypertensive
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treatment, for example by the administration of recombinant GM-CSF. This is already
approved for neutropenia due to myelosuppression (28), and has been suggested for
treatment for pulmonary tuberculosis.(29) Additionally, interferon-gamma (IFNγ) could
hypothetically be used to counteract regulatory T cells and redirect local macrophages
towards a microbicidal M1 polarization. However, there are major concerns hampering
direct clinical application. In vitro, IFNγ synthesis appears to be intact in peripheral
mononuclear cells isolated from patients with chronic Q fever when stimulated with
the bacterium, suggesting a relative IFNγ deficiency. No results have been published yet
regarding immunomodulating treatment in chronic Q fever.

drugs. In addition, more complications were reported in juveniles undergoing
endovascular therapy. Adults were found hypertensive during follow-up in similar
proportions.
In addition to this descriptive analysis, a meta-analysis was performed. In juveniles,
the probability of hypertension after endovascular treatment was the same as after
medical treatment but was decreased following surgery. The opposite effect was
detected for adults: the probability of hypertension after surgery was similar as after
medical treatment, whereas endovascular treatment decreased this probability. These
new insights may be of great clinical value: it suggests preferred therapies for each
age category. In addition, although endovascular treatment may be indicated because
of anatomical characteristics or comorbidities, there should be awareness for postinterventional hypertension in children.

Inflammation in daily patient care
Biomarkers
In atherosclerosis, non-specific inflammatory markers already have a place in current
guidelines. The 2019 American College of Cardiology/American Heart Association (ACC/
AHA) guideline on primary prevention of cardiovascular disease states that elevated hsCRP enhances risk of atherosclerotic cardiovascular disease. Therefore, they recommend
to initiate statin therapy in patients with ‘borderline’ or ‘intermediate’ risk when also hsCRP levels are elevated.(21)
Non-specific inflammation imaged by 18F-FDG-PET was increased in femoral, iliac,
aortic, or carotid arteries in patients with more cardiovascular risk factors.(34) 18F-FDG
uptake did not differ between culprit and non-culprit plaques.(35) On the contrary,
increased 18F-NaF uptake was measured in coronary artery atherosclerosis in which
intravascular ultrasound (IVUS) demonstrated more dangerous features including
positive remodeling, microcalcifications, and presence of a necrotic core. Additionally,
18F-NaF uptake in carotid arteries was associated with local calcifications, infiltration of
macrophages, apoptosis, and necrosis.(35)
Our findings regarding the similarities of immune cell composition among plaque stages
can also be interpreted in the light of diagnostic markers. The markers that we have
investigated here are not suitable for distinguishing between plaque stages and can only
indicate presence of a plaque, which itself might still be harmless. However, it should
be noted that all plaque stages could progress into clinical events and the clinical added
value of making this distinction is thereby controversial.
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Immunotherapy
In cardiovascular disease, anti-inflammatory drugs have been prescribed for many years.
Two commonly prescribed examples are aspirin and statins. Aspirin is a non-steroid
anti-inflammatory drug (NSAID) and inhibits aggregation of thrombocytes. Its antiinflammatory effect is due to irreversible inhibition of the enzyme cyclo-oxygenase 1
(COX1) resulting in decreased prostaglandin synthesis.
The cholesterol-lowering statins function via inhibition of β-Hydroxy-β-methylglutarylCoA (HMG-CoA) reductase resulting in inhibition of cholesterol synthesis in the liver.
Also, statins possess anti-inflammatory functions: they induce a decrease in proinflammatory cytokines including IL-6, IL-1β, and TNF-α and expression of endothelial
adhesion molecules VCAM-1 and ICAM-1.(19) Numerous studies have proven clinical
efficacy (i.e., decrease in clinical events) of statins in cardiovascular patients and more
recent trials have demonstrated lowering of inflammatory biomarkers including hs-CRP.
(19)
Chapter 2 provides interesting findings in the search for novel anti-inflammatory
therapies. Our main finding is the similarity of absolute numbers and percentages of
immune cells in three types of atherosclerotic plaques, potentially all leading to clinical
events. If one of the investigated markers in our study would interfere in a pathway of
interest for medical therapy, this therapy could be initiated across a wide range of plaque
stages as presence of immune cells is similar among pathological intimal thickening
(PIT), fibroatheroma, or fibrous plaque. This raises the number of clinical applications
compared to strategies tailored to specific plaque stages.
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The potential for inflammatory biomarkers in BAV aorthopathy is an undiscovered
domain. On first sight, the vast difference in B cells looks appealing for a novel biomarker
or even the possibility to apply a targeted immunotherapy approach. However, currently
there are limitations preventing this translation to the clinic. We should be cautious with
drawing conclusions from this purely descriptive study: no causal relationship can be
proven based on our study. For proving causality, animal studies would be necessary but
these fail to fully represent human disease hampering translation to human patients. In
addition, the biomarker should meet several criteria before it is usable in clinical patient
care regarding its method, association with disease and improvement of clinical care.(36)
Both general inflammatory markers including CRP or 18F-FDG-PET and specific markers
such as B cells can be considered. However we feel that despite our exciting results,
numerous development and studies are required before implementation to clinical care
can take place.

It should be noted that no functional markers were included. We only described the
presence of immune cell types without investigating their functional status or potential
state of exhaustion. Our study supports the concept of anti-inflammatory therapies for
treating atherosclerosis in terms of presence of immune cells, however we did not provide
any functional status leading to more specific targets focusing on interference with
immune checkpoints, metabolism, or chemokines.(37)
Specific immunotherapy is rather novel for cardiovascular disease. Great attention was
drawn with the Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS).
(38) Canakinumab, a therapeutic monoclonal antibody targeting IL-1β was administered
to over 10 000 patients who suffered from myocardial infarction and had elevated hsCRP levels. Treatment resulted in reduction of hs-CRP levels compared to placebo while
lipid levels did not decrease. In patients who received the highest dose (150 mg every
three months) a decrease in cardiovascular events was observed (i.e., nonfatal myocardial
infarction, nonfatal stroke, or cardiovascular death) compared to placebo. However,
implementation of this therapy to every-day practice is hampered by serious side effects:
more fatal infections, sepsis, and reduction in platelet counts were reported in treated
patients contributing to similar all-cause mortality in treatment- and placebo-group.(38)
Despite no direct beneficial clinical effects, this study provided reasons to believe that
targeting inflammation could lower cardiovascular events.
Non-targeted anti-inflammatory drug colchicine also supported this idea. Colchicine,
widely prescribed in treatment of gout, hinders motion, adhesion, and activation of
immune cells by inhibition the polymerization of microtubules. Its inhibitory effects on
the inflammasome results eventually in decreased levels of IL-1β amongst others. The
open-label Low-dose-colchicine for CVD prevention (LoDoCo) trial and its randomized
double-blind follow up study (LoDoCo2) demonstrated that colchicine-treated patients
were less likely to develop cardiovascular events. The LoDoCo2 study reported a trend
with increased all-cause mortality in the colchicine-treated patients, particularly due
to increased non-cardiovascular deaths.(39, 40) Also the Colchicine Cardiovascular
Outcomes Trial (COLCOT) showed that the colchicine-treated group was less likely to
develop cardiovascular events but it should be noted that more pneumonia was reported
in this group.(41)
Abovementioned studies focused on immune-modulating therapy in atherosclerotic
disease. We should also consider their usefulness for aneurysmatic disease as AAA
patients can benefit from statin treatment as demonstrated by a large systematic
review and meta-analysis. Use of statins was associated with reduced growth rate,
rupture risk, and 30-day mortality after elective repair. This might be the result
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In conclusion, inflammation has a major role in several cardiovascular diseases and
despite increased insights obtained in this thesis, we can only encourage further
research to fully elucidate the role of the immune system in these diseases. Inflammatory
biomarkers and targeted therapy might gain function in clinical practice, although there
should be a careful consideration regarding for example side effects.
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of reduction of inflammation leading to less inflammatory cells which can excrete
matrix metalloproteinases (MMPs) and lead to a reduction of these MMPs locally.(42)
Considering the high numbers of immune cells in (atherosclerotic) AAAs and TAA in BAV
patients, there might be possibilities for treating these disease with immune-modulating
therapies as well.
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CHAPTER 7A : SUMMARY
Cardiovascular disease is still the leading cause of death globally and most likely will
remain this in the near future. Studies investigating cardiovascular diseases have been
published in large numbers, although there is still a lot undiscovered. Cardiovascular
diseases are diseases which affect heart and blood vessels. In this thesis, we focus on
several types of cardiovascular diseases: dilatations (aneurysms) of the largest artery
of the body (the aorta) at several locations, narrowing of the aorta in the abdomen,
and atherosclerosis. Here, we are interested in the role of the immune system in these
cardiovascular diseases.
The immune system is a complex system consisting of numerous cells, signaling
molecules, and organs which protect the body from intruders and aim for homeostasis.
Some parts of the immune system are pro-inflammatory, meaning that inflammation
is promoted. On the other hand, the anti-inflammatory part has a reparative role and
attempts to inhibit the ongoing inflammation. These two systems need to be perfectly in
balance to avoid auto-immune diseases (for example rheumatic arthritis).
In this thesis, we use a method of visualization of immune cells in diseased tissue, called
multiplex immunohistochemistry (mIHC). With this method, we can quantify immune
cells in vascular tissue, enabling us to describe the immune cell landscape. For this
purpose, we have created two panels to describe the innate and adaptive immune system,
consisting of eight markers each.
Atherosclerosis is the cardiovascular disease which has attracted most attention
throughout the years. Atherosclerosis is a disease of blood vessels, located at for example
coronary arteries or carotid arteries. Atherosclerotic plaques are the origin of clinical
diseases including myocardial infarction and stroke.
The concept of inflammation in atherosclerosis is not novel, however the application
of our technique is. In Chapter 2, we confirm previous studies by demonstrating the
presence of a wide variety of immune cells but we also reveal novel insights. In this
study, we detect immune cells in specific plaque regions and in specific plaque stages,
and we show that all diseased coronary arteries contain more immune cells than samples
taken from non-involved regions, which was expected. However, we also noticed that
the numbers of immune cells were similar among the three diseased types of coronary
arteries. This can have consequences for anti-inflammatory therapy in patients with
atherosclerosis.
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In some cases, we already know that this aneurysm exists. This is the case for patients
that undergo screening because family members are affected by the disease. Currently,
medical therapy focuses on deceleration of growth and lowering blood pressure but no
drugs are available to treat aneurysms, and the only solution is to surgically treat these
patients. The big question is when to electively repair this aneurysm. Current guidelines
recommend this surgery at a certain diameter of the aneurysm, which means that beyond
this diameter the risk of a complication is larger than the risks of the surgery. However,
we have learned that this system is not foolproof: majority of patients with a dissection
did not have an aneurysm larger than the guideline recommended diameter. Therefore,
research for a better predictor of aneurysm dissection is warranted.
One of the locations of aneurysms is the abdominal aorta. Aneurysms in this location can
play a role in other diseases, such as chronic Q fever as described in Chapter 3. In patients
who suffer from Q fever, an infectious disease caused by the bacterium C. Burnetii, the
acute variant can proceed into chronic Q fever. Chronic Q fever can manifest in cardiac
valves, vascular prostheses, and in abdominal aneurysms. Patients suffering from chronic
Q fever are prescribed yearlong antibiotic therapy with poor results. Still, it is unknown
why this therapy is not sufficient, but we have learned over the years that these patients
are at high-risk of developing complications in terms of aortic ruptures or fistulas. We
aimed to investigate the immune cell landscape in patients suffering from chronic Q
fever to better understand how the bacterium elopes and/or manipulates the immune
system. We compared ‘regular’ abdominal aneurysms with Q fever abdominal aneurysms
and at first glance we found that the numbers of immune cells were similar between these
groups. However, when we investigated subsets, interesting differences were observed.
Q fever abdominal aneurysms contained more ‘anti-inflammatory’ immune cells from
both the innate and the adaptive immune system and less activation molecules to initiate
a proper pro-inflammatory immune response. These findings suggest that the lack of
activation molecules and the presence of anti-inflammatory cells hinder appropriate
action by pro-inflammatory cells, leading to persistent infection.
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Other vascular diseases we are interested in are aortic aneurysms. Aortic aneurysms
are dilatations of the thoracic or abdominal aorta which not necessarily lead to clinical
problems. Most patients suffering from an aneurysm do not notice it until clinical
complications occur. These widened blood vessels are weak and the vessel wall is losing
integrity. At some point, the thoracic aneurysm can dissect. This means that the layers of
the blood vessel are split apart. The blood in the aorta will forcefully spread throughout
this tear making it even bigger. This dissection is able to block blood flow to the brain or
organs which can endanger patient survival. Abdominal aneurysms can get complicated
by a rupture of the aneurysm which is a lethal complication because of the large blood
loss from circulation.

Numerous studies have investigated the role of inflammation in aortic abdominal
aneurysms; however this is relatively undiscovered for thoracic ascending aneurysms.
In Chapter 4, we studied a specific subgroup of patients with thoracic ascending
aneurysms: patients with bicuspid aortic valves (BAV). Usually, the valve between the
heart and aorta contains three leaflets but in case of BAV there are only two functional
leaflets. Patients with BAV are at risk to develop a thoracic ascending aneurysm, probably
because of genetics and altered blood flow patterns. Also, for this group the surgery
threshold diameter is not completely safe, and therefore we aimed to better understand
the disease process of aneurysm formation in patients with bicuspid aortic valves. We
studied the immune cell landscape in BAV patients with normal aortic diameters (nonaneurysmatic), BAV patients with an aneurysm, and BAV patients with a dissection. This
chapter demonstrates an increase in immune cells in dilated aortas compared to nondilated aortas, and some of these immune cells start to form clusters (tertiary lymphoid
structures) which are a sign of chronic inflammation. These findings suggest that longstanding inflammation might play a role in disease progression in thoracic ascending
aneurysms in BAV patients with a disbalance in the pro- and anti-inflammatory aspects
of the immune system.
In the last study of my thesis, Chapter 5, the last entity of vascular disease is studied: midaortic syndrome (MAS). MAS is a narrowing of the abdominal and/or descending thoracic
aorta which can occur in juvenile and adult patients. In juvenile patients, MAS is mainly
found in context of congenital causes (for example William’s syndrome) or unknown
cause (‘idiopathic’), whereas in adults it is predominantly inflammatory (inflammation
of the aorta, such as Takayasu’s arteritis). Almost all patients with MAS will suffer from
hypertension which can lead to severe and lethal complications. To lower their blood
pressure, several treatment options are available. However, because this disease is rather
rare, no large clinical trials have been performed to study the optimal treatment of MAS
patients, and no guidelines are available. Therefore, we have collected and analyzed all
available and eligible small studies (case reports and case series) for systematic review
and meta-analysis. Based on this extensive literature search, we concluded that treatment
with antihypertensive drugs is rarely sufficient to treat hypertension, and intervention
is required. Then two options are available: endovascular therapy or surgery. Juvenile
patients who underwent endovascular therapy were more likely to develop complications
after the intervention and had more unsuccessful treatments (which means that they still
had hypertension during follow up) than juveniles who underwent surgery. On the other
hand, adults showed more hypertension after surgery than after endovascular therapy.
These findings suggest that adult and juvenile patients benefit from different treatment
strategies.
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In conclusion, in this thesis we have investigated the role of inflammation in vascular
diseases. We confirmed old paradigms and opened doors to novel insights, hopefully
leading to improved clinical care in the future.
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The research described in this thesis is put in perspective in Chapter 6, in which we
discuss our results and speculate about future applications.

CHAPTER 7B: SAMENVATTING
Hart- en vaatziekten zijn wereldwijd doodsoorzaak nummer één en dit zal waarschijnlijk
voorlopig zo blijven. Grote aantallen studies zijn gepubliceerd die hart- en vaatziekten
hebben onderzocht, maar er blijft nog veel te ontdekken. Hart- en vaatziekten zijn, zoals
de naam het al zegt, ziekten aan hart en bloedvaten. In dit proefschrift heb ik me gefocust
op verschillende typen hart- en vaatziekten: namelijk verwijdingen (ook wel aneurysma’s
genoemd) van de grootste slagader van het lichaam (de aorta), vernauwing van de aorta
in de buik en aderverkalking (atherosclerose). Dit proefschrift richt zich op de rol van het
immuunsysteem in deze hart- en vaatziekten.
Het immuunsysteem is een complex systeem, bestaande uit grote aantallen cellen,
signaleerstofjes, en organen. Deze beschermen het lichaam tegen ongewenste
binnendringers en hebben het doel om het lichaam in gezonde balans te houden. Het
immuunsysteem bestaat uit verschillende componenten die grofweg verdeeld kunnen
worden in het pro-inflammatoire deel en anti-inflammatoire deel. Het pro-inflammatoire
deel lokt ontsteking uit en onderhoudt deze, terwijl het anti-inflammatoire ofwel
reparatieve deel dit juist afremt. Deze twee delen moeten in balans blijven om autoimmuunziekten, zoals reumatoïde artritis, te voorkomen.
In dit proefschrift hebben we een methode toegepast om immuuncellen in weefsel in
kaart te brengen, genaamd multiplex immunohistochemie (mIHC). Hiermee kunnen
we immuuncellen in vaatweefsel kwantificeren, waarmee we het immuuncellandschap
beschrijven. Om dit te doen hebben we twee panels ontwikkeld, die het aangeboren
en lerende immuunsysteem beschrijven. Ieder panel bestaat uit acht markers. Deze
kleuringsmethode gebruiken we om immuuncellen te onderzoeken in de bovengenoemde
hart- en vaatziekten.
Atherosclerose, in de volksmond aderverkalking, is de hart- en vaatziekte die door de jaren
heen de meeste aandacht heeft gekregen. Atherosclerose is een ziekte van bloedvaten
die zich kan manifesteren op allerlei locaties, zoals kransslagaderen of halsslagaderen.
Atherosclerotische plaques zijn de basis van ziektes zoals een hartinfarct of een beroerte.
Het idee dat ontsteking een rol speelt in atherosclerose is niet nieuw, maar de toepassing
van onze techniek wel. In Hoofdstuk 2 bevestigen we eerdere studies door het aantonen
van aanwezigheid van verschillende soorten immuuncellen in kransslagaderen,
maar we hebben ook nieuwe bevindingen. We hebben immuuncellen gedetecteerd in
specifieke plaque regio’s en plaque stadia. We laten hier zien dat kransslagaderen met
atherosclerose meer immuuncellen bevatten dan kransslagaderen zonder atherosclerose,
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Andere vaatziekten die centraal staan in dit proefschrift zijn aneurysma’s van de aorta.
Aneurysma’s zijn lokale verwijdingen bijvoorbeeld in de thoracale of abdominale aorta,
die niet per definitie tot klinische problemen hoeven te leiden. De meeste patiënten met
een aneurysma zullen deze helaas niet opmerken, totdat er complicaties optreden. Deze
verwijde bloedvaten zijn verzwakt en de vaatwand zal afnemen in sterkte. Uiteindelijk
kan er bij thoracale aneurysma’s een dissectie optreden, wat betekent dat de lagen van
het bloedvat scheuren. Het bloed in de aorta zal met veel kracht binnendringen in deze
scheur, waardoor deze groter wordt. Deze dissectie vormt een flap, die ervoor kan zorgen
dat de bloedstroom naar het brein of organen geblokkeerd wordt, waardoor het leven van
de patiënt in gevaar komt. Bij aneurysma’s van de abdominale aorta kunnen ook ernstige
complicaties optreden in de vorm van een ruptuur, waarbij de patiënt in levensgevaar kan
komen door groot bloedverlies.
Aan de andere kant zijn er ook patiënten bij wie we wel weten dat het aneurysma
bestaat. Dat komt bijvoorbeeld voor bij gescreende mensen, omdat er familieleden
zijn met een aneurysma. Als we weten dat er een aneurysma is, kunnen artsen
medicijnen voorschrijven om de groei te vertragen en bloeddruk te verlagen. Er zijn er
geen medicijnen beschikbaar om het aneurysma zelf te behandelen. De enige optie
is operatieve behandeling, maar de grote vraag is: wanneer is het ideale moment voor
deze riskante operatie? De huidige richtlijnen schrijven voor om de operatie te laten
plaatsvinden bij een bepaalde diameter, wat betekent dat boven die diameter het risico
op een dissectie groter is dan de risico’s van de operatie. Eerdere studies laten helaas zien
dat dit systeem niet waterdicht is: de meerderheid van de patiënten met een dissectie zit
nog onder die afkapwaarde. We moeten dus op zoek naar een betere voorspeller, die wij
zoeken in het terrein van ontsteking.
Een van de locaties van een aneurysma is de abdominale aorta. Het aneurysma op deze
plaats kan ook een rol gaan spelen in een andere ziekte, zoals chronische Q koorts als
beschreven in Hoofdstuk 3. Q koorts is een infectieziekte veroorzaakt door de bacterie C.
Burnetii. Acute Q koorts kan overgaan in chronische Q koorts die zich kan manifesteren
in bijvoorbeeld hartkleppen, vaatprotheses en in aneursyma’s van de abdominale aorta.
Patiënten met chronische Q koorts moeten jarenlang antibiotica gebruiken waarbij de
resultaten slechts matig zijn. Het is nog onbekend waarom deze therapie niet toereikend
is, maar we weten wel dat deze patiënten een hoog risico lopen op het ontwikkelen
van complicaties zoals rupturen of fistelvorming van hun abdominaal aneurysma. In
het derde hoofdstuk staat het immuuncellandschap in patiënten met chronische Q
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zoals verwacht. Echter, we hebben wel gevonden dat de aantallen van immuuncellen
gelijk waren onder de drie onderzochte stadia van atherosclerose in kransslagaderen, wat
consequenties kan hebben voor anti-inflammatoire therapie bij atherosclerose.

koorts centraal, om beter te begrijpen hoe de bacterie het immuunsysteem ontloopt of
manipuleert. Hiertoe hebben we ‘normale’ abdominale aneurysma’s vergeleken met Q
koorts abdominale aneurysma’s en op het eerste gezicht vonden we gelijke aantallen in
immuuncellen. Echter, bij subset analyses werden interessante verschillen opgemerkt.
Q koorts abdominale aneurysma’s bevatten meer anti-inflammatoire immuuncellen
van zowel het aangeboren als lerende immuunsysteem en minder activatiemoleculen
die normaal gesproken een pro-inflammatoire immuunrespons in gang zouden zetten.
Deze bevindingen suggereren dat een gebrek aan activatiemoleculen en de aanwezigheid
van anti-inflammatoire cellen leiden tot persisterende infectie doordat zij de proinflammatoire cellen in de weg zitten.
De rol van ontsteking in aneurysma’s in de abdominale aorta’s is al uitgebreid onderzocht,
maar dat is niet het geval van de thoracale ascenderende aorta aneurysma’s. In
Hoofdstuk 4 hebben we een subgroep onderzocht van patiënten met een thoracale
ascenderende aneurysma, namelijk patiënten met een bicuspide aortaklep (bicuspid
aortic valve, BAV). Normaal gesproken bevat de klep tussen het hart en de aorta drie
klepbladen, maar bij BAV zijn er slechts twee functionele klepbladen aanwezig. Mensen
met BAV lopen verhoogd risico op het ontwikkelen van een aneursyma van de thoracale
ascenderende aorta, waarschijnlijk door een wisselwerking tussen genetische factoren
en veranderingen in de bloedstroom door die afwijkende klep. We weten dat ook in
deze groep de afkapwaarde voor chirurgie niet waterdicht is, dus wilden we graag
beter inzicht krijgen in het ziekteproces van aneurysma’s in BAV patiënten. We hebben
de immuuncelcompositie onderzocht in patiënten met bicuspide aortakleppen met
een normale diameter van de aorta (niet-aneurysmatisch), BAV patiënten met een
aneurysma, en tenslotte in BAV patiënten met een dissectie. De resultaten beschreven
in dit hoofdstuk laten een toename in immuuncellen zien in verwijde aorta’s vergeleken
met niet-verwijde aorta’s. Sommige immuuncellen vormen hierbij ook clusters (tertiaire
lymphoïde organen), die een teken zijn van chronische ontsteking. Deze bevindingen
suggereren dat langdurige ontsteking een rol kan spelen in progressie van een
aneurysma bij BAV patiënten met een disbalans tussen het pro- en anti-inflammatoire
immuunsysteem.
Tot slot staat in Hoofdstuk 5 een laatste vorm van hart- en vaatziekten centraal: midaortic syndroom (MAS). MAS is een vernauwing van de aorta in de buik of het afdalende
deel in de borstholte en kan voorkomen bij zowel kinderen als volwassenen. Bij kinderen
komt MAS vooral voor in context van een aangeboren oorzaak (bijvoorbeeld het syndroom
van Williams) of bij onbekende oorzaak (ook wel idiopathisch genoemd), terwijl bij
volwassenen het vooral in context van ontsteking voorkomt (bijvoorbeeld Takayasu
arteritis). Bijna alle patiënten met MAS lijden aan een te hoge bloeddruk (hypertensie)
die kan leiden tot gevaarlijke complicaties. De bloeddruk kan worden verlaagd met
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De bevindingen beschreven in dit proefschrift worden bediscussieerd in Hoofdstuk 6. Hier
plaatsen we onze studies in context van bestaande literatuur en gaan we in op potentiële
toepassingen in de toekomst.
Samenvattend, in dit proefschrift hebben we de rol van het immuunsysteem in hart- en
vaatziekten onderzocht. We hebben reeds beschreven bevindingen bevestigd en deuren
geopend naar nieuwe inzichten, die hopelijk bijdragen aan een betere patiëntenzorg in
de toekomst.
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verschillende behandelingsmogelijkheden, maar omdat de ziekte zo zeldzaam is, zijn
er nog geen grote studies geweest om de optimale behandeling in MAS patiënten te
onderzoeken. Er zijn dan ook geen richtlijnen beschikbaar. Daarom hebben we in dit
hoofdstuk alle beschikbare en geschikte kleine studies (case series en case reports)
verzameld en geanalyseerd in een systematische review en meta-analyse. Hoofdstuk
5 beschrijft dat behandeling met bloeddrukverlagende medicijnen zelden afdoende is
om de bloeddruk adequaat te verlagen en er een noodzaak voor interventie is. Hiervoor
kan chirurgie of een endovasculaire behandeling worden ingezet. Kinderen die een
endovasculaire behandeling hebben ondergaan, lopen meer risico op het ontwikkelen
van complicaties en houden meer hypertensie na de behandeling dan kinderen die een
operatie hebben ondergaan. Aan de andere kant houden volwassenen vaker hypertensie
na operatie dan na een endovasculaire behandeling.

CHAPTER 7C: DANKWOORD
Zo, je bent aangekomen bij (of direct doorgebladerd naar) het meest gelezen deel van de
proefschriften: het dankwoord. En terecht, deze reis kan je niet alleen maken. It takes a
village to raise a PhD candidate!
Met een opleiding en werkervaring die zich grotendeels tussen patiënten hebben
afgespeeld, stapte ik in september 2018 een hele nieuwe wereld in. De wereld van
pipetten, cellen, microscopen, muizen, pizzamaandag, koekjeswoensdag, verkleden
bij Lord of the Rings-dagjes uit en waar de computers vernoemd zijn naar Star Wars
karakters. Je begrijpt: dat was even omschakelen. Door de fijne sfeer op TIL was de
overgang vrij soepel, en ondanks onze (niet corona-gerelateerde) isolatie in het aquarium
heb ik een fijne tijd gehad met alle TIL collega’s, waarvoor mijn oprechte dank. Ik wil een
aantal mensen persoonlijk noemen die mij in welke zin dan ook hebben bijgestaan in
mijn bijzondere reis door de wetenschap.
Jolanda, naarmate de tijd vorderde kreeg je een steeds grotere rol in mijn project en ik
had het erg met je getroffen. Hoewel initieel onze vakgebieden wat verder uit elkaar
lagen, heb je me altijd goed kunnen helpen, met name op keuzemomenten. Met jouw
pragmatische en praktische blik hoefden we niet lang stil te staan bij dilemma’s en gingen
we weer lekker doelgericht door, en die manier van werken waardeer ik enorm. Je hebt me
goed onder je hoede genomen en ik ben blij met hoe je je rol als promotor hebt ingevuld.
Roland, wat heb ik aan jou een ontzettend fijne begeleider gehad. Niet alleen was je
super complimenteus (‘’voor een kleurenblinde zijn je figuren zijn wel mooi’’) maar
heb je gigantisch grote rol gehad in de begeleiding de afgelopen jaren. Met je creatieve
ideeën zijn we meer dan eens uit onze comfortzones gestapt om wat nieuws proberen
op te zetten wat resulteerde in tripjes naar de TU/E met grote piepschuimen boxen met
‘Biohazard’ stickers en grootse plannen om de wereld (inclusief de muizen) meer te laten
bewegen. Ik waardeer al je hulp, je meedenken, en snelle handelen ontzettend en zeker
ook onze open en eerlijke gesprekken op momenten dat het zonnetje even niet meer
scheen. Onwijs bedankt voor de fijne tijd de afgelopen jaren!
Mangala, with you as supervisor there was never a dull moment. I am grateful you hired
me for your second cardiovascular project. Thank you for all your help during your TIL
time and also when you moved to your new position.
En sinds januari 2022 is ook Xander officieel deel geworden van mijn promotieteam.
Je hebt de rol van copromotor meer dan waar gemaakt. Je hebt me de eerste fase van
mijn TIL-tijd mee op sleeptouw genomen en alles geleerd wat ik later al dan niet
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Ook een woord van dank aan mijn mentor Matthijs. Vanaf de zijlijn heb je fijne hulp en
goed advies geboden als er hobbels op het pad kwamen.
I was lucky to be part of an international consortium during my PhD, which was called
SCAN. Even before my project officially started we already had our first meeting in
Madrid, where we could meet our nice collegues for the next years. Jacob, despite
your busy schedule you were always willing to help me. I really appreciate your critical
questions and discussions we had. Dani, you were a great help with our LAD project.
Susanne, unfortunately we did not get to visit Tübingen but still it was very nice working
with you (virtually). Kristina and María, I really enjoyed our time together in Riga.
Mijn tijd op TIL is een stuk soepeler en gezelliger geworden dankzij de fijne collega’s. Ilja,
Marijke en Sandy staan altijd paraat om praktische vragen te beantwoorden en voor een
gezellig praatje bij de koffie.
Toen ook voor mij het moment aanbrak dat ik me moest overgeven aan de wondere
wereld van de celkweek, heb ik ontzettend veel hulp gekregen. In het bijzonder wil ik even
Annemiek de Boer noemen die mij aan de hand meenam (gelukkig had ik de pipeteerhandleiding niet meer nodig) en mij leerde hoe ik mijn cellen in leven moest houden.
Toen ik dat onder de knie had, en er daadwerkelijk experimenten gedaan moesten
worden, heeft Martin me alle ins en outs verteld en hij was altijd bereid om een samen
een dagje (of een paar) met mij in de kweek te zitten om ervoor te zorgen dat het allemaal
op rolletjes liep. De patiëntengroep stond ook altijd paraat om vragen te beantwoorden.
Daarnaast heb ik ook veel hulp mogen ontvangen van alle vectra collega’s. We begonnen
dapper met 3-daagse kleuringen met de hand, maar ik ben blij dat we uiteindelijk toch
de overnacht-werkende kleurmachine up-and-running hebben gekregen voor ons
weefsel. Thomas, Kiek en Jelena hebben hier veel praktische ondersteuning bij geboden.
Daarmee is het natuurlijk nog niet gedaan. Al die data moet op een gestructureerde
manier geanalyseerd worden waarbij de computational collega’s Johannes, Shabaz, Jeroen
en Inge van onschatbare waarde zijn gebleken. Dan komt natuurlijk de grote vraag: wat
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nodig zou hebben. Eigenlijk begon dat al daarvoor, toen je me op het vliegveld in
Madrid een college over k-space ging geven. Je had de weg al grotendeels vrijgemaakt
voor materie die later het grootste deel van mijn proefschrift zouden beslaan.
We hebben deel uit mogen maken van elkaars projecten waarbij we heel fijn hebben
samengewerkt en een flink aantal uren hebben doorgebracht op pathologie of in de kelder
bij de MRI. Ondanks dat we al even de witte jas hadden ingeruild voor de microscoop,
waren we toch in staat om een muis succesvol te reanimeren. Dank voor alle hulp maar
vooral ook voor alle interessante discussies en gezelligheid.

betekent deze data? Hoe moeten we dit interpreteren? Grote hulp kwam van de vectra
DLM, met name Lieke en Mark hebben veel bijgedragen niet alleen in dit stadium maar
over de gehele tijdlijn. Mark heeft ondanks eigen druk programma altijd de tijd genomen
om te helpen waar ik vast liep, waarvoor dank! Iris, toen er op de valreep nog transfecties
gedaan moesten worden heb je me ook goed geholpen. Jelena, niet alleen met kleuren scanwerk maar zeker ook met grafisch werk heb je onwijs veel bijgedragen! Ik ben
ontzettend trots op de mooie kaft die je hebt ontworpen.
Ik wil ook een woordje van dank richten aan de coauteurs van mijn manuscripten. Zonder
hen waren de papers nooit geworden wat ze nu zijn. In het bijzonder wil ik de chirurgen
Paul Poyck, Guillaume Geuzebroek, Michel Verkroost en Wim Morshuis noemen die het
waardevolle weefsel hebben verzameld, uiteraard onmisbaar in deze projecten. Marco,
altijd te enthousiasmeren met een leuk embryologisch vraagstuk en ondanks volle agenda
bereid om op korte termijn mee te denken en input te leveren. Konnie, jouw enthousiasme
werkt aanstekelijk en ik vond het fijn om met je samen te werken. Laura, you took all the
time needed to explain me all the mysteries of the statistical analyses and you were of
great help for our meta-analysis.
Bahram, wat een mazzel dat je als student stage bij me kwam lopen! Het project is
(uiteraard) niet geworden wat het initiële plan was, maar je hebt ontzettend goed werk
geleverd, ook lang nadat je stage al was afgelopen waarvoor mijn grote dank. Ik ben
ontzettend trots op het manuscript, en hopelijk gaat jouw wetenschappelijke carrière ook
op korte termijn van start!
Tussen al het werken door natuurlijk ook tijd voor gezelligheid. Bij de collega’s van de
cardiologie was vaak even tijd voor koffie in de pre-coronatijden. De meeste koffietjes
heb ik toch wel gedronken met Lara. Ik heb veel bewondering voor je pionieren op het
nog onbewandelde pad. Ondanks dat ik er uiteindelijk nooit voor mijn eigen project
heb gezeten, heb ik wel genoeg tijd doorgebracht in de kelder van PRIME bij de scanner.
Andor was altijd bereikbaar voor hulp, gezelligheid en al uw acteerklussen.
Het thuiswerken heeft de koffiepauzes wat bemoeilijkt, maar gelukkig hebben we dit
toch weer goed opgepakt bij TIL. Heerlijk spuien of gezellig bijpraten kon altijd met Oya,
Lieke, Iris en Elke. Daarnaast hebben we een gezellig vrouwenweekend gehad in Gent.
Hoogtepunt van de week werd toch wel de vrijdagmiddagborrel op het dakterras. Iedere
week weer een verrassing wat er (niet meer) zou staan in de koude kamer en gezelligheid
met de harde kern Kevin, Tom, Massis, Koen, Emilia en Eric. Eric, jij verdient nog een
apart woordje van dank voor alle keren dat ik (bijna) mijn computer heb gesloopt en
jij hem hebt kunnen redden van de ondergang. Dit jaar gaan we wel naar het Foute
Oktoberfest (niet in bikini).
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Massis, je hebt me keer op keer laten verbazen. Binnenwandelen op het lab om 3.00u in
de ochtend zonder klagen om vervolgens pas weer laat te gaan slapen (want: wasdag). Je
hebt me veel geleerd over de basale zaken in het onderzoek en experimenten uitvoeren en
je gaf me veel (ongevraagd) advies, zeker over figuren die nog niet af waren. We hebben
gezellige dagen gehad in de celkweek maar vooral in het aquarium natuurlijk, met goede
gesprekken en blokfluitmuziek. Toen je TIL had verlaten bleef je gelukkig nog vaak genoeg
langskomen. Ik geloof dat we inmiddels het hele assortiment van Strik wel hebben gehad,
je kan nooit genoeg taartjes hebben.
Xander, naast de inhoudelijke materie natuurlijk ook veel gezelligheid. We bleken een
gemeenschappelijke liefde te hebben voor Dagelijkse Kost, maar over sommige zaken
zullen we het nooit eens worden (om eens wat te noemen: muzieksmaak).
Tijdens mijn promotie heb ik hulp mogen ontvangen van een aantal mensen die me
hebben ondersteund om de keuze te maken het ziekenhuis te verlaten. Ik wil jullie danken
voor jullie coachende gesprekken, het heeft me oprecht verder gebracht. In het bijzonder
wil ik boksmaatje Lieke noemen, met wie ik wekelijks grenzen opzoek, respecteer en
verleg. Zouden we dan toch ooit personal trainers worden?
Ook buiten het lab zijn er genoeg mensen die me door dik en dun hebben gesteund de
afgelopen jaren. De Gimmerse vriendinnekes (al is het merendeel het durp uitgevlogen)
Florentine, Chanine, Wieneke, Vief, Diana, Lisa en Eline. Jullie toonden interesse, vroegen
door (of juist even niet) en boden vooral gezellige afleiding in de weekenden. Ondanks (of
misschien wel dankzij) onze verschillende paden boden jullie verfrissende perspectieven.
Sandra en Rob, ik heb genoten van onze dinertjes (al dan niet in het zwembadje) en ik
hoop dat er nog velen mogen volgen. Kim en Guillaume, we hebben samen vele leuke
momenten beleefd de afgelopen jaren en ik ben blij dat ik ook dit avontuur met jullie kon
delen.
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En natuurlijk, het aquarium. Mijn veel te koude thuishaven van de afgelopen jaren,
waar letterlijk de wind door je haren gaat. Veel werd goedgemaakt met de warme sfeer
die er hing, al zegt het dossier bij HR wel anders. Ik werd warm ontvangen als nieuwe
buurvrouw van Koen, die nooit te beroerd was om detective te spelen, Abba op repeat
te zetten of kattenmemes te verspreiden. We hebben door de jaren heen veel gezellige
momenten gehad en je hebt me snel thuis laten voelen op TIL. Niemand die ik ken
koestert meer liefde voor de muis en ik hoop dat je in Wageningen daarmee goed uit de
voeten kan.

Iets zuidelijker ben ik met open armen ontvangen in de vriendengroep van de GFB en
er was altijd gezelligheid ofwel in Eindhoven, ofwel in Lampegat. Dit werd afgewisseld
met goede gesprekken over de zin en onzin van wetenschap met Peter Schipper.
Hoogtepuntjes waren de dinertjes met Luke en Richy waarbij we elkaars kookkunsten
tot hogere niveaus blijven tillen. Ondanks de spannende en nieuwe gerechten blijft de
chocolademousse natuurlijk een winnaar.
Lieve Nimmaatjes, jullie kan ik niet genoeg bedanken. Marije en Melissa wisten als
geen ander waar ik doorheen ging en we voelden elkaar hierin goed aan. Gwen en
Maxime hebben altijd interesse getoond en doorgevraagd om er alsnog achter te komen.
De fietsavonden zijn niet zo lekker van de grond gekomen afgelopen jaar, laat dat ons
goede voornemen zijn. Er is gelukkig wel genoeg tijd en ruimte geweest voor andere
ontspanning met bubbels en ik kan niet wachten om de volgende fles open te knallen,
daar vinden we vast een goede reden voor. Ik ben blij dat ik de afgelopen jaren met jullie
heb kunnen delen!
Clementine, bijna synchroon hebben we ons traject doorlopen en naast alle herkenning
was het ook heerlijk om het naast ons neer te leggen en te genieten van al het lekkers wat
je uit Frankrijk meenam.
Frank en Esmee, tropische afleiding iedere donderdagavond stipt om 20.00u (uhu) met
na het dansen ons Spaanse vocabulaire oefenen onder genot van lekkere rosé.
Lieve Mariëlla, waar we begonnen als dreamteam op de eerste harthulp zijn we nu dikke
matties geworden. We bleken een naast gedeelde passie voor salsa en lekker eten (en
drinken) ook een gedeelde haat-liefde verhouding met de wetenschap te hebben met je
welbekende boemerang uitdrukking. We hebben veel kunnen delen, spuien en borrelen
en ik hoop dat in de toekomst nog veel met je te kunnen doen. Zin in nog een lusje?
Daarnaast heb ik tijdens mijn studie, maar zeker ook daarna veel steun en vooral
gezelligheid gehad van de allerleukste cogroep 186. Dat er nog vele coweekenden mogen
volgen.
Aafje en Arthur, Bob en Elke. Jullie hebben me warm ontvangen in de familie en stelden
altijd de juiste vragen, en wisten ook wanneer ze beter even achterwege konden blijven.
Altijd tijd voor spelletjes, snoeiadvies en gezellig samen tafelen.
Lieve opa’s en oma’s: dank voor al jullie steun door de jaren heen.

212

Lieve papa en mama, jullie kan ik niet genoeg bedanken. Al van jongs af aan hebben jullie
me gestimuleerd om er het maximale uit te halen maar daarbij ook het plezier niet uit
het oog te verliezen. Jullie hebben me altijd ondersteund om mijn eigen pad te volgen,
ook als dat afwijkt van het oude of het verwachte. Met oprechte interesse en liefdevolle
ondersteuning hebben jullie me gesupport in de vorm van rake vragen, goede gesprekken
en genoeg chocola. Altijd welkom in ‘hotel mama’ of om een schrijfretraite te maken van
een vakantie aan zee. Jullie zijn de beste!
Aller, aller, allerliefste Erik. Wat ben ik je dankbaar. Niet alleen voor jouw rol, aandeel
en steun tijdens mijn promotie, maar dat je in mijn leven bent gekomen sinds die
bewuste avond in de beste kroeg van Nijmegen. Je hebt me door dik en dun gesteund en
gaf verfrissende inzichten als ik vastliep al dan niet in de vorm van lollige memes. Met
jouw liefde, humor en aandacht werd deze reis een stuk prettiger. Ik ben gezegend met
gezelligheid die we delen bij salsales en de mooie momenten als we bezig zijn met onze
gedeelde passie voor uitgebreid koken, lekker (gaan) eten en nieuwe plekken ontdekken
over de hele wereld. Ik kijk uit naar wat de toekomst ons gaat brengen.
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Lieve Britt, jouw scriptie viel samen met mijn promotie en daardoor begrepen we elkaar
als geen ander. Om het wat draaglijker te maken hebben we een prachtige lijst aangelegd
met maar liefst 26 uur en 6 minuten aan heuse pareltjes die me er op menig moment
doorheen heeft getrokken. Ik ben blij met onze thuiswerkmomentjes, al dan niet met taart
en nieuwe schoenen, maar vooral met alle leuke dingen die we samen blijven ondernemen
aan tripjes en uitjes (non stop vol d’r op!). Ik ben trots op jouw doorzettingsvermogen en
werklust en ik weet zeker dat je gaat komen waar je wil komen.

CHAPTER 7D: CURRICULUM VITAE
Kim Cortenbach was born in Beek en Donk (Noord-Brabant,
the Netherlands) where she spent her childhood. After her
secondary education (Dutch: Gymnasium) at ‘Commanderij
College’ in Gemert she started her study Medicine at
Radboud University in Nijmegen in 2011.
During her study she assisted in a number of (clinical)
studies, amongst others in a cardiac rehabilitation study
in Nijmegen. For her master internship, she traveled to
Liverpool (United Kingdom) to investigate the direct effect
of interruptions on sitting time on cerebral perfusion in
subjects without clinical presence of atherosclerosis.
As cardiology is a field of interest for Kim, she had a custom-made last year
of her Master (‘Schakeljaar’) with several (clinical) internships in the field of
Cardiology and related specialisms. After working a few months at the Cardiology
Department after graduation, she started her PhD at the Tumor Immunology
Lab of the Radboud Institute for Molecular Life Sciences in Nijmegen in 2018.
During her PhD she studied the role of inflammation in cardiovascular diseases which
resulted in this thesis. After this trajectory she resumed her career as a medical doctor in
a field which was new for her: addiction care.
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CHAPTER 7F: RESEARCH DATA MANAGEMENT
All experiments and data are filed in my lab journals. These lab journals are accessible
to all members of the research group. Digital data are stored according to the FAIR
principles (Findability, Accessbility, Interoperability, and Reusability).
Microscopy data are stored on the NAS Microscopy and NAS Vectra and on TIL-Vectra
external hard disks 3, 11, 15, 19, and 39. The PatientManuscript partition contains raw
image data, and the DataExport partition contains analyses and analyzed data.
Published data or data from this thesis are available upon reasonable request. Data
underlying chapter 3 can be found online Dryad Digital Repository, 10.5061/dryad.
bzkh189b4.
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