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Adventitial adaptive immune cells
are associated with ascending
aortic dilatation in patients with a
bicuspid aortic valve
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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 remains unknown.

Methods: In order to objectify inflammation, we employ a highly sensitive,
quantitative immunohistochemistry approach. Whole slides of dissected, dilated
and non-dilated ascending aortas from BAV patients were quantitatively analyzed.

Results: Dilated aortas show a 4-fold increase of lymphocytes and a 25-fold
increase in B lymphocytes in the adventitia compared to non-dilated aortas.
Tertiary lymphoid structures with B cell follicles and helper T cell expansion were
identified in dilated and dissected aortas. Dilated aortas were associated with an
increase in M1-like macrophages in the aorta media, in contrast the number of
M2-like macrophages did not change significantly.

Conclusion: This study finds unexpected large numbers of immune cells in
dilating aortas of BAV patients. These findings raise the question whether immune
cells in BAV aortopathy are innocent bystanders or contribute to the deterioration
of the aortic wall.

KEYWORDS

thoracic aorta aneurysm, aortic dissection, multiplex immunohistochemistry, bicuspid
aortc valve, inflammation, tertiary lymphoid structures, auto-inflammation

1. Introduction

Thoracic aortic aneurysm is a prevalent yet lethal condition that is often silent until
presentation as an acute aortic syndrome (AAS) (1, 2), such as a dissection or rupture (3). An
AAS has a very high mortality rate (4), if not treated surgically in time. Clinical care is focused
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on stringent blood pressure control and timely preventive aortic
replacement surgery (5). The timing of surgery is mainly based on
expert consensus and is complicated by an incomplete understanding
of aortopathies (6), insufficient pharmacological therapies (7, 8) and
most importantly: the poor predictive value of the aortic diameter for
AAS development (9).

Bicuspid aortic valve (BAV) is one of the common risk factors for
ascending aorta aneurysm and thus AAS (10). A BAV is an aortic
valve consisting of two valve leaflets due to congenital non-separation
of two of the three aortic valve cusps. BAV is the most common
congenital heart defect, affecting 1-2% of the general population
(6, 10). The majority of patients with BAV will develop aortic
dilatation, an occurrence that increases with age (10). 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, 11-16). No effective prognostic tools from imaging, biomarkers or
genetics have emerged, limiting the possibility to select patients at risk
of developing a dissection (10). Moreover, current understanding has
not led to medical therapy of BAV aortopathy beyond general anti-
hypertensive drugs (clinicaltrails.gov NCT01202721).

Inflammation is seen as an important player in vascular diseases,
ranging from hypertension to atherosclerosis and has proven to be an
effective therapeutic target (17-20). Strikingly, at first glance BAV
aneurysmatic aortas do not demonstrate inflammation (21-24).
However, inflammation-associated genes are upregulated in BAV
aortopathy (25). 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 (26, 27). 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 (28-30).

In this study we aimed to provide an overview of inflammatory
with
BAV. Inflammatory processes were studied with a wide variety of

processes in ascending aorta dilatation in patients
markers, focusing on both the innate and the adaptive immune
system. An eight-color immunohistochemistry (IHC) method with
automated quantitative analysis was applied to detect differences in
immune cell involvement between non-dilated, dilated and dissected
aortas. These finding have led to new hypotheses which could explain
an additional factor in the pathogenesis of an aortic dissection in

BAV patients.

Abbreviations: 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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2. Materials and methods
2.1. 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 an
acute Stanford type A aortic dissection 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-dilated 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 (31). 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-dilated
(n=13) defined as a maximum ascending aorta diameter below
40 mmy; (2) dilated (n=10) defined as an ascending aorta diameter of
45mm 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 24h, in accordance
with the IRAD definition (32).

2.2. Tissue processing

All dilated and dissection samples were obtained during surgical
replacement of the aorta. The dilated samples were taken from the
most severely affected (maximal diameter) part of the 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 intimal 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 were
excluded from analysis. All samples were formalin fixed and paraffin
embedded: samples were fixed directly after excision in buffered 4%
formaldehyde for at least 24 h. Samples were carefully embedded in
paraffin to include all aorta layers. Full thickness transverse sections
of 4 um were mounted on silane coated glass slides (New Silane III,
MUTO PURE CHEMICALS, Japan).

2.3. 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 (33-36). 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
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TABLE 1 The two eight-color IHC panels used for identification of cells of
the adaptive and the innate immune system.

Markers (clone) per panel

Adaptive immune cell

Innate immune cell panel

panel

DAPI DAPI

CD3 (SP7) CD68 (PG-M1)
CD8 (C8/144B) CD206 (CL0387)
CD20 (126) CD15 (MMA)
CDlc (2F4) CD31 (JC70A)

FoxP3 (236A/E7) MMP9 (polyclonal)

CD45RO (UCHL-1) GM-CSF (polyclonal)

Cell phenotype per panel

Autofluorescence (elastin fibers) Autofluorescence (elastin fibers)

T cell CD3+ Macropage CD68+
Helper T cell CD3+ CD8- M1-like macrophage | CD68+ CD206-
Cytoxic T cell CD3+ CD8+ M2-like macrophage | CD68+ CD206+
Regulatory T cell | CD3+ CD8- Neutrophil CD15+

FoxP3+
Memory helper CD3+ CD8- Endothelium CD31+
T cell CD45RO+
Bcell CD20+ MMP9+ cell MMP9+ CD15-
classic DCtype2 | CDlc+CD20-

Antibodies used with clones between brackets (top). Markers used for defining specific cell
populations are listed (bottom).

target retrieval solution (pH 9, K8004, Agilent, Santa Clara, CA) for
10 min. Protein blocking was performed by covering the tissue in
Akoya Antibody Diluent/Block (Akoya biosciences, MA). Primary
antibodies were incubated for 1 h, followed by Polymer HRP Ms. + Rb
(Akoya biosciences, MA) as a secondary antibody for 30min.
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
Supplementary Table S1 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, United States).

2.4. 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 non-stained slide for the elastin autofluorescence.
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2.5. Tissue and cell analysis

Whole slides consist of 2—4 tissue sections spanning multiple
centimeters of aorta wall. The entire slide was scanned, resulting
in up to 400 20x-views per subject. 20x magnification was chosen
as it allowed accurate cell segmentation while simultaneously
sampling a large aorta section which minimized sampling bias.
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
CD45R0O and MMP9 is gradual as reported previously (37, 38),
and does not result in a clearly separated positive population.
Therefore, non-immune cells were used as the negative control
population for CD45RO and MMP9 and cells with a higher
expression of the marker compared to the negative control were
marked as positive (see Supplementary Figure S1 for an example).
FoxP3 was not analyzed in the non-dilated BAV ascending aorta
group as these samples were obtained port-mortem, thus FoxP3
expression was not representative in this group. 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 T- and B-lymphocytes are physically
touching. Subsequently, these regions were 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.

Samples were graded on presence and magnitude of
atherosclerosis and media degeneration using the AHA classification
and the most recent consensus statement by the AECVP/SCVP
(39, 40).

2.6. 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’ (41) nearest neighbor analysis was performed, finding the
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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
(1) and exclude the background (Ba) and blood (Bl) from the analysis. (C) Cell segmentation was based on identification of the nucleus on the DAPI
signal and membrane identification on CD3, CD8 and CD20. (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).

median minimal distance between MIl-like macrophages and

endothelial cells.

2.7. 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

Frontiers in Cardiovascular Medicine

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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TABLE 2 Baseline characteristics of the study cohort (n=27).

Non-dilated (%)

Dilated (%)

10.3389/fcvm.2023.1127685

Dissection (%)

n =8 n =15 n =4
Male sex 7 (88) 14 (93) 2 (50) 0.172
Age (year) 50.5 (47-54) 57 (52-64) 67 (43-70) 0.098
Time from symptoms to surgery (hours) n/a n/a 4.4 (2.5-15.5)
Diameter (mm) 33 (23-38) 48 (43-55) 54 (47-64) 0.002
33 (23-38) 48 (43-55) 0.007
33 (23-38) 54 (47-64) 0.003
48 (43-55) 54 (47-64) 1.0
Valvulopathy
Aortic stenosis 1(13) 7 (47) 1(25) 0.54
Aortic regurgitation 1(13) 2 (13) 0(0) 0.74
Combined 1(13) 5(33) 1(25) 0.55
Medical history
Hypertension 3(36) 5(33) 1(25) 0.64
Previous surgery 0(0) 0(0) 0(0) n/a
Medication
RAS inhibition* 2(25) 2(13) 0(0) 1
Other anti-hypertensive drugs 1(8) 3(20) 1(25) 0.807

Data are shown as 1 (%) or median * interquartile range, statistical significance calculated with Kruskal Wallis test or Fisher’s exact test. *Renin-angiotensin system inhibition.

3. Results
3.1. Patient baseline characteristics

Bicuspid aortic valve ascending aorta samples were collected
and divided into 3 groups: non-dilated, dilated and dissection. The
diameter of dilated and dissected aortas did not differ significantly
(Table 2). The median time between acute aortic dissection, defined
as onset of symptoms, and surgery was 4.4 (2.5-15.5) hours
(Table 2).

3.2. Quality of in situ single cell
phenotyping in quantitative multiplex
immunohistochemistry

Two antibody panels to identify cells of either the innate or the
adaptive immune system were developed (Table 1). These panels
resulted in eight colors from 6 antibodies markers, DAPI and elastin
autofluorescence on a single slide. Since all antibodies were stained
on the same slide, colocalization was excellent as shown in
Supplementary Figure S2 of the Data Supplement. After unmixing
of the eight overlapping fluorescence spectra bleed-through was
absent (Figure 1A; Supplementary Figure S3A in the
Data Supplement).

After unmixing, images were refined in a three-step process to
extract whole slide in situ single cell phenotype data. First, the inForm
tissue segmenter, based on supervised machine learning, 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
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dissection where circulating peripheral blood cells are present
(Figure 1B). Tissue segmentation information was used for a layer
specific analysis of vascular tissue.

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 S4 in
the Data Supplement). The interclass correlation coeflicient (ICC) of
two blinded observers was excellent (Figure 1E), demonstrating
robustness of this analysis approach. This semi-automated 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. Together, these data show that the method employed is
suitable for in situ, localized, single cell analysis of entire tissue slides
with little inter-observer variability and IHC artefacts.

3.3. Large numbers of lymphocytes,
organized in tertiary lymphoid structures,
are observed in the adventitia of dilated
compared to non-dilated bicuspid aortic
valve ascending aortas

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 (29).

The adventitia of dilated BAV ascending aortas was compared to
non-dilated BAV samples (Figures 2A,B). The adventitia of dilated
samples contained 4-times more lymphocytes and 25-times more B

05 frontiersin.org
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FIGURE 2
Adventitia of dilated aortas showed increased numbers of lymphocytes. (A) Representative cross-section of the adventitia of a non-dilated BAV
ascending aorta (n=13). Note the helper T cells, cytotoxic T cells and cDC2s which are mainly situated around the vasa vasorum (arrows).
(B) Representative cross-section of the adventitia of a dilated aorta (n=15). Note the strong increase of T cells and the appearance of a significant
number of B cells (arrows). (C) Quantification of adaptive immune system cells in the adventitia of non-dilated (n=8) and aneurysmatic (n=15) BAV
aortas, total analyzed 20x-views=6,318. Data shown as median+inter-quartile range, *p<0.05, **p<0.01 as calculated with the independent
Kolmogrov-Smirnov Test. (D) 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).

cells when compared to non-dilated samples (Figure 2C). Helper T
cells were the most abundant lymphocyte subset making up 12.42
(5.89-19.58)% of all cells in the adventitia. The CD4/CDS8 ratio in
dilated aortas was 2.52 (1.76-4.44) compared to 1.82 (1.52-4.67)
non-dilated samples.

Helper T cell/B cell interaction is a central event in the adaptive
immune response, a positive correlation between these cell types is
observed in dilated BAV ascending aortas (r=0.411 (CI 0.087-0.671),
p=0.007). The number of CD45RO+ memory T cells was significantly
higher in the dilated compared to the non-dilated group (p<0.01).
Finally, regulatory T cells were rarely observed in the adventitia of
dilated BAV ascending aortas (Figure 2C).

Visually, dissected BAV ascending aortas also show the presence
of T and B lymphocytes as shown by a representative sample in
Figure 2D. The adventitia in dissected aortas was too disrupted to
perform a quantitative analysis.

Multiplex THC allowed for whole slide quantification of immune
cell subsets while also maintaining morphological information.
Through this in situ approach, organized structures of T- and B-cells
and cDC2s in the adventitia were observed. These structures contain
T and B cell zones, germinal centers and venules (Figure 3). These
formations were classified as tertiary lymphoid structures (TLS) based
on these observations. To quantify TLS in an unbiased way, a machine

Frontiers in Cardiovascular Medicine

learning algorithm was used (Figure 3A). TLS were present in the
adventitia of 50% of dilated BAV samples whereas in non-dilated BAV
ascending aortas no TLS were present. The average number of TLS per
slide was 2.6 and the average distance between a TLS and the aorta
media was 242 pm. TLS were also observed in dissected samples
however these were not quantified as the destroyed adventitia
morphology did not allow robust analysis (Figures 2D, 3D).

Together these data indicate a chronic activation of the adaptive
immune system.

3.4. Adaptive immune cells are sparce in
the aorta media

Deterioration of the integrity of the aortic media is generally seen
as the key process leading to a vulnerable aorta. Adaptive immune
cells in the aorta media were sparce across all groups (Figure 4).
Significant differences in the number cDC2s and helper T cells were
seen between non-dilated and dissected aortas. We found these helper
T cells and ¢DC2s only in areas surrounding the vasa vasorum
(Figure 4). Media degeneration was observed in 27% of non-dilated
samples and 20% of dilated samples and was mild in all but one case.
This is in line with previous studies.
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FIGURE 3

blood, TLS with germinal centers (white arrow) were observed

Tertiary lymphoid structures (TLS) were only identified in the adventitia of dilated aortas 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) 20x magnification brightfield hematoxylin and eosin stain of a TLS in a dilated aorta. Plasma cells, not stained by
markers in our two antibody panels, are visible. (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
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3.5. Dilated and dissected aortas show
increased numbers of M1-like
macrophages

With a second multiplex IHC panel the number of CD15
neutrophils and CD68 macrophages, as well as their polarization based
on presence or absence of CD206, 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.

The adventitia of dilated BAV ascending aortas contained 1.6 times
more CD68 macrophages compared to non-dilated samples
(Figure 5D). The tunica media showed a gradual increase in numbers
of macrophages from non-dilated to dilated and dissected aorta samples
(Figure 5). The majority of media macrophages was M1-like in contrast
to the adventitia macrophages that were mostly M2-like. However, the
M1/M2 ratio of both the media and adventitia macrophages did not
show significant change between non-dilated and dilated BAV aortas.

GM-CSE a pro-inflammatory cytokine implicated in the onset of
aortic dissections (42), was observed in vascular smooth muscle cells
(VSMC) and media infiltrating immune cells of dissections and some
dilated aortas (Supplementary Figures S7B-D in the Data
Supplement). Non-dilated aortas rarely showed GM-CSF positive cells
(Supplementary Figure S7A in the Data Supplement).
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We did not observe differences in expression of (pro-) MMP9
between the three groups, this could indicate that this specific
metalloproteinase did not contribute to BAV aortopathy
(Figure 5D).

Although the adventitia of dissections was disrupted, visually a
strong increase in neutrophils was observed compared to non-dilated
samples (Supplementary Figure S6 in the Data Supplement).

Together this data suggests an association between number of
macrophages in the tunica adventitia and media and aortopathy.
GM-CSF might play a role in the increased numbers observed. MMP9
could not be identified as an important effector molecule.

3.6. Dilated bicuspid aortic valve ascending
aortas do not show increased
atherosclerotic features compared to
non-dilated samples

The tunica intima was investigated for signs of atherosclerosis to
rule-out atherosclerosis as the origin of the observed immune cells. In this
cohort, no differences are observed in immune cell numbers in the intima
between non-dilated, dilated and dissected aortas (Supplementary Figure S5
in the Data Supplement). The combined number of immune cells was as
low as 8.1% of all cells in the intima. Ml-like macrophages were
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FIGURE 4
The media of dissected aortas showed an increased number of helper T cells and cDC2s. (A) Representative cross-section of the media of a
non-dilated BAV ascending aorta (n = 8). Sparse helper T cells (red arrow) were found in outer 2/3th of the media often in blood vessels.
(B) Representative cross-section of the media of a dilated BAV ascending aorta (n = 15). A slight increase in number of T cells, now
extravasated into the tissue, was observed in the media of dilated aorta samples. Cytotoxic T cells are indicated with a cyan arrow, cDC2 cells
are indicated with a magenta arrow. Note the decrease of elastin density and elastin fiber breaks. (C) Infiltration of helper T cells (red arrow),
and the occasional cytotoxic T cell (cyan arrow) in the aortic media of dissected aortas (n = 4). We also observed an increased number of
cDC2s (magenta arrow) in these samples. Note the decrease of elastin density and elastin fiber breaks. (D) Quantification of adaptive immune
system cells in the media of non-dilated (n = 8, dots), dilated (n =15, squares) and dissected (n = 4, triangles) 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. Total analyzed 20x-views = 6318.

encountered most often at 4.6% of all cells. These findings suggest that
atherosclerosis does not play a role in the development of ascending aorta
aneurysms and dissections in patients with BAV.

3.7. 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. This
allowed an explorative analysis.

To study whether the increase in macrophages in dissected
compared to non-dilated samples 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 would be expected that these cells
were found much closer to the nearest vasa vasorum compared to
non-dilated or dilated samples (43). We did not observe differences in
the median distance between macrophages and endothelial cells for
all groups (Figure 6B). This observation might indicate that the acute
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dissection did not yet result in extravasation of additional monocyte/
macrophages and that the number of macrophages observed were
likely present before the dissection.

4. Discussion

Bicuspid aortic valve is a highly prevalent congenital heart defect
with a significant risk of developing aortopathy and AAS (10). The
clinical task of preventing high-mortality complications such as an
aortic dissection is difficult and likely leads to both over and under
treatment. An incomplete understanding of the underlying
mechanisms leading to aorta dilatation and acute aortic dissection
challenges recognition of the vulnerable aorta. This study shows
abundant immune cells in the adventitia of dilated ascending aortas
in patients with BAV. These immune cells are organized in tertiary
lymphoid structures, suggesting chronic and non-resolving
inflammation.

Previously, inflammation in BAV aortopathy was studied using
conventional hematoxylin—eosin staining or IHC with macrophage
markers such as CD68 (21-23). The majority of these studies did not
show significant differences in immune cell numbers between
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FIGURE 5
Dilated aortas and dissections showed increased numbers of macrophages in the aorta media. (A) Full thickness sample of a non-dilated BAV
ascending aorta (n=8). 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 a
dilated BAV ascending aorta (n=15). 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-dilated (n=8),
dilated (n=15) and dissections (n=4), total analyzed 20x-views=>5,931. 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.

non- and dilated aortas of patients with a BAV. Moreover, many BAV
aorta aneurysms appear normal in terms of media matrix composition
including lack of cystic medial degeneration (44, 45). Yet, other studies
described neovascularization and low grade inflammation in
aneurysmatic and dissected BAV aortas (23, 25). In contrast to BAV,
increased immune cells are well established in tricuspid valve
ascending aortic aneurysms (46, 47).

We implemented a novel whole slide quantitative multiplex ITHC
method that allowed investigation of diverse immune cells in aortic
tissue in a highly sophisticated manner. We employed a quantification
method with remarkably good interobserver agreement and thus
minimized observer bias. Furthermore, we minimized sampling bias
by quantifying immune cells on an average of over 200
20x-magnification views per subject. Therefore, this novel method
might be more appropriate to discover biologically important
differences in immune cell composition (33, 48).

Bicuspid aortic valve aortopathy develops through unique genetic
factors and flow pattern mechanisms (6, 10-13, 49). BAV aorta
aneurysms are characterized by disruption of elastin fibers, VSMC
death, and loss of matrix integrity, all forms of tissue damage (5, 10, 50,
51). This tissue damage is more specifically the result from abnormal

Frontiers in Cardiovascular Medicine

09

flow patterns (13, 52), MMP2 upregulation (6, 22), VSMC oxidative
stress and erroneous collagen and elastin biosynthesis, cross-linking
and microarchitecture (50, 53). These combined processes lead to the
formation of Damage-associated molecular patterns (DAMPs).
DAMPs are mostly TLR-ligands and activate resident immune cells. As
a result, circulating leukocytes are recruited to these damaged regions
(54). For example, TLR-4 ligands such as heat-shock protein (hsp) 70
are induced during vessel wall damage from acute hypertension (51).
Immune cell activation through pattern recognition receptors might
explain the increased number of immune cells observed in this study.

Recruited lymphocytes organize into clusters where antigens are
continuously presented by professional APCs. In general, only when
a specific antigen is recognized by a lymphocyte the lymphocyte
clusters will develop into a TLS. Previous research has shown that a
nonspecific stimulus of the TLR-4 receptor is insufficient to form
germinal centers within these TLS (55, 56). Therefore, tissue damage
may explain the presence of lymphocytic cell clusters, yet an
alternative explanation for the formation of germinal centers
is needed.

Tertiary lymphoid structures were observed surprisingly often in
the adventitia of dilated aortas. In contrast, no TLS formation was

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1127685
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

Staal et al.

10.3389/fcvm.2023.1127685

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 dashed 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.
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observed in non-dilated aortas. TLS can be formed at sites of infection
or chronic immune stimulation and are associated with auto-
inflammatory disorders. The presence of TLS and their association
with tissue damage in chronic diseases has led to the suggestion that
TLS are important inductive sites for T cells and antibodies that
contribute to pathology (57, 58). In atherosclerosis, TLS in the
adventitia are associated with infiltration of macrophages and T cells
in the media and media erosion (59). This finding has clear similarities
with what we observe. However, we do not find any differences in
in the which
atherosclerosis is not the underlying mechanism in BAV aortopathy

immune cell numbers intima, indicates that
and dissections, which has been shown earlier as well (60). Recent
work by Gu et al. identified auto-reactive T cells to elastin fragments
in the peripheral blood of patients with thoracic aneurysm disease
(61). A similar auto-antigen might be responsible for the immune cell
infiltrate and TLS formation observed in this study.

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 (62). 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. It should be noted that our study is not
designed to provide evidence for specific mechanisms underlying
adaptive immune cell activation.

The main finding of the innate immune system panel is the
increase in macrophages in the tunica adventitia of dilated BAV
ascending aorta compared to non-dilated samples. Macrophages in
the tunica media are mainly MIl-like macrophages which are
associated with tissue damage. Furthermore, there is a correlation
between M1 macrophages and helper T cells in de tunica media. These
helper T cells might further activate macrophages to produce
pro-inflammatory cytokines and chemokines such as GM-CSE as
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indeed was observed in this study and in previous pre-clinical and
clinical work (42). 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.

Some limitations need to be acknowledged. First, the sample size
of our groups is limited. This is in part mitigated by analyzing and
quantifying entire slides. This totaled to an average of over 200
20x-views per sample. This minimizes the sampling bias and is
therefore a better 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 (46, 47) and investigation of these
subpopulations would therefore be an interesting area of future
research. Lastly, our findings are only descriptive of ongoing processes
in human aorta dilatation and dissections. To prove a causal
relationship animal testing is required. However, the currently used
mouse models might struggle to represent human aneurysms and
dissections, since their disease development is so rapidly that the
low-grade and chronic inflammation has no time to develop (63, 64);
in atherosclerotic mice it takes 32 week for TLS to develop (59).

Dissection samples were challenging to analyze due to the tissue
damage from the acute event. This tissue damage might have led to
immune cell recruitment and therefore inflated cell numbers.
However, in various models of acute injury, numbers of T cells,
macrophages and myeloid DCs are not increasing within the first 12h
after injury (65-68). Since the median time from first symptoms of
dissection to surgery was 4.4 h, it is likely that these cells were present
before the acute event. Our nearest neighbor analysis supports this
proposition. Taking these limitations into account, the results from
dissection samples should be interpreted with caution.
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In summary, degenerative processes attributing to dissection in
BAV aortopathy are numerous. Genetic factors, embryonic origin of
VSMC and pathogenic flow patterns which subsequently alter VSMC
differentiation and function take a central place in our current
understanding of ascending aorta aneurysms in BAV. Here
we introduce a novel analyses method to investigate immunological
processes in vascular disease. With this method, chronic immune
activation in BAV aortopathy was visualized, expanding on the limited
knowledge that is available on this subject. The number of immune
cells present in the adventitia of dilated aortas of patients with BAV is
much larger than expected.

We cannot distinguish between a bystander effect or a destructive
function of the immune system and the cause-effect. The unexpected
presence of TLS does suggest an active role of the immune system. It
could be hypothesized that aberrant activation of the adaptive immune
system contributes to the process of aortic vulnerability, alongside
genetic factors and flow-mediated mechanisms. Identification of the key
inflammatory regulators as the final step toward aortic dissection opens
up new approaches to disease management. Inflammatory regulators
could lead to new biomarkers identifying patients at high risk of aortic
dissection as well as new medical options to prevent aorta vulnerability
by suppressing this tissue damaging inflammation. 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.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by CMO Radboudumc. Written informed consent for
participation was not required for this study in accordance with the
national legislation and the institutional requirements.

Author contributions

AS conception and design, acquisition, analysis, interpretation of
data, and drafting for the work. KC statistics and assistance in writing.
MG and LW assistance in analysis and interpretation of data. RH and
GG providing aorta tissues. NG acquisition of data. KH assistance in

References

1. Elefteriades, JA, and Farkas, EA. Thoracic aortic aneurysm. | Am Coll Cardiol.
(2010) 55:841-57. doi: 10.1016/j.jacc.2009.08.084

2. Quintana, RA, and Taylor, WR. Cellular mechanisms of aortic aneurysm formation.
Circ Res. (2019) 124:607-18. doi: 10.1161/CIRCRESAHA.118.313187

3. Coady, MA, Rizzo, JA, Hammond, GL, Mandapati, D, Darr, U, Kopf, GS, et al. What
is the appropriate size criterion for resection of thoracic aortic aneurysms? J Thorac
Cardiovasc Surg. (1997) 113:476-91. doi: 10.1016/S0022-5223(97)70360-X

4. Mussa, FE, Horton, JD, Moridzadeh, R, Nicholson, J, Trimarchi, S, and Eagle, KA.
Acute aortic dissection and intramural hematoma. JAMA. (2016) 316:754. doi: 10.1001/
jama.2016.10026

Frontiers in Cardiovascular Medicine

11

10.3389/fcvm.2023.1127685

interpretation of data. MS critical appraisal of concept. MD providing
aorta tissues and critical appraisal of concept. IV and RK final
supervision in concept, design, and writing. All authors contributed
to the article and approved the submitted version.

Funding

This work was supported by a European Research Council starting
grant [ERC-2014-StG-336454-CoNQUeST], a Toegepaste Technische
Wetenschappen - Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (TTW)-(NWO) open technology grant [STW-14716] and
a SCAN consortium: European Research Area - CardioVascualar
Diseases (ERA-CVD) grant [JTC2017-044].

Acknowledgments

The authors would like to acknowledge Anne van Duffelen and
Kiek Verrijp for their help in optimizing the staining procedure,
Johannes Textor, Inge Wortel and Shabaz Sultan for their help in data
analysis, Lambert Wisse for their help in sample collection and
Janneke Timmermans for her feedback.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1127685/
full#supplementary-material

5. Borger, MA, Fedak, PWM, Stephens, EH, Gleason, TG, Girdauskas, E,
Tkonomidis, JS, et al. The American Association for Thoracic Surgery consensus
guidelines on bicuspid aortic valve-related aortopathy: executive summary. J Thorac
Cardiovasc Surg. (2018) 156:473-80. doi: 10.1016/j.jtcvs.2017.10.161

6. Yassine, NM, Shahram, JT, and Body, SC. Pathogenic mechanisms of bicuspid aortic
valve Aortopathy. Front Physiol. (2017) 8:687. doi: 10.3389/fphys.2017.00687

7. Agnese, V, Pasta, S, Michelena, HI, Mina, C, Romano, GM, Carerj, S, et al. Patterns
of ascending aortic dilatation and predictors of surgical replacement of the aorta: a
comparison of bicuspid and tricuspid aortic valve patients over eight years of follow-up.
J Mol Cell Cardiol. (2019) 135:31-9. doi: 10.1016/j.yjmcc.2019.07.010

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1127685
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1127685/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1127685/full#supplementary-material
https://doi.org/10.1016/j.jacc.2009.08.084
https://doi.org/10.1161/CIRCRESAHA.118.313187
https://doi.org/10.1016/S0022-5223(97)70360-X
https://doi.org/10.1001/jama.2016.10026
https://doi.org/10.1001/jama.2016.10026
https://doi.org/10.1016/j.jtcvs.2017.10.161
https://doi.org/10.3389/fphys.2017.00687
https://doi.org/10.1016/j.yjmcc.2019.07.010

Staal et al.

8. Hofmann Bowman, MA, Eagle, KA, and Milewicz, DM. Update on clinical trials
of losartan with and without B-blockers to block aneurysm growth in patients with
Marfan syndrome. JAMA Cardiol. (2019) 4:702-7. doi: 10.1001/jamacardio.2019.1176

9. Pape, LA, Tsai, TT, Isselbacher, EM, Oh, JK, O'Gara, PT, Evangelista, A, et al. Aortic
diameter >5.5 cm is not a good predictor of type a aortic dissection. Circulation. (2007)
116:1120-7. doi: 10.1161/CIRCULATIONAHA.107.702720

10. Verma, S, and Siu, SC. Aortic dilatation in patients with bicuspid aortic valve. N
Engl ] Med. (2014) 370:1920-9. doi: 10.1056/NEJMral1207059

11. Folkersen, L, Wagsiter, D, Paloschi, V; Jackson, V, Petrini, ], Kurtovic, S, et al.
Unraveling divergent gene expression profiles in bicuspid and tricuspid aortic valve
patients with thoracic aortic dilatation: the ASAP study. Mol Med. (2011) 17:1365-73.
doi: 10.2119/molmed.2011.00286

12. Luyckx, I, MacCarrick, G, Kempers, M, Meester, J, Geryl, C, Rombouts, O, et al.
Confirmation of the role of pathogenic SMADG variants in bicuspid aortic valve-related
aortopathy. Eur ] Hum Genet. (2019) 27:1044-53. doi: 10.1038/s41431-019-0363-z

13. Naito, S, Gross, T, Disha, K, von Kodolitsch, Y, Reichenspurner, H, and
Girdauskas, E. Late post-AVR progression of bicuspid aortopathy: link to
hemodynamics. Gen Thorac Cardiovasc Surg. (2017) 65:252-8. doi: 10.1007/
s11748-017-0746-4

14. Guala, A, Dux-Santoy, L, Teixido-Tura, G, Ruiz-Mufoz, A, Galian-Gay, L,
Servato, ML, et al. Wall shear stress predicts aortic dilation in patients with bicuspid
aortic valve. JACC Cardiovasc Imaging. (2022) 15:46-56. doi: 10.1016/j.jcmg.2021.09.023

15. Soulat, G, Scott, MB, Allen, BD, Avery, R, Bonow, RO, Malaisrie, SC, et al.
Association of Regional Wall Shear Stress and Progressive Ascending Aorta Dilation in
bicuspid aortic valve. JACC Cardiovasc Imaging. (2022) 15:33-42. doi: 10.1016/j.
jcmg.2021.06.020

16. Grewal, N, Girdauskas, E, DeRuiter, MC, Goumans, M-J, Lindeman, JH, Disha, K,
et al. The effects of hemodynamics on the inner layers of the aortic wall in patients with
a bicuspid aortic valve. Integr Mol Med. (2017) 4:308. doi: 10.15761/IMM.1000308

17. Guzik, TJ, and Touyz, RM. Oxidative stress, inflammation, and vascular aging in
hypertension. Hypertension. (2017) 70:660-7. doi: 10.1161/HYPERTENSIONAHA.
117.07802

18. Libby, P. Inflammation in atherosclerosis. Arterioscler Thromb Vasc Biol. (2012)
32:2045-51. doi: 10.1161/ATVBAHA.108.179705

19. Golledge, J. Abdominal aortic aneurysm: update on pathogenesis and medical
treatments. Nat Rev Cardiol. (2019) 16:225-42. doi: 10.1038/s41569-018-0114-9

20. Tardif, J-C, Kouz, S, Waters, DD, Bertrand, OF, Diaz, R, Maggioni, AP, et al.
Efficacy and safety of low-dose colchicine after myocardial infarction. N Engl ] Med.
(2019) 381:2497-505. doi: 10.1056/NEJMoal1912388

21. Balistreri, CR, Pisano, C, Candore, G, Maresi, E, Codispoti, M, and Ruvolo, G.
Focus on the unique mechanisms involved in thoracic aortic aneurysm formation in
bicuspid aortic valve versus tricuspid aortic valve patients: clinical implications of a pilot
study. Eur ] Cardio-Thoracic Surg. (2013) 43:e180-6. doi: 10.1093/ejcts/ezs630

22.LeMaire, SA, Wang, X, Wilks, JA, Carter, SA, Wen, S, Won, T, et al. Matrix
metalloproteinases in ascending aortic aneurysms: bicuspid versus trileaflet aortic
valvesl. ] Surg Res. (2005) 123:40-8. doi: 10.1016/j.jss.2004.06.007

23. Grewal, N, Franken, R, Mulder, BJ, Goumans, MJ, Lindeman, JH, Jongbloed, MR,
et al. Histopathology of aortic complications in bicuspid aortic valve versus Marfan
syndrome: relevance for therapy? Hear Vessel. (2016) 31:795-806. doi: 10.1007/
500380-015-0703-z

24. Grewal, N, Groot, ACG, Lindeman, JH, Klautz, A, Driessen, A, Klautz, RJM, et al.
Normal and abnormal development of the aortic valve and ascending aortic wall: a
comprehensive overview of the embryology and pathology of the bicuspid aortic valve.
Ann Cardiothorac Surg. (2022) 11:380-8. doi: 10.21037/acs-2021-bav-14

25. Tobin, SW, Alibhai, FJ, Lee, MM, Yeganeh, A, W, J, Li, SH, et al. Novel mediators
of aneurysm progression in bicuspid aortic valve disease. ] Mol Cell Cardiol. (2019)
132:71-83. doi: 10.1016/j.yjmcc.2019.04.022

26. Niinimiki, E. Neovascularization with chronic inflammation characterizes
ascending aortic dissection. Anatol J Cardiol. (2018) 20:289-95. doi: 10.14744/
AnatolJCardiol.2018.42223

27. Mohanta, SK, Yin, C, Peng, L, Srikakulapu, P, Bontha, V, Hu, D, et al. Artery
tertiary lymphoid organs contribute to innate and adaptive immune responses in
advanced mouse atherosclerosis. Circ Res. (2014) 114:1772-87. doi: 10.1161/
CIRCRESAHA.114.301137

28. Shapouri-Moghaddam, A, Mohammadian, S, Vazini, H, Taghadosi, M, Esmaeili,
S-A, Mardani, E, et al. Macrophage plasticity, polarization, and function in health and
disease. ] Cell Physiol. (2018) 233:6425-40. doi: 10.1002/jcp.26429

29. Collin, M, and Bigley, V. Human dendritic cell subsets: an update. Immunology.
(2018) 154:3-20. doi: 10.1111/imm.12888

30. Ketelhuth, DFJ, and Hansson, GK. Adaptive response of T and B cells in
atherosclerosis. Circ Res. (2016) 118:668-78. doi: 10.1161/CIRCRESAHA.115.306427

31.Grewal, N, Gittenberger-de Groot, AC, Poelmann, RE, Klautz, RJM,
Lindeman, JHN, Goumans, M-], et al. Ascending aorta dilation in association with
bicuspid aortic valve: a?Maturation defect of the aortic wall. ] Thorac Cardiovasc Surg.
(2014) 148:1583-90. doi: 10.1016/j.jtcvs.2014.01.027

Frontiers in Cardiovascular Medicine

12

10.3389/fcvm.2023.1127685

32.Booher, AM, Isselbacher, EM, Nienaber, CA, Trimarchi, S, Evangelista, A,
Montgomery, DG, et al. The IRAD classification system for characterizing survival
after aortic dissection. Am ] Med. (2013) 126:730.19-24. doi: 10.1016/j.
amjmed.2013.01.020

33. Gorris, MAJ, Halilovic, A, Rabold, K, van Duffelen, A, Wickramasinghe, IN,
Verweij, D, et al. Eight-color multiplex immunohistochemistry for simultaneous
detection of multiple immune checkpoint molecules within the tumor
microenvironment. ] Immunol. (2018) 200:347-54. doi: 10.4049/jimmunol.1701262

34. Abengozar-Muela, M, Esparza, MV, Garcia-Ros, D, Vasquez, CE, Echeveste, JI,
Idoate, MA, et al. Diverse immune environments in human lung tuberculosis
granulomas assessed by quantitative multiplexed immunofluorescence. Mod Pathol.
(2020) 33:2507-19. doi: 10.1038/s41379-020-0600-6

35. Cortenbach, KR, Staal, AH, Schoffelen, T, Gorris, MA, Van der Woude, LL,
Jansen, AF, et al. Differences in local immune cell landscape between Q fever and
atherosclerotic ~ abdominal  aortic aneurysms identified by  multiplex
immunohistochemistry. elife. (2022) 11:72486. doi: 10.7554/eLife.72486

36. Cortenbach, KRG, Morales Cano, D, Meek, ], Gorris, MA]J, Staal, AH]J, Srinivas, M,
et al. Topography of immune cell infiltration in different stages of coronary
atherosclerosis revealed by multiplex immunohistochemistry. IJC Hear Vasc. (2022)
44:101111. doi: 10.1016/j.ijcha.2022.101111

37.Booth, NJ, McQuaid, AJ, Sobande, T, Kissane, S, Agius, E, Jackson, SE, et al.
Different proliferative potential and migratory characteristics of human CD4 +
regulatory T cells that express either CD45RA or CD45RO. ] Immunol. (2010)
184:4317-26. doi: 10.4049/jimmunol.0903781

38. Sultan, S, Gorris, MAJ, Van der Woude, LL, Buytenhuijs, F, Martynova, E, van
Wilpe, S, et al. A segmentation-free machine learning architecture for immune land-
scape phenotyping in solid tumors by multichannel imaging. bioRxiv. (2021). doi:
10.1101/2021.10.22.464548

39. Leone, O, Corsini, A, Pacini, D, Corti, B, Lorenzini, M, Laus, V, et al. The complex
interplay among atherosclerosis, inflammation, and degeneration in ascending thoracic
aortic aneurysms. J Thorac Cardiovasc Surg. (2019) 160:1434-1443.¢6. doi: 10.1016/j.
jtcvs.2019.08.108

40. Hetterich, H, Webber, N, Willner, M, Herzen, J, Birnbacher, L, Hipp, A, et al. AHA
classification of coronary and carotid atherosclerotic plaques by grating-based phase-
contrast computed tomography. Eur Radiol. (2016) 26:3223-33. doi: 10.1007/
500330-015-4143-z

41. Johnson, KS. Phenoptr: inForm Helper Functions. R package version 0.3.2. https://
akoyabio.github.io/phenoptr/ (2020).

42. Son, B-K, Sawaki, D, Tomida, S, Fujita, D, Aizawa, K, Aoki, H, et al. Granulocyte
macrophage colony-stimulating factor is required for aortic dissection/intramural
haematoma. Nat Commun. (2015) 6:6994. doi: 10.1038/ncomms7994

43. Nicoletti, A, Heudes, D, Mandet, C, Hinglais, N, Bariety, J, and Michel, J.
Inflammatory cells and myocardial fibrosis: spatial and temporal distribution in
renovascular hypertensive rats. Cardiovasc Res. (1996) 32:1096-107. doi: 10.1016/
S0008-6363(96)00158-7

44. Homme, JL, Aubry, M-C, Edwards, WD, Bagniewski, SM, Shane Pankratz, V,
Kral, CA, et al. Surgical pathology of the ascending aorta: a Clinicopathologic study of
513 cases. Am ] Surg Pathol. (2006) 30:1159-68. doi: 10.1097/01.pas.0000213270.38091.69

45. Grewal, N, Girdauskas, E, Idhrees, M, Velayudhan, B, Klautz, R, Driessen, A, et al.
Structural abnormalities in the non-dilated ascending aortic wall of bicuspid aortic valve
patients. Cardiovasc Pathol. (2023) 62:107478. doi: 10.1016/j.carpath.2022.107478

46. He, R, Guo, DC, Estrera, AL, Safi, HJ, Huynh, TT, Yin, Z, et al. Characterization
of the inflammatory and apoptotic cells in the aortas of patients with ascending thoracic
aortic aneurysms and dissections. ] Thorac Cardiovasc Surg. (2006) 131:671-678.e2. doi:
10.1016/j.jtcvs.2005.09.018

47.He, R, Guo, DC, Sun, W, Papke, CL, Duraisamy, S, Estrera, AL, et al.
Characterization of the inflammatory cells in ascending thoracic aortic aneurysms in
patients with Marfan syndrome, familial thoracic aortic aneurysms, and sporadic
aneurysms. ] Thorac Cardiovasc Surg. (2008) 136:922-929.el. doi: 10.1016/j.
jtcvs.2007.12.063

48.Lu, S, Stein, JE, Rimm, DL, Wang, DW, Bell, JM, Johnson, DB, et al. Comparison
of biomarker modalities for predicting response to PD-1/PD-L1 checkpoint blockade.
JAMA Oncol. (2019) 5:1195-204. doi: 10.1001/jamaoncol.2019.1549

49. Messner, B, and Bernhard, D. Bicuspid aortic valve-associated aortopathy: where
do we stand? J Mol Cell Cardiol. (2019) 133:76-85. doi: 10.1016/j.yjmcc.2019.05.023

50. Billaud, M, Phillippi, JA, Kotlarczyk, MP, Hill, JC, Ellis, BW, St Croix, CM, et al.
Elevated oxidative stress in the aortic media of patients with bicuspid aortic valve. J
Thorac Cardiovasc Surg. (2017) 154:1756-62. doi: 10.1016/j.jtcvs.2017.05.065

51. Xu, Q, Li, D, Holbrook, NJ, and Udelsman, R. Acute hypertension induces heat-
shock protein 70 gene expression in rat aorta. Circulation. (1995) 92:1223-9. doi:
10.1161/01.CIR.92.5.1223

52. Barker, AJ, Markl, M, Burk, J, Lorenz, R, Bock, J, Bauer, S, et al. Bicuspid aortic
valve is associated with altered wall shear stress in the ascending aorta. Circ Cardiovasc
Imaging. (2012) 5:457-66. doi: 10.1161/circimaging.112.973370

53. Navarrete Santos, A, Yan, ], Lochmann, P, Pfeil, H, Petersen, M, Simm, A, et al.
Collagen analysis of the ascending aortic dilatation associated with bicuspid aortic valve

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1127685
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://doi.org/10.1001/jamacardio.2019.1176
https://doi.org/10.1161/CIRCULATIONAHA.107.702720
https://doi.org/10.1056/NEJMra1207059
https://doi.org/10.2119/molmed.2011.00286
https://doi.org/10.1038/s41431-019-0363-z
https://doi.org/10.1007/s11748-017-0746-4
https://doi.org/10.1007/s11748-017-0746-4
https://doi.org/10.1016/j.jcmg.2021.09.023
https://doi.org/10.1016/j.jcmg.2021.06.020
https://doi.org/10.1016/j.jcmg.2021.06.020
https://doi.org/10.15761/IMM.1000308
https://doi.org/10.1161/HYPERTENSIONAHA.117.07802
https://doi.org/10.1161/HYPERTENSIONAHA.117.07802
https://doi.org/10.1161/ATVBAHA.108.179705
https://doi.org/10.1038/s41569-018-0114-9
https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.1093/ejcts/ezs630
https://doi.org/10.1016/j.jss.2004.06.007
https://doi.org/10.1007/s00380-015-0703-z
https://doi.org/10.1007/s00380-015-0703-z
https://doi.org/10.21037/acs-2021-bav-14
https://doi.org/10.1016/j.yjmcc.2019.04.022
https://doi.org/10.14744/AnatolJCardiol.2018.42223
https://doi.org/10.14744/AnatolJCardiol.2018.42223
https://doi.org/10.1161/CIRCRESAHA.114.301137
https://doi.org/10.1161/CIRCRESAHA.114.301137
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1111/imm.12888
https://doi.org/10.1161/CIRCRESAHA.115.306427
https://doi.org/10.1016/j.jtcvs.2014.01.027
https://doi.org/10.1016/j.amjmed.2013.01.020
https://doi.org/10.1016/j.amjmed.2013.01.020
https://doi.org/10.4049/jimmunol.1701262
https://doi.org/10.1038/s41379-020-0600-6
https://doi.org/10.7554/eLife.72486
https://doi.org/10.1016/j.ijcha.2022.101111
https://doi.org/10.4049/jimmunol.0903781
https://doi.org/10.1101/2021.10.22.464548
https://doi.org/10.1016/j.jtcvs.2019.08.108
https://doi.org/10.1016/j.jtcvs.2019.08.108
https://doi.org/10.1007/s00330-015-4143-z
https://doi.org/10.1007/s00330-015-4143-z
https://akoyabio.github.io/phenoptr/
https://akoyabio.github.io/phenoptr/
https://doi.org/10.1038/ncomms7994
https://doi.org/10.1016/S0008-6363(96)00158-7
https://doi.org/10.1016/S0008-6363(96)00158-7
https://doi.org/10.1097/01.pas.0000213270.38091.69
https://doi.org/10.1016/j.carpath.2022.107478
https://doi.org/10.1016/j.jtcvs.2005.09.018
https://doi.org/10.1016/j.jtcvs.2007.12.063
https://doi.org/10.1016/j.jtcvs.2007.12.063
https://doi.org/10.1001/jamaoncol.2019.1549
https://doi.org/10.1016/j.yjmcc.2019.05.023
https://doi.org/10.1016/j.jtcvs.2017.05.065
https://doi.org/10.1161/01.CIR.92.5.1223
https://doi.org/10.1161/circimaging.112.973370

Staal et al.

disease compared with tricuspid aortic valve. Arch Physiol Biochem. (2016) 122:289-94.
doi: 10.1080/13813455.2016.1211710

54. Adairkirk, T, and Senior, R. Fragments of extracellular matrix as mediators of
inflammation. Int ] Biochem Cell Biol. (2008) 40:1101-10. doi: 10.1016/j.biocel.2007.12.005

55. Robinet, M, Villeret, B, Maillard, S, Cron, MA, Berrih-Aknin, S, and Le Panse, R.
Use of toll-like receptor agonists to induce ectopic lymphoid structures in myasthenia
gravis mouse models. Front Immunol. (2017) 8:1029. doi: 10.3389/fimmu.2017.01029

56. Bekeredjian-Ding, I, and Jego, G. Toll-like receptors - sentries in the B-cell
response. Immunology. (2009) 128:311-23. doi: 10.1111/.1365-2567.2009.03173.x

57. Polverino, E, Seys, LM, Bracke, KR, and Owen, CA. B cells in chronic obstructive
pulmonary disease: moving to center stage. Am J Physiol Cell Mol Physiol. (2016)
311:L687-95. doi: 10.1152/ajplung.00304.2016

58. Humby, F, Bombardieri, M, Manzo, A, Kelly, S, Blades, MC, Kirkham, B, et al.
Ectopic lymphoid structures support ongoing production of class-switched
autoantibodies in rheumatoid synovium. PLoS Med. (2009) 6:el. doi: 10.1371/journal.
pmed.0060001

59. Grabner, R, Lotzer, K, Dépping, S, Hildner, M, Radke, D, Beer, M, et al.
Lymphotoxin f} receptor signaling promotes tertiary lymphoid organogenesis in the
aorta adventitia of aged ApoE—/— mice. ] Exp Med. (2009) 206:233-48. doi: 10.1084/
jem.20080752

60. Grewal, N, Velders, BJJ, Gittenberger-de Groot, AC, Poelmann, R, Klautz, RJM,
Van Brakel, T, et al. A systematic histopathologic evaluation of type-a aortic dissections
implies a uniform multiple-hit causation. J Cardiovasc Dev Dis. (2021) 8:12. doi:
10.3390/jcdd8020012

Frontiers in Cardiovascular Medicine

13

10.3389/fcvm.2023.1127685

61. Gu, B, Choi, JC, Shen, YH, Song, L, Scheurer, ME, Luong, A, et al. Elastin-specific
autoimmunity in smokers with thoracic aortic aneurysm and dissection is independent
of chronic obstructive pulmonary disease. ] Am Heart Assoc. (2019) 8:¢011671. doi:
10.1161/JAHA.118.011671

62. Lanzavecchia, A, Iezzi, G, and Viola, A. From TCR engagement to T cell activation.
Cells. (1999) 96:1-4. doi: 10.1016/S0092-8674(00)80952-6

63. Bellini, C, Bersi, MR, Caulk, AW, Ferruzzi, ], Milewicz, DM, Ramirez, F, et al.
Comparison of 10 murine models reveals a distinct biomechanical phenotype in
thoracic aortic aneurysms. J R Soc Interface. (2017) 14:20161036. doi: 10.1098/
rsif.2016.1036

64. Trachet, B, Aslanidou, L, Piersigilli, A, Fraga-Silva, RA, Sordet-Dessimoz, ],
Villanueva-Perez, P, et al. Angiotensin II infusion into ApoE—/— mice: a model for aortic
dissection rather than abdominal aortic aneurysm? Cardiovasc Res. (2017) 113:1230-42.
doi: 10.1093/cvr/cvx128

65. Gelderblom, M, Leypoldt, F, Steinbach, K, Behrens, D, Choe, C-U, Siler, DA, et al.
Temporal and spatial dynamics of cerebral immune cell accumulation in stroke. Stroke.
(2009) 40:1849-57. doi: 10.1161/STROKEAHA.108.534503

66. Eming, SA, Krieg, T, and Davidson, JM. Inflammation in wound repair: molecular
and cellular mechanisms. J Invest Dermatol. (2007) 127:514-25. doi: 10.1038/sj.
jid.5700701

67. Jang, HR, and Rabb, H. Immune cells in experimental acute kidney injury. Nat Rev
Nephrol. (2015) 11:88-101. doi: 10.1038/nrneph.2014.180

68.Xu, L, and Burke, A. Acute medial dissection of the ascending aorta. Am J Surg
Pathol. (2013) 37:1275-82. doi: 10.1097/PAS.0b013e318294adc3

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1127685
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://doi.org/10.1080/13813455.2016.1211710
https://doi.org/10.1016/j.biocel.2007.12.005
https://doi.org/10.3389/fimmu.2017.01029
https://doi.org/10.1111/j.1365-2567.2009.03173.x
https://doi.org/10.1152/ajplung.00304.2016
https://doi.org/10.1371/journal.pmed.0060001
https://doi.org/10.1371/journal.pmed.0060001
https://doi.org/10.1084/jem.20080752
https://doi.org/10.1084/jem.20080752
https://doi.org/10.3390/jcdd8020012
https://doi.org/10.1161/JAHA.118.011671
https://doi.org/10.1016/S0092-8674(00)80952-6
https://doi.org/10.1098/rsif.2016.1036
https://doi.org/10.1098/rsif.2016.1036
https://doi.org/10.1093/cvr/cvx128
https://doi.org/10.1161/STROKEAHA.108.534503
https://doi.org/10.1038/sj.jid.5700701
https://doi.org/10.1038/sj.jid.5700701
https://doi.org/10.1038/nrneph.2014.180
https://doi.org/10.1097/PAS.0b013e318294adc3

	Adventitial adaptive immune cells are associated with ascending aortic dilatation in patients with a bicuspid aortic valve
	1. Introduction
	2. Materials and methods
	2.1. Patient samples
	2.2. Tissue processing
	2.3. Multiplex immunohistochemistry
	2.4. Slide imaging and multispectral unmixing
	2.5. Tissue and cell analysis
	2.6. Nearest neighbor analysis
	2.7. Statistical analysis

	3. Results
	3.1. Patient baseline characteristics
	3.2. Quality of in situ single cell phenotyping in quantitative multiplex immunohistochemistry
	3.3. Large numbers of lymphocytes, organized in tertiary lymphoid structures, are observed in the adventitia of dilated compared to non-dilated bicuspid aortic valve ascending aortas
	3.4. Adaptive immune cells are sparce in the aorta media
	3.5. Dilated and dissected aortas show increased numbers of M1-like macrophages
	3.6. Dilated bicuspid aortic valve ascending aortas do not show increased atherosclerotic features compared to non-dilated samples
	3.7. In situ phenotyping of cells allows for nearest neighbor analysis to asses cell migration

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

