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Utilization of an Artery-on-a-Chip to Unravel Novel
Regulators and Therapeutic Targets in Vascular Diseases

Valentina Paloschi,* Jessica Pauli, Greg Winski, Zhiyuan Wu, Zhaolong Li, Lorenzo Botti,
Sandro Meucci, Pierangelo Conti, Felix Rogowitz, Nadiya Glukha, Nora Hummel,
Albert Busch, Ekaterina Chernogubova, Hong Jin, Nadja Sachs, Hans-Henning Eckstein,
Anne Dueck, Reinier A. Boon, Andreas R. Bausch, and Lars Maegdefessel

In this study, organ-on-chip technology is used to develop an in vitro model of
medium-to-large size arteries, the artery-on-a-chip (AoC), with the objective to
recapitulate the structure of the arterial wall and the relevant hemodynamic
forces affecting luminal cells. AoCs exposed either to in vivo-like shear stress
values or kept in static conditions are assessed to generate a panel of novel
genes modulated by shear stress. Considering the crucial role played by shear
stress alterations in carotid arteries affected by atherosclerosis (CAD) and
abdominal aortic aneurysms (AAA) disease development/progression, a
patient cohort of hemodynamically relevant specimens is utilized, consisting
of diseased and non-diseased (internal control) vessel regions from the same
patient. Genes activated by shear stress follow the same expression pattern in
non-diseased segments of human vessels. Single cell RNA sequencing

1. Introduction

The investigation of etiopathogenetic mech-
anisms underlying the onset of cardiovas-
cular diseases (CVD), as well as the study
of molecular processes involved in disease
progression and testing of novel therapies,
have all been possible thanks to the avail-
ability of a plethora of in vivo animal models
available. However, the translation of dis-
coveries across species remains challeng-
ing when considering the unique nature
of the human circulatory system, due to
its mechanical, biochemical, and cellular
complexities. At the same time, the use of

(scRNA-seq) enables to discriminate the unique cell subpopulations between
non-diseased and diseased vessel portions, revealing an enrichment of flow
activated genes in structural cells originating from non-diseased specimens.
Furthermore, the AoC served as a platform for drug-testing. It reproduced the
effects of a therapeutic agent (lenvatinib) previously used in preclinical AAA
studies, therefore extending the understanding of its therapeutic effect

through a multicellular structure.

animal models in medical research must
adhere to the 3R principles (replacement,
reduction, refinement).!! In this context,
the need to create in vitro models capa-
ble to mimic key aspects of human phys-
iology/pathophysiology has led to the de-
velopment of organs-on-chip (OoC), which
are new tools to fill the translational gap
of “animal-to-human models”.?] OoC are
micro-engineered in vitro models of human
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organs that can recapitulate the minimal functional unit of a
tissue/organ and can be used as platforms for pathophysiolog-
ical studies.l’] They consist of microfluidic cell culture devices
containing continuously perfused chambers inhabited by living
cells arranged in a dimensional organization that preserves and
mimics tissue geometry.l*l In addition, the integration of patient-
derived cells and the precise control of the OoC microenviron-
ment enhance our ability to discover novel targets and to perform
drug testing using these platforms.

In the present study, we have applied OoC technology to
unravel novel factors contributing to two types of cardiovascu-
lar diseases: carotid artery disease (CAD) and abdominal aor-
tic aneurysms (AAA). CAD is a common subtype of vascular
disease, in which atherosclerosis leads to narrowed arterial lu-
mens and reduced blood flow to the brain, possibly causing
transient ischemic attacks (TIA) or strokes.[’) Most commonly,
carotid lesions occur at the carotid bifurcation, where a com-
plex and rapidly varying wall shear stress (WSS) distribution is
present.[*8] AAA results from pathological widening of the aor-
tic lumen, an asymptomatic condition that can lead to rupture
with poor outcomes (mortality rate >80%).°1% Most of AAAs
develop in the infrarenal segment of the aorta, suggesting that
specific hemodynamics predispose this portion of the aorta to
aneurysmal expansion and rupture.l'!l Although CAD and AAA
are two distinct vascular diseases,['?] both are caused by patholog-
ical remodeling of the vessel wall and influenced by alterations of
hemodynamic shear stresses.[3] The endothelial layer, at the in-
terface with blood flow, plays a relevant role in the initial stage
of CAD and AAA. Subsequent pathological remodeling of the
medial layer populated by smooth muscle cells (SMC) leads to
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lesion formation and evolution into a diseased vessel wall. Fea-
tures of CAD include plaque buildup within the arterial wall, dis-
appearance of the intima layer, and increasing inflammation cor-
responding to disease progression.'*1%] In aneurysms, the vessel
wall becomes dysfunctional due to the loss of vascular SMC and
destruction of matrix elastic fibers.!1%17]

We herein present the artery on-a-chip (AoC) model that mim-
ics the arterial wall structure and captures potential interactions
between vascular endothelial cells (EC) constantly subjected to
shear stress, and underlying SMC cultured on a layer of extracel-
lular matrix. Moreover, we show how the AoC can be used as a
molecular target discovery model in CVD research and how these
findings translate into the human disease context. Second, we
provide evidence for the possibility of utilizing the AoC as a drug
testing model, in which therapeutic agents and their effect in cel-
lular and molecular pathophysiology can be tested.

2. Results
2.1. The AoC: An In Vitro Model of the Arterial Wall

The AoC consists of a resealable glass chip containing two
flow channels separated by an intermediate layer that embeds a
porous culture membrane and allows for circulation of two dif-
ferent fluids on each side of the membrane (Figure 1A). The in-
termediate membrane layer creates an interface for co-culture.
Primary aortic EC grow on a thin layer of collagen on the flat
side of the membrane, whereas primary aortic SMC are cul-
tured on a fibronectin layer on the well-side of the same mem-
brane (Figure 1B). To assess the quality of the coculture, im-
munofluorescence staining was performed using anti-PECAM
and anti-SM22 antibodies, which specifically mark EC and SMC
attached at opposing sides of the membrane. An entire scan of
the whole membrane was performed (Figure 1C; Video 1A,B,
Supporting Information). Once cells are confluent, the glass
chip is assembled and sealed via a chip holder, which is ulti-
mately connected to a microfluidic pressure controller to perfuse
cell-specific culture medium (MFCS-EX from Fluigent, Ville-
juif, France) (Figure S1A,B, Supporting Information). The AoC
is then connected to a MFCS-EX pump and integrated into an
incubator (Figure S1C, Supporting Information). The flow rate
is monitored and mediated externally. Throughout the experi-
ments, the AoC was perfused for 24 h with a steady flow rate of
1.2 mL min~! endowing a constant WSS of 10 dyne/cm? on the
EC channel. A computational flow dynamic (CFD) analysis of the
AoC (bottom channel, EC) was performed in order to validate the
wall shear stress distribution on the EC layer (Figure 1E,F). The
flowrate in the SMC channel is 10 pL min~! corresponding to
a maximum value of 0.0021 dyne/cm? WSS, a negligible shear
stress that ensures the physiological turnover of nutrients and
wastes in accordance with the in vivo situation. The flow sensors
of the microfluidic platform guarantee a steady flowrate. The two
2-Switch valves (Fluigent, Villejuif, France) allow the unidirec-
tional recirculation of EC medium between the reservoirs con-
nected to the EC channel (Figure 1D; Figure S1C, Supporting In-
formation).

Cells were carefully collected at both sites of the membrane,
and messenger RNA (mRNA) expression of a panel of marker
genes was measured to confirm specific cell identities at the
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Figure 1. The AoC model. A) Cross-sectional design depicting the layers of the AoC and the different flow profiles in the top (blue) and bottom (green)
channel, respectively. B) The membrane for co-culturing EC and SMC at opposite sides is inserted between the top and bottom layer. C) Immunoflu-
orescence staining of the membrane shows EC and SMC, labelled by the respective cell markers (PECAM for EC and SM22 for SMC). D) Connection
of the AoC to the microfluidic pump. Arrows indicate the flow direction or the connection to the pressure controller (MFCS-EZ). E,F) Computational
fluid dynamic analysis (CFD) of the AoC. E) 3D view of the bottom channel (EC side) showing the location of the membrane within the AoC. The mem-
brane region is color coded by wall shear stress (WSS). F) Detailed 2D view showing WSS distribution (ranging from 9.80 to 10.1 dyne/cm?) along the
membrane. The WSS threshold excludes the boundary layers located in the immediate proximity of lateral walls. EC is cultured within the ellipse.

time of cell isolation. Collagen isoforms COL1A1, COL1A2, and
COL3A1 are expressed by SMC at high levels while barely present
in EC. Vice versa, von Willebrand factor (VWF) and PECAM
are specifically expressed in EC, and present only at very low
levels in SMC (Figure S2A,B, Supporting Information). More-
over, EC and SMC grown at opposite sides of the membrane
had a similar expression pattern profile of cells growing in sin-
gle culture on regular culture flask (Figure S2C,D, Supporting
Information).

Adv. Healthcare Mater. 2023, 2302907 2302907 (3 of 19)

2.2. Flow-Mediated Transcriptomic Changes Identified in the AoC

RNA-seq profiles were generated from 4 AoCs exposed to flow
while 4 chips were kept in static conditions. Thus, in total 16
samples (4 EC and 4 SMC for each condition) were assessed for
transcriptomic changes separately within both cell types in re-
sponse to flow (Tables S1 and S2, Supporting Information). Dif-
ferentially expressed genes (DEGs) were identified using a statis-
tical threshold of P < 0.01 and fold change of > 2 (Figure 2A,B;
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Figure 2. Flow-mediated transcriptomic changes identified in the AoC. Volcano plots depicting EC (A) and SMC (B), down- (red) and up- (blue) regulated
mRNAs in AoCs exposed to shear versus null stress, as resulted by RNAseq experiments. Differentially expressed genes (DEGs) were identified using
a statistical threshold of P < 0.01 with fold change > 2. At this statistical cut-off, 224 and 233 DEGs were identified in the EC and SMC contrasts
respectively. The top DEGs with p-value adjusted by False Discovery Rates (FDR) corrections < 0.1 are highlighted. C) Gene-set overrepresentation
analysis of KEGG pathway enrichment with enrichment Z-score on the X axis and -logyq(p-value) on the Y axis. Point size represents pathway size
and point color represents Z-score calculated as Z = (S, — Sy)/v/N, where S, and S, are the number of significant up- and down-regulated genes
in the pathway respectively, and N is the total number of genes in the pathway. D) Pictures of human carotid vessels with their respective schematic
representations are shown. The biopsies were isolated from the most diseased location (plaque) in the vessels (indicated by red squares) and from the
adjacent non-diseased area (internal control indicated by blue squares). Blue arrows show the predicted laminar flow in non-diseased areas, rotating
red arrows represents the predicted turbulent flow at the diseased areas. E,F) Correlation analysis between differential gene expression in AoC static
versus flow and human carotid plaques versus healthy control. Scatterplot of gene expression fold change in AoC static versus flow conditions (x-axis)
and Plaque versus healthy Ctrl human carotids. All sequenced genes from the AoC experiment are shown. Black line: linear regression fit; red dashed
lines: 95% confidence interval for slope. Pearson correlation p value = <0.0001 for both EC (E) and SMC (F) AoC experiments when compared with
human carotid arteries.

Figure S2E,F, Supporting Information). Kriippel-like factor 4  confirming the ability of our system to replicate flow-mediated
(KLF4) and 2 (KLF2) are transcription factors previously iden-  effects (highlighted in Figure 2A, Tables S3 and S4, Support-
tified as laminar flow inducible elements that play important  ing Information). A KEGG pathway overrepresentation analy-
roles in the regulation of endothelial function.'®-2%1 KLF4 was  sis based on the significant DEGs identified in EC in response
found upregulated in the EC of the AoC exposed to shear stress,  to flow highlighted interesting, enriched pathways (Figure 2C).
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Overrepresentation of DEGs that belong to “cytokine-cytokine
receptor interaction” network and the “Hippo signaling path-
way”, whose activity strongly relies on mechanical cues in the
surrounding microenvironment, 21221 imply that EC exposed to
shear stress are in an activated, stimulus-triggered state. The
overrepresentation of DEGs belonging to the arginine biosynthe-
sis pathway, precursor for the synthesis of the vasodilator nitro-
gen molecule nitric oxide (NO),?*] was also observed. NO is con-
sidered to be an indicator for the integrity of the endothelium.?*]
Accordingly, an intact NO release can be regarded as a sign of
a healthy endothelium, suggesting that a wall shear stress of 10
dyne/cm? exerts a protective effect on EC.

2.3. AoC-Generated Targets Are Identified in Vascular Tissues
and Associated to the Non-Diseased Status

Next, we evaluated whether the findings observed in the AoC
had relevance in specific portions of human vessels where dis-
ease development and progression are induced by alterations of
shear stress. Thus, we assessed human tissue specimens of the
Munich Vascular Biobank from patients with CAD as well as
AAA%] From CAD patients we obtained biopsies comprising
the atherosclerotic plaque (diseased artery) and the adjacent re-
gion (non-diseased artery, ctrl) (Figure 2D). Similarly, from AAA
patients we obtained the aneurysmal portion (dilated aorta) and
non-dilated adjacent segment (Figure S3A, Supporting Informa-
tion).

At the carotid plaque site (diseased portion) the shear stress
is usually low and oscillatory, while the adjacent, non-diseased
portion of the vessel is likely to be subjected to unidirectional
flow.1626] Similarly, at the aneurysmal site, shear stress alterations
are likely present due to dilatation and thrombus formation.!'!]
There is non-laminar flow (i.e., vortex or helical flow) and resul-
tant lower wall shears stress in the dilated aorta compared with
the non-dilated upstream abdominal aorta.[’]! Here, we hypothe-
sized that the two antithetic flow conditions present in diseased
and non-diseased vessels, can be matched with the two AoC mod-
els, namely the flow-exposed, constant shear stress AoC and the
static, null shear stress AoC. We are aware that comparing the in
vitro null shear stress to the hemodynamic conditions present in
diseased vessels, in vivo, is over-simplified. However, given that
a shear stress difference exists between a healthy vessel segment
and a diseased one, we took the most differentially expressed
genes by flow (identified in AoC) and measured them in human
tissue specimens (Tables S1 and S2, Supporting Information).

Correlation analysis between the fold changes in DEGs ob-
served in the AoC device and those observed in human CAD sam-
ples show that genes upregulated by flow are significantly more
likely to be upregulated in the healthy segment (compared to the
diseased plaque) of the human carotid arteries cohort. This re-
sult further validates our experimental setup (Figure 2E,F). The
most significantly upregulated gene in EC in the AoC sequenc-
ing dataset (flow vs static) is crystallin alpha B (CRYAB), a small
heat shock protein that primarily binds misfolded proteins to pre-
vent protein aggregation, as well as inhibiting apoptosis and thus
contributing to the intracellular architecture.[?! Another flow-
induced gene was inhibin subunit beta A (INHBA), a member
of the transforming growth factor-beta (TGF-g) superfamily of

Adv. Healthcare Mater. 2023, 2302907 2302907 (5 of 19)

www.advhealthmat.de

proteins. Both CRYAB and INBHA appeared significantly upreg-
ulated when comparing the non-diseased portion of the carotid
vessel to the most advanced, stenotic area of the plaque within the
same patient (Figure 3A), suggesting that shear stress-induced
genes identified in the AoC might be of relevance in vivo. A
reduction of elastin (ELN) is a prototypical signature of all dis-
eased vessels,[*! and we sought to monitor its expression pat-
tern in our carotid biopsies (non-disease vs stenosing atheroscle-
rotic plaque of the same patients). As expected, there is a neg-
ative correlation between degree of disease and ELN expression
(Figure 3A), highlighting the biological relevance of our cohort.
Among the downregulated genes identified from the AoC after
shear stress exposure (Figure 2A), leucine-rich a—2-glycoprotein
1 (LRG1) was found significantly upregulated in the diseased por-
tion of carotid artery (Figure 3A). Studies have demonstrated that
LRG1 promotes pathogenic neovascularization and angiogenesis
through activation of TGFf1 signaling pathway in EC,3%3! and
that it may also be involved in the inflammation-induced pro-
gression of atherosclerosis.*?l Moreover, LRG1 expression in EC
was found to be induced by atherogenic flow and tumor necro-
sis factor-a (TNF-a).33] The downregulation of LRG1 strengthens
the hypothesis that the applied wall shear stress has a protective
effect on EC in our in vitro model. Vice versa, LGR1 upregulation
in carotid diseased vessels is concordant with its detrimental role
in areas likely affected by low shear stress.

Since diseased arteries are typically affected by turbulent blood
flow and low shear stress, we sought to introduce another flow
condition on EC. We conducted an in vitro experiment on EC in-
troducing oscillatory flow solicitations with low shear stress (2
dyne/cm?) compared to laminar flow and high shear stress (12
dyne/cm?). The low shear oscillatory flow had similar effects as
the null shear stress conditions applied to the AoC on the expres-
sion levels of CRYAB, LRG1, KLF2 and KLF4 (Figure 3B). This
suggests that the flow response identified utilizing the AoC setup
could be used to discern, within vessels, the diseased from the ad-
jacent non-diseased portions.

In AAA specimens subjected to RNA sequencing, paired com-
parisons of dilated versus non-dilated aortic tissues (Figure S3A,
Supporting Information) showed a trend of upregulation for
both CRYAB and INHBA in the non-dilated aortic segment
(Figure S3B, Supporting Information). ELN expression pattern
correlated to the aneurysm onset (Figure S3B, Supporting In-
formation). Interestingly, protocadherin beta 7 (PCDHB?7), a po-
tential calcium-dependent cell-adhesion protein with unknown
function in the vasculature system, induced by shear stress in the
SMC compartment of AoCs, was found to be significantly upreg-
ulated in non-dilated aortic specimens (Figure S3B, Supporting
Information).

CRYAB and INHBA protein expression was evaluated via
immunofluorescence in tissue sections obtained from human
carotid and aortic biopsies. A loss of protein expression was
observed in the diseased carotid vessel as compared to the ad-
jacent non-diseased portion (Figures 3C and 4A). The find-
ing was confirmed in the dilated aneurysmal aorta, as com-
pared to the non-dilated part (Figures S3C,S4A,B,S5A, Support-
ing Information). CRYAB and INHBA co-localize with typical EC
(VWE/PECAM) and SMC (aSMA) markers, suggesting that the
progression of both, CAD and AAA, involves EC and SMC cell
populations, in which flow alterations augment the expression of
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Figure 3. AoC-generated targets are identified in human vascular tissues. A) Non-diseased (Ctrl) and diseased (Plaque) carotid vessels (n = 37), as
depicted in Figure 2D, were subjected to RNA-seq. ELN, CRAYB, INHBA and LRG1 expression levels are shown. Statistics: DEGs were determined by
paired T-test using a statistical threshold corrected for multiple testing using the false discovery rate (FDR). (*) FDR-adjusted p-value < 0.05; (*%**)
FDR-adjusted p-value < 0.001. B) RNA was extracted from EC exposed for 24 h to laminar high stress (12 dyne/cm?) and oscillatory low shear stress (2
dyne/cm?) and followed by qPCR analysis of novel flow response genes (CRYAB, INHBA, LRG1, KLF2 and KLF4). Paired T-test (n = 6) was performed.
(**) p < 0.01. C) Double immunofluorescent staining of CRYAB (or INHBA) with SMA and nuclear DAPI in non-disease and diseased human carotid

sections. Imaging was carried out with confocal microscopy.

responsive genes. Moreover, Western blot analyses preformed
on protein lysates from non-diseased/diseased carotid arteries
and non-dilated/dilated AAA human specimen reveled a signif-
icant downregulation of CRYAB and INHBA in the diseased
and dilated vessels, corroborating the immunofluorescence data
(Figure 4B; Figure S5B, Supporting Information).

Adv. Healthcare Mater. 2023, 2302907 2302907 (6 of 19)

2.4. Vascular Smooth Muscle and Endothelial Cells Are the Main
Cell Cluster Expressing Flow-Induced Genes in Human Vascular
Disease

Single cell RNA sequencing (scRNA-seq) was performed on
human carotid plaques (Figure 4C; Figure SG6A, Supporting
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Figure 4. Decreased flow-induced target CRYAB in diseased carotid vessels and aortas. A) Immunofluorescence on non-disease and diseased carotid sec-
tions showing loss of CRYAB (purple) with a decrease degree of co-localization with EC marker, VWF (green) signal in diseased specimens. Imaging was
carried out with confocal microscopy. B) Protein lysates extracted from non-diseased/diseased (plaque) carotid tissues (n = 2) and non-dilated/dilated
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Information) and human AAA biopsies (Figure S6C, Sup-
porting Information) on samples from the Munich Vascular
Biobank. The expression levels of CRYAB and INHBA were
interrogated in both datasets. In the carotid plaque scRNA-
seq dataset, CRYAB and INHBA were found predominantly
expressed in the fibroblast-vascular SMC (Fibro-SMC) clus-
ter, (Figure S6B, Supporting Information). Moreover, as the
non-diseased vessel (Ctrl) and diseased (Plaque) were indepen-
dently prepared for individual scRNA-seq datasets from the
same patients, CRYAB and INHBA expression level was com-
pared in Fibro-SMC clusters of the two groups and found
more expressed in the cell clusters of non-diseased arter-
ies (Figure 4D). Similarly, In the AAA scRNA-seq dataset,>]
CRYAB and INHBA are enriched in structural cell clusters
(Figure S6D, Supporting Information) and more highly ex-
pressed in the non-dilated SMC cluster compared to the SMC
obtained from the dilated aorta (Figure SGE,F, Supporting Infor-
mation).

In parallel to scRNA and bulk-seq, tissue sections of carotid
plaques and control vessels were subjected to hybridization-
based RNA in situ sequencing (HybRISS),[*] a probe-based tar-
geted amplification detection method, which allows for spatial
transcriptomic visualization. This approach is a validation as
well as an extension of the other sequencing techniques, as it
leaves the plaque architecture intact. HybRISS also enables us
to identify patterns of co-expression with cell-identifying mark-
ers and therefore creates a more holistic view of disease rel-
evance. Within an atherosclerotic plaque, the plaque shoulder
region is of great importance, as it is an active area in which
migrating SMC from the media layer can contribute to fibrous
cap formation and confer stability or, alternatively, inflamma-
tory processes can take place resulting in plaque progressive
erosion and rupture, culminating in embolization and poten-
tial ischemic forms of stroke.*®] A control vessel and an ad-
vanced plaquel®’] have been subjected to HybRISS. From a to-
tal number of 98 gene probes, we were able to detect 16.583
transcripts in the control vessel (Figure 4E), as well as 78.245
and 75.920 in two regions (shoulders) of an advanced stable
carotid plaque (Figure 4F,G). In control (Figure 5A) CRYAB
and INHBA transcripts were detected in the medial vessel
layer where SMC markers (MYH11 and ACTA2) are also abun-
dantly expressed. In the stable plaque sections (Figure 5B,C),
CRYAB and INHBA transcripts were also detected in cells ex-
pressing MYH11 and ACTA2 transcripts and, to a lesser extent
in von Willebrand factor (VWF)-positive cells. The expression
of CRYAB and INHBA in a location where SMC stabilize the
lesion(*® hints at a protective role of the identified flow response
genes.

www.advhealthmat.de

2.5. AoC-Identified Targets in Preclinical Experimental Vascular
Disease Models

Next, we analyzed scRNA-seq data generated from mice sub-
jected to either an inducible plaque rupture model® or
to porcine pancreatic elastase (PPE) induced AAA formation
(Figure 6B,G). Sham-treated mice were used as appropriate con-
trols. Similar to the human situation of advanced vascular dis-
ease we induced an artificial flow disturbance in both preclinical
mouse models. This was either provoked via ligation/obstruction
of the carotid artery (Figure 6A), or by subjecting the abdominal
aorta to elastase-collagenase enzyme cocktail that destroys the ex-
tracellular matrix and therefore also induces disturbed flow in the
vessel (Figure 6F). Both mouse models can therefore not only
be used to investigate the drivers of CAD and AAA disease, but
also to investigate flow-mediated transcriptomic changes in vivo.
scRNA-seq was performed separately on the treated (“diseased”)
and sham/non-treated (“ctrl”) mice vessels, which allowed us to
compare biologically relevant tissues, similarly to the approach
utilized for human tissues.

In both, plaque rupture and AAA mice models, Cryab and In-
hba were found to be mainly expressed by Fibro-SMC clusters
(Figure 6C,H). Additionally, Cryab and Inhba expression appears
significantly lower in diseased cells as compared to cells from
control animals (Figure 6 D,E, L]). On the contrary, Lrgl, a gene
downregulated in the AoC exposed to shear stress and associ-
ated with the disease status of vessels, was significantly higher
expressed in the EC cluster originating from murine carotid
plaques/AAA tissues (Figure S7TA-H, Supporting Information).

Furthermore, we obtained non-dilated and dilated portions of
a large, preclinical model of AAA disease in Yucatan LDLR™/~
mini-pigs upon local elastase instillation (Figure S7I, Support-
ing Information) as previously described.[*"] Again, we assessed
the expression level of flow-induced targets and discovered a sig-
nificant decrease of INHBA in the dilated compared to the non-
dilated segment accompanied by the lessening of ELN expression
in all the tissue pairs (Figure S7L,M, Supporting Information).

2.6. CRYAB and INHBA Inhibition Affects SMC Homeostasis

To gain insights into the functional role of CRYAB and INHBA
in SMC, we silenced their expression in disease-relevant human
carotid SMC. The lack of CRYAB and INHBA in carotid SMC sig-
nificantly altered the transcriptome profile and resulted in a great
number of significant DEGs (Figure 7A; Figure S8A,D,G, Sup-
porting Information). Gene Set Enrichment Analysis (GSEA) was
used to associate a disease phenotype to the DEGs after CRYAB

aorta (n = 1) submitted to western blot (WB) analysis for the detection of CRYAB. Protein levels are expressed as a ratio to beta actin (bACT). Quan-
tification of WB was done with Fiji Image ] software. Statistics: unpaired T-test (*) p-value < 0.05. C) Uniform Manifold Approximation and Projection
(UMAP) plot showing the major cells clusters identified from scRNA-seq performed on human carotid plaques (n = 9 patients. Ctrl and Plaque tis-
sues are obtained from each patient). D) Dot plot and violin plot showing the higher expression and significant enrichment of CRYAB and INHBA in
contractile SMC and fibroblast cell clusters originated by Ctrl as compared to Plaque specimens. The FindMarkers function was used to compare the
DEGs between the Ctrl and Plaque, by using the “bimod test (Likelihood-ratio test)”. (****) p<0.0001, (***) p<0.0002, (**) p<0.0021, (*) p< 0.0332.
E,F,G) Ctrl (non-diseased carotid vessel) and carotid plaque were subjected to spatial transcriptomics via HybRISS methodology. All detected transcripts
are shown: 16.583 transcripts in Ctrl (E), 78.245 and 75.920 in two different plaque regions respectively (F, G). The specific areas processed for spatial
transcriptomic are indicated in the histochemistry images on the left side.
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Figure 5. Targeted spatial transcriptomics of flow-induced targets. A) Ctrl (non-diseased carotid vessel) and B,C) carotid Plaque were subjected to
HybRISS methodology. VWF, ACTA and MYH 11 were chosen as prototypical markers of EC (VWF) and SMC (ACTA, MYH11) in the arterial wall. VWF,
ACTA2, MYH 11, INHBA, and CRYAB transcripts were detected in the tissue section and are presented in different colors. The respective processed areas

are marked. In the Plaque section two different regions of the fibrous cap were analyzed.

silencing and highlighted “artery disease” and “vascular disease” = CRYAB silencing (Figure 7C; Figure S8C, Supporting Informa-
as highly significant disease ontologies (Figure 7B; Figure S8B,  tion). The epithelial to mesenchymal transition (EMT) process is
Supporting Information). Moreover, the Human Molecular Sig-  of particular interest in the context of SMC biology in atheroscle-
natures Database (MSigDB) hallmark gene sets were employedto  rosis as EMT genes were shown to dramatically alter SMC phe-

summarize well-defined biological states or processes affected by ~ notypes contributing to atherosclerotic plaque composition.!

41]
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Similar results were obtained from INHBA silencing in carotid
SMC with the additional enrichment of immune system disease
ontology (Figure S8D-I, Supporting Information). Indeed, IN-
HBA, a member of the TGF-# superfamily of cytokines, plays
pivotal roles in the regulation of immune responses.[*?] A pheno-
typic analysis of the carotid SMC silenced for CRYAB or INHBA
compared to control cells revealed a non-significant change in
the proliferation rate, whereas a significant increase of migratory
properties was detected via live cell imaging (Figure S9A,B, Sup-
porting Information). GSEA once more indicated upregulation
of EMT signaling. Altogether, CRYAB and INHBA, identified as
flow response genes in our AoC, seem to have fundamental im-
portance for the homeostasis of SMC (where they are expressed
abundantly) during vascular disease development and progres-
sion.

2.7. AoC Serves as a Drug Testing Device for Novel Therapies in
Vascular Diseases

Next, we wanted to assess whether the AoC model can serve as
a drug testing device in the context of vascular diseases. This ap-
peared possible and intriguing based on the recirculation process
in the endothelial channel, mimicking the intima-blood flow in-
terface conditions observed in vivo with possible transcellular dif-
fusion between the cell layers.

We utilized the AoC to test the effect of lenvatinib, a tyrosine
kinase inhibitor capable of limiting aortic aneurysm expansion
in vivo by restoring a contractile SMC phenotype in the above-
described preclinical murine and porcine models of AAA devel-
opment and exacerbation!*) (Figure 7D). For these experiments,
exclusively the EC layer of the AoC was exposed to circulating
medium containing 10 mm of lenvatinib or DMSO (as control),
whereas the SMC channel was exposed to SMC medium as de-
scribed for the original AoC set up to ensure medium exchange.
The SMC utilized for these experiments were isolated from pa-
tients affected by AAA to assess whether it was possible to re-
produce the protective effect of lenvatinib determined in previ-
ous in vivo studies. After 24 h exposure to lenvatinib or DMSO,
cells at the opposite side of the membranes were collected and
the gene expression of known lenvatinib targets!*’! determined.
EC responded to lenvatinib with downregulation of VEGFR2
(KDR) and PECAM expression, which is consistent with its es-
tablished inhibitory role in angiogenesis.[**} Moreover, lenvatinib
treatment resulted in downregulation of the inflammatory activa-
tion marker VCAM1* (Figure 7E).

Interestingly, patient-derived SMC in co-culture with EC ex-
posed to lenvatinib, but not directly exposed to the treatment,
upregulated genes related to the contractile phenotype (ACTA2,

www.advhealthmat.de

MHY11, MYOCD) when compared to SMC co-cultured with EC
exposed to DMSO (Figure 7F). This protective effect in the con-
text of aneurysm disease recapitulated in vivo observations from
our recent intervention study and is an important observation for
the execution of future clinical studies in AAA patients.

3. Discussion

The artery-on-a-chip (AoC) mimics the architecture of the arte-
rial vessel wall and allows to study changes induced by wall shear
stress (WSS) relevant to vascular disease development and pro-
gression. WSS is the frictional force per unit area applied by the
blood flow on the endothelium and it regulates important phys-
iological blood vessel responses, such as the acute vessel tone
regulation and the development of blood vessel structure during
embryogenesis, as well as chronic remodeling and progression
of vascular wall pathologies.[*’] Imaging techniques, like phase
contrast MRI, can be used to estimate blood velocity (at several
locations within a given cross-sectional vessel area) and compute
approximations of velocity gradients near walls.[**#’] Similarly,
computational fluid dynamic analyses can be employed to predict
WSS values. In a straight vessel, characterized by the Womersley-
like flow behavior, vascular EC are continuously exposed to uni-
directional high-shear solicitations. As a result, EC are organized
in a quiescent, anti-thrombotic monolayer.*] In contrast, flow
conditions at branch points and bifurcations are often character-
ized by complex secondary vortices and flow instabilities result-
ing in low and/or oscillatory shear stresses. These solicitations
promote EC proliferation and a pro-atherogenic status of the ves-
sel wall.***%] Hemodynamic studies have shown that in healthy
individuals the mean value of the wall shear stress (time aver-
aged over the cardiac cycle) ranges between 8 and 10 dynes/cm?
in the suprarenal aortal®!l and falls ~8 dynes/cm? in the com-
mon carotid artery.>?] In contrast, low values of WSS are pre-
dictive of carotid plaque development!?®} and correlate with AAA
risk of rupture.™! An important criterion for the development of
our AoC model was the possibility to mimic shear stress of 10
dyne/cm?. The imposed solicitation is different from the physio-
logical solicitation, which is very hard to measure in vivo and to
reproduce in vitro. To thoroughly replicate the shear stress solici-
tation in large arteries, a more complex time varying flow pattern
should be provided. Nonetheless, the acquisition of patient spe-
cific flow behavior is very challenging, and even more challeng-
ing is the requirement to replicate such complex flow patterns
in our AoC given the geometrical limitations of the device. Since
blood flow behavior is strongly influenced by the morphology of
the vessel, which is also altered by the pathology, the flow pat-
tern is highly affected by inter-individual variability and cannot

Figure 6. Vascular SMC express flow-induced genes at single-cell level in mice model of CAD and AAA. A) Inducible plaque rupture mouse model: carotid
vessels were isolated from control side (left) or subjected to ligation (right). B) t-distributed stochastic neighbor embedding (t-SNE) plot showing the
major cells clusters identified from scRNAseq performed on mice subjected to carotid ligation. n = 9 in control and carotid plaque group (control and
diseased tissues are taken from the same mouse). C) Dot plot showing Cryab and Inhba enrichment in Fibro-SMC clusters. D) Dot and E) violin plot
show the higher expression and significant enrichment of Cryab and Inhba in control arteries. F) AAA mouse model (PPE infusion) and sham animals
(Ctrl). G) UMAP plot showing the major cells clusters identified from scRNAseq performed on aortas isolated from control mice or subjected to the
PPE-induced AAA model. In control group n =5, and in AAA group n = 6. H) Dot plot showing Cryab and Inhba mostly expressed in the Fibro-SMC
clusters. 1) Dot and J) violin plot showing the significant enrichment Cryab and Inhba in Fibro-SMC clusters of control mice aortas. The FindMarkers
function was used to compare the DEGs between the control and carotid plaque/AAA tissue, by using the default “Wilcoxon Rank Sum test”. (***%*)
p<0.0001, (**) p<0.0021.
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Figure 7. AoC as a testing model for therapeutical agent Lenvatinib. A) Volcano-plot with de-regulated genes 48 h after transfection with siCRYAB in
CaSMC. Highlighted are genes contributing to GSEA score enrichment of Disease Ontology terms “Artery disease” and “Vascular disease”. B,C) Gene
Set Enrichment Analysis (GSEA) using Disease Ontology (B) and MSigDB Hallmark (C) gene sets. D) Scheme representing the utilization of the AoC
as translational tool. Lenvatinib-coated balloon showed a therapeutical effect in halting aneurysmal progression in a pre-clinical porcine model. AAA
disease modelling is partially obtained by AoC populated by AAA-derived SMC. Testing lenvatinib on the AoC can unravel its mechanism of action. E,F)
AoCs exposed to lenvatinib or DMSO (ctrl) were submitted to qRT-PCR to monitor gene expression in EC and AAA-derived SMC separately. For EC
analysis: DMSO group n = 10; Lenvatinib group n = 13. For AAA-derived SMC analysis: DMSO group n = 4; Lenvatinib group n = 3. Statistics: unpaired
T-test (*) p-value < 0.05; (**) p-value < 0.01.
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be easily standardized and brought back to a common idealized
model representation. The risk of imposing unrealistic solicita-
tions must thus be considered. For the experiments, we decided
to favor reproducibility, which was a fundamental criterion for
the AoC model, contemplating the pronounced variability that is
inherently associated with cell co-cultures. Therefore, even if the
solicitation is simplified, it has the benefit of being consistent and
reproducible across all experiments.

In the present study, we tested our newly assembled AoC un-
der shear stress (constant WSS of 10 dynes/cm?) versus static
condition and discovered that it can detect biologically relevant
flow-inducible genes. One strength of this study relied on our
human vascular biobank. The findings obtained from the AoC
system were validated in specimens isolated from vascular tis-
sues of patients affected by carotid atherosclerosis and AAA. The
diseased tissue is joined by adjacent control tissue specimens.
This type of analysis has not been performed before, and is likely
the most suited set-up to interrogate the molecular and cellu-
lar effects of flow and shear stress alterations in human vascu-
lar disease. In vitro flow-induced expression of CRYAB and IN-
HBA, was confirmed in non-diseased vessels obtained from pa-
tients, both at the RNA and protein level. INHBA encodes for
the inhibin pA subunit of the homodimer Activin A (fA-fA), a
multi-functional cytokine belonging to the TGF-§ superfamily
that has been shown to inhibit vascular endothelial cell growth
and angiogenesis,**! coherently with a quiescent EC monolayer
exposed to physiologically relevant shear stress. Accordingly, IN-
HBA was found among the genes expressed by endothelial cells
and their transcriptional regulation by prolonged unidirectional
pulsatile flow.>*] The increased expression of CRYAB observed
both in our in vitro model as well as in non-diseased human ves-
sels could also be interpreted as protective, given its function in
stabilization of cytoskeleton in response to mechanical stress.[*
These observations may support our hypothesis that the selected
WSS of 10 dyne/cm? shows a vasoprotective effect on EC in vitro,
with the results being translatable to human specimens. CRYAB
and INHBA were indeed identified via immunofluorescence in
the healthy portion of carotid arteries and aortas, and appeared
to co-localize with both, EC and SMC markers.

Furthermore, the expression of CRYAB and INHBA in the
vessel wall was confirmed via scRNA-seq. Fibro-SMC clusters
are the mayor contributor to CRYAB and INHBA expression in
both AAA and carotid data of human, with both transcripts sig-
nificantly more expressed in Fibro-SMC/SMC clusters of non-
diseased compared to diseased vessels. Spatial transcriptomics
is a complementary method to scRNA-seq, allowing the visual-
ization of specific transcripts in a tissue section to overcome the
bias introduced by digestion protocol typical for scRNA-seq of
vascular tissues.>®! This is the first time HybRISS has been per-
formed on vascular tissue and carotid plaque sections. It allowed
us to reveal that CRYAB and INHBA transcripts are found mostly
in cells expressing MYH11 and ACTA2 transcripts, which again
confirms SMC produce these transcripts. SCRNA-seq was also
performed in preclinical murine AAA and carotid plaque rupture
models, where we had the possibility to obtain also healthy aor-
tas and carotid arteries (sham-operated animals). The compari-
son between the dataset originating from diseased and healthy
murine vasculature showed that Cryab and Inhba are signifi-
cantly higher expressed in cell clusters from control aortas and

Adv. Healthcare Mater. 2023, 2302907 2302907 (13 of 19)

www.advhealthmat.de

carotids. This evidence contributes to the hypothesis that flow-
induced genes are present in control arteries and aortas, whereas
a loss of expression is associated with the disease vessel status
across different species (humans, mini-pigs, and mice). Overall,
the loss of CRYAB and INHBA expression seems to have detri-
mental effects on the homeostasis of SMC in the arterial wall in
human disease and experimental models, while being associated
with vascular and immune system dysfunction.

It is intriguing to envision the AoC as a tool to perform drug
testing. Any potential therapeutic agents can be transported di-
rectly to the cells via circulation, enabling us to determine the
effect on the EC layer. On the other hand, the co-cultivation
and intercellular communication ensured by the semi-permeable
membrane offers the additional possibility to investigate the ef-
fect of the drug on the underlying SMC fraction. Administration
of lenvatinib to the EC flow channel has most probably gener-
ated a signal in the EC that has been transferred to the under-
lying patient-derived SMC via a paracrine mechanism. By using
the AoC, we provided evidence for the beneficial effect of lenva-
tinib in restoring SMC contractility, and gain insights into the
potential mechanism of action occurring in vivo.

To the best of our knowledge, there is currently no compati-
ble in vitro model of large sized arteries consisting of two cell
layers (vascular EC and SMC) with exposure to physiologically
relevant shear stress. This is due to complications relating to the
lack of previous possibilities to impose high shear stress in co-
culture devices. Therefore, most of the in vitro vessel models are
composed of one cell type (either EC or SMC, but not co-culture)
and utilize low shear stress typical of venous — but not arterial —
circulation.l’”] Vessel-on-chips developed to study endothelium-
immune cell interaction, with the aim of gaining insights to the
pathogenesis of thrombosis, consist of single channel lined with
EC and perfused with blood flow but lack the integration of SMC.
Recently, a microfluidic model of an artery has been reported,
based on a physiologically relevant pulsatile flow behavior. How-
ever, also this system does not contain co-culture with vascular
SMC.581 Previous reports on aorta-on-chips®* %! are composed
of SMC exposed to rhythmic strain, mimicking cyclic strain due
to the pulsatile nature of blood flow, but do not include EC and
exposure to disease-relevant shear stress as proposed here in our
model. Models that provide perfused co-culture of EC and SMC
are rare,[®1%3] but essential for monitoring structural changes oc-
curring within the entire vessel wall. In our AoC model, the semi-
permeable membrane between EC and SMC creates a spatial sep-
aration similar to the basal lamina, which demarcates the tunica
intima from the tunica media. Second, the application of physi-
ologically relevant shear stress resembling both the blood flow-
intima interactions and the intima-media supply by diffusion, al-
lowed us to more accurately mimic human complexity in our in
vitro setup.

However, the layered structure of the vessel can only be repro-
duced to a limited extent by our in vitro model. For instance, EC
and SMC attached to the semi-permeable membrane are aligned
in a parallel fashion given the rectangular structure of the two
channels. The membrane in the AoC is coated with ECM proteins
(fibronectin and collagen), thus ensuring a certain interaction be-
tween ECM and cells. However, the three-dimensionality of the
structure is limited by the fact that the cells and coating solutions
are arranged in contiguous layers. In future developments of the
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AoC model, a circumferential alignment of the SMC and the em-
bedding it in ECM proteins would reflect a more accurate approx-
imation of the physiological architecture of the vessel. Moreover,
other physiologically relevant types of flow, such as pulsatile, os-
cillatory, or vorticose flow, common to the vascular branch points,
could be interesting for model enhancement.

The AoC represents an original model of the arterial vessel wall
by incorporating structural aspects of the vasculature (lumen-
intima-media) as well as hemodynamic forces impacting the lu-
minal cells. By increasing the capacity to emulate complex as-
pects of human vascular biology, the AoC could partially close
the translational gap between cell culture and animal models to
human pathophysiology. With the aid of this system, we were
able to characterize novel targets (such as CRYAB) previously un-
related to vascular diseases as well as confirming known flow
responsive genes (LRG1, INHBA, KLF2, KLF4). We were also
able to demonstrate that this model system could be used as a
platform for testing novel therapeutic agents and strategies in
relevant (patient-derived) cell subtypes. These main characteris-
tics demonstrate the translational potential of the AoC. In a time
where the 3R criteria must be applied in experimental animal re-
search, organs-on-chips are serving as important research tools
in unravelling novel targets and therapeutic potential of drugs to
human disease. The system will be of great use for future drug
target discovery as well as drug testing studies in CVD research.
Finally, utilization of primary patient-derived cells as well as in-
duced pluripotent stem cells (iPSC) for evaluation of syndromic
forms of vascular diseases (e.g., Marfan Syndrome or Vascular
Ehlers-Danlos Syndrome) are promising areas of research for the
future development of AoC.

4. Experimental Section

Experimental Design: Artery-on-a-Chip:  The device utilized in this study
was designed in conjunction with Micronit Technologies (Enschede, The
Netherlands). It consisted of a membrane layer and two resealable glass
slides that formed the top and bottom chambers for the AoC device. The
standard version of the device was composed of three glass layers stacked
on top of each other and compressed using a connection clamp. Two of
them were the same provided in Micronit’s off-the-shelf (OTS) device, the
third was customized for this specific work. The standard parts were the
top and bottom slides, manufactured by dispensing a fluorinated elas-
tomer on the two 15 X 45 mm? glass parts: the first one was 0.7 mm-thick
and constituted the bottom part of the chip, the second one was 1.1 mm-
thick with through holes for fluidic connections and was the top part of
the chip. The elastomer was processed to create a 300 um-thick (250 um
after compression), 1 mm-wide gasket which constituted the side-walls
of the chip when the stack is assembled. The chip used in this work fea-
tured a customized middle layer, made of a 0.4 mm-thick polystyrene (PS),
15 x 45 mm? in size. The slide has an elliptic hole with a 1 cm? surface
(8 mm-wide, 16 mm-long) ending with a porous membrane. In this study,
a commercial PET (polyethylene terephthalate) with track etched 0.45 um-
pores was used. The membrane was mounted on the middle layer using a
medical grade pressure sensitive adhesive. In order to reduce the height of
the bottom channel of the chip, increasing the shear stress on the bottom
side of the membrane, a plateau of 100 um was fabricated on the bottom
side of the middle layer, where the membrane was mounted. As a result,
the height of the bottom channel changed from the 0.2 mm of the OTS
device to 0.1 mm. Instead, the height of the top chamber to the top glass
channel was 0.8 mm.

Prior to cell seeding, the membrane was coated on the bottom with
0.1 mg mL™" collagen rat tail (Corning, USA) and on the top, where it
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formed a well, with 20 ug mL~" of fibronectin (Sigma Aldrich) to ensure
cell attachment. Cells utilized on the AoC were primary human aortic en-
dothelial cells (EC) and human aortic smooth muscle (SMC), both derived
from healthy donors (Cell Application, CA, USA). Patient-derived SMC (de-
scribed in the following paragraph) were also cultured on the AoC. EC
and SMC were used between passages 3-7 and cultured in EC and SMC
Growth Medium (PeloBiotech, Planegg, Germany), respectively. First EC
were seeded on the bottom side of the membrane at a dilution of 100 000
cell/cm? and allowed to attach overnight. On the following day the mem-
brane was flipped, and SMC was seeded (80 000 cells/cm?) on the top
concave side (well). On the third day, the membrane with the two distinct
cell layers, was placed between top and bottom glass layers forming two
separate flow chambers (Figure STA-C, Supporting Information). The as-
sembled AoC was secured in the chip holder, a cell culture platform, with
separately controlled fluid-flows above and below. The fluid control was ex-
erted by the connection via perfusion set to a microfluidic pressure-based
pump (MFCS-EZ from Fluigent, Villejuif, France). Before the AoC connec-
tion to flow, reservoirs were filled with cell culture medium and pressurized
in order to fill and rinse the tubing. To maintain the desired flow rate at a
constant level along the experiment, flow sensors that monitor the flow
rate were installed between the reservoirs and the AoC. A regulation algo-
rithm was continuously evaluating the current flow rates and adjusting the
pressure according to fluctuations in the flow. Flow sensors that monitor
the flow rate were installed between the reservoirs and the AoC. The fluidic
set up constituted by the AoC, cell culture medium reservoirs, tubing, and
flow sensors were placed in a cell culture incubator (37 °C, 5% CO,) and
allowed to equilibrate to minimize temperature variations. The pump was
placed outside the incubator and operated by MAESFLO and MAT (Mi-
crofluidic Automation Tool) software. At the end of the flow experiment
(24 h after flow exposure) the AoC was disassembled, the membrane was
rinsed with PBS (Gibco, Thermo Fisher Scientific) and processed for im-
munofluorescence staining (see paragraph below) or the harvest of EC
and SMC separately. For the latter, the membrane was placed on top of
a small petri dish lid with the EC facing the bottom, in contact with EC
medium to prevent cells from detaching. The SMC on the concave side of
the membrane, facing upward, was washed with PBS and incubated with
100 pL of 0,25% trypsin-EDTA (Gibco, Thermo Fisher Scientific) for 2 min,
collected into an Eppendorf tube and centrifuged at 11 200 rpm at 4 °C
for 6 min followed by pellet resuspension with 200 pL of QIAzol (Qiagen,
Hilden, Germany). To isolate EC from the bottom layer, the membrane was
flipped, the surface was rinsed with PBS and then scraped with 200 pL of
QIAzol to collect as many cells as possible into an Eppendorf tube. Both
tubes were stored at -80 °C for subsequent RNA isolation.

For immunofluorescent staining, the intermediate membrane layer
populated by EC and SMC was fixed at the end point of the experiment by
immersion in 4% paraformaldehyde (Thermo Fisher Scientific) for 20 min,
followed by incubation in blocking buffer containing 5% bovine serum al-
bumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) in PBS. The membrane
was incubated with antibodies against PECAM (ab9498, abcam) 1:20 and
against SM22 (ab170902, abcam) 1:200 (in PBS containing 3% normal
goat serum and 0,3% Triton-X100) for 4 h at room temperature. The appro-
priate secondary antibodies (Alexa647 anti mouse (A21236) and Alexa488
anti rabbit (A11034)) were added for 1h (1:400 in PBS containing 3% nor-
mal goat serum and 0,3% Triton-X100). The incubation of primary and sec-
ondary antibodies was performed simultaneously on the membrane, with
volumes touching the bottom and the upper side. Cells nuclei were stained
with DAPI (Thermo Fisher Scientific) for 5 min. After the immunofluores-
cent staining, the membrane was first isolated from the plastic support of
the intermediate layer and mounted between a glass slide and a coverslip.
It was then imaged perpendicular to the objective with an Olympus FLU-
OVIEW FV3000 (Olympus, Tokyo, Japan) confocal microscope. A z-stack
image was taken from the endothelial (bottom) to the smooth muscle (up-
per) layer.

Shear Stress Calculation: ~ Shear stress calculation was based on the as-
sumption of fully developed laminar flow in a duct with rectangular cross
section. The rectangular cross section had large aspect ratio, in particular
the width (b) was much larger that the height (2 delta), therefore, away
from lateral walls, the flow can be treated as 2D. Here, we describe the
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flow based on a cartesian reference frame with the y and z axis perpen-
dicular to the bottom and lateral wall, respectively. The velocity has only
axial component (u) which is a function of the y coordinate. Applying the
linear momentum equation in the x direction, it is possible to infer that the
velocity profile u(y) is parabolic and the pressure gradient dp/dx is linear.
We are therefore dealing with Poiseuille flow.

The velocity profile can be expressed as a function of the flow and geo-
metrical parameters, as

2
u(y)=39<1—y—) 1)

where Q is the volumetric flow rate, A = 2 6 b is the area of the rectan-
gular cross section, and 2 § is the channel height. The wall shear stress
magnitude can be easily computed from its definition, we obtain

_3uQ
T 28%b @

w

where p is the fluid viscosity. For the AoC: Q = 1.2 mL min~! ( = 0.02
cm3/s),u=7,5%10"3gcm™'s, § =0.005 cm, b= 0.9 cm.

Computational flow dynamic (CFD) analysis of the AoC (bottom chan-
nel, EC) was performed in order to validate the wall shear stress distribu-
tion on the EC layer. Based on a computer-aided design (CAD) model of
the AoC (provided by Micronit) the commercially available Ansys fluent
software (Canonsburg, USA) was employed to numerically simulate the
flow behavior and wall shear stress distribution (Figure 1E,F).

Cell Culture under Flow

EC were seeded in pSlides %2 / pSlides %¢ (Ibidi, Munich, Germany)
and connected to the pump (Ibidi, Munich, Germany) according to the
manufacturer’s protocol. EC were exposed simultaneously for 24 h to ei-
ther laminar flow providing a shear stress of 12 dyne/cm? or oscillatory
flow with a frequency of oscillation of 2 s, providing a shear stress of 2
dyne/cm?.

Munich Vascular Biobank: Human aortic aneurysm samples, as well as
human carotid artery specimen were collected from the Munich Vascular
Biobank, as described previously upon patients’ informed consent.[?’] The
biobank was approved by the local Hospital Ethics Committee (2799/10,
Ethics Committee of the Faculty for Medicine at the Technical Univer-
sity of Munich, Munich, Germany) and in accordance with the Decla-
ration of Helsinki. Primary human aortic SMC from patients were iso-
lated from AAA biopsies, harvested during surgical repair and stored
in complete DMEM/F12 Medium (Sigma Aldrich) containing 5% Fetal
Bovine Serum (Gibco, Thermo Fisher Scientific) and 1% Pen-Strep (Gibco,
Thermo Fisher Scientific). The tissue was placed in a sterile petri dish and
washed with PBS (Gibco, Thermo Fisher Scientific). Adventitia, neo-Intima
and calcifications were removed, and the remaining media was cut into
small pieces using a sterile scalpel. The pieces of tissue were placed in
digestion medium (1.4 mg mL~" Collagenase A, Roche, Mannheim, Ger-
many, in complete DMEM/F 12 Medium) in a humidified incubator at 37 °C
and 5% CO2 for 4-6 h. Cells were strained using a 100 um cell strainer to
remove debris. After two washing steps (centrifuge 400 g, 5 min; discard
supernatant, re-suspend in 15 mL complete DMEM/F12 Medium) cells
were re-suspended in 7 mL complete DMEM/F12 Medium and placed in
a small cell culture flask in a humidified incubator at 37 °C and 5% CO2.
Upon confluence, cells were stored in liquid nitrogen or processed imme-
diately. SMC isolated from abdominal aortas were used between passages
3-6.

For lenvatinib experiments, the EC side was exposed to medium (Opti-
mem only supplemented with antibiotics (1%) and 2% of FBS, containing
lenvatinib 10 um or its control (DMSO). The SMC channel was exposed to
regular SMC medium.

RNA Isolation and RT-gPCR Analysis: Human and porcine carotid
artery/aortic tissues were cut in 50 mg pieces on dry ice. Use of the
pig tissue was approved by the Regional Government of Upper Bavaria
(Oberbayern), Germany (Ethics approval number is Vet_02-18-53). Tissue
was homogenized in 700 uL Qiazol lysis reagent and total RNA was iso-
lated using the miRNeasy Mini Kit (Qiagen, The Netherlands) according
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to manufacturer ’s protocol. EC and SMC from AoC experiments were col-
lected as described above, and total RNA was isolated using the miRNeasy
Micro Kit (Qiagen, Netherlands) according to manufacturer’s protocol.
RNA concentration and purity were assessed using the NanoDrop system
(Thermo Fisher Scientific). RNA Integrity Number (RIN) was assessed
using the RNA Screen Tape (Agilent, USA) and the Agilent TapeStation
4200. Next, first strand cDNA synthesis was performed using the High-
Capacity-RNA-to-cDNA Kit (Applied Biosystems, USA), following the man-
ufacturer’s protocol. Quantitative real-time TagMan PCR was then per-
formed using primers for the genes listed below:

RPLPO HS00420895_gH
PECAM1 HS01065279_M1
VWF HS01109446_M1
COL1AT HS00164004_M1
COL1A2 HS01028970_M1
COL3A1 HS00943809_M1
SMTN Hs01022255_g1

KLF2 Hs000360439_m1
ELN Hs00355783_m1
INHBA Hs01081598_m1
CRYAB Hs00157107_m1
LRG1 Hs00364835_m]1
KDR Hs00911700_m1
VCAM1 HS01003372_M1
ACTA2 HS00426835_G1
MYH11 HS00975796_M1
MYOCD Hs00538076_m1
INHBA Ss03393536_s1

CRYAB S$s06921086_m1

RPLPO Ss03389091_m1

ELN Ss04955056_m1

Cell Culture and Transfection of Human Carotid Smooth Muscle Cells:
Primary human carotid smooth muscle cells (\CASMC) were obtained
from PeloBiotech (#PB-3514-05a) and cultured in Smooth Muscle Cell
Growth Medium (PeloBiotech, Munich, Germany), following the man-
ufacturer’s protocol. Transfection of small interference RNA (siRNA)
was performed using Lipofectamine RNAIMAX (Thermo Fisher Scientific,
Waltham, MA, USA) mixed with anti-CRYAB, anti-INHBA or scrambled
controls (Ambion, California, USA) for a final concentration of 25 nM.
Two different timepoints (48hs and 72hs) were investigated. After that,
cells were harvested in 700 uL Qiazol and total RNA was isolated using
the miRNeasy Micro Kit (Qiagen, Netherlands) according to manufactur-
er’s protocol. RNA concentration and purity were assessed using the Nan-
oDrop system (Thermo Fisher Scientific). RNA Integrity Number (RIN)
was assessed using the RNA Screen Tape (Agilent, USA) and the Agilent
TapeStation 4200.

Dynamic Live-Cell Imaging Assays: ~ All dynamic live-cell imaging exper-
iments were performed following the instructions provided by Essen Bio-
science (Ann Arbor, MI, USA) using the IncuCyte ZOOM system. Carotid
SMC were plated in 48-well plates for proliferation assay (Corning/Falcon,
Tewksbury, MA, USA) or 96-well ImageLock plates (Essen Bioscience, Ann
Arbor, MI, USA) for migration assay, followed by transfection with anti-
CRYAB, anti-INHBA or scrambled controls (Ambion, California, USA). Pro-
liferation was monitored over 72 h using the IncuCyte ZOOM System. Im-
ages were auto-collected and analyzed using the IncuCyte ZOOM software
(Essen Bioscience, Ann Arbor, M|, USA). Homogeneous 700-800 um wide
wounds were created using the WoundMaker (Essen Bioscience, Ann Ar-
bor, MI, USA) 24 h after transfection. The plate was monitored in the In-
cuCyte ZOOM System (Essen Bioscience, Ann Arbor, MI, USA) with a 2 h
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imaging pattern. Images were auto-collected and analyzed using the In-
cuCyte ZOOM software (Essen Bioscience, Ann Arbor, M1, USA).

RNA Sequencing (RNAseq): RNA sequencing of EC and SMC exposed
to shear/null stress was performed using the lonTorrent Chef System
(Thermo Fisher Scientific). A total of 10 ng RNA was reverse-transcribed
using Invitrogen Superscript VILO cDNA Synthesis Kit (Thermo Fisher Sci-
entific). Transcriptome libraries were generated using automated library
preparation with the lon AmpliSeq Transcriptome Human Gene Expres-
sion Kit (Thermo Fisher Scientific). The transcriptome libraries were bar-
coded, templated, and sequenced on the lon Chef and lon GeneStudio
S5 Prime systems using lon 550 Kit-Chef and lon 550 Chip Kit, as one
16-plex library pool. The quality of the raw expression data was evaluated
by Fios Genomics (Edinburgh, UK) using several automated outlier tests.
One sample (EC exposed to flow) failed two of these outlier tests and was
therefore excluded from subsequent analysis. Expression data was pro-
vided as a count matrix for 55765 features in each sample. 33357 fea-
tures with a maximum read count less than or equal to zero across all
samples were excluded from analysis. Normalization was carried out us-
ing trimmed mean of M-values normalization and expression values were
transformed using voom.

Extracted RNA from non-diseased (ctrl) and diseased (plaque) tissue
biopsies obtained from 37 patients undergoing carotid endarterectomy as
well as from non-dilated and dilated tissue biopsies from 7 AAA patients,
was used to generate libraries that where sequenced via the lllumina No-
vaSeq platform. (NovaSeq6000, Illumina, San Diego, USA). RNA was puri-
fied from total RNA using poly-T oligo-attached magnetic beads. After frag-
mentation, the first strand cDNA was synthesized using TruSeq stranded
total RNA kit and TruSeq stranded mRNA kit (lllumina, San Diego, USA),
followed by the second strand cDNA synthesis using dUTP. The directional
library was ready after end repair, A-tailing, adapter ligation, size selec-
tion, amplification, and purification. The library was checked with Qubit
and real-time PCR for quantification and Bioanalyzer for size distribution
detection. Raw data (raw reads) of FASTQ format were analyzed by Fios
Genomics (Edinburgh, UK). Quality control (QC) was performed on the
raw FASTQ files and the alignment statistics generated by the STAR aligner
during the data processing protocol. All samples exhibited high quality and
consistent sequence length distributions, so they were all included in sub-
sequent analyses (Fios Genomics, Edinburgh, UK). RNA extracted from
human carotid SMC silenced for CRAYB and INHBA (and respective con-
trols) was subjected to sequencing the Illumina NovaSeq6000 platform at
Novogene (Cambridge, UK).

Tissue Immunofluorescence Staining: ~ Carotid arteries: 3 um sections of
formalin fixed and paraffin-embedded (FFPE) human carotid artery sam-
ples from the Munich Vascular Biobank!?’! were mounted on 0.1% poly-
L-lysine (Sigma-Aldrich, St. Louis, MO, USA) pre-coated SuperFrost Plus
slides (Thermo Fisher Scientific, Waltham, MA, USA) and dried over night
at 56 °C. Sections were dewaxed and heat mediated antigen retrieval was
performed using a pressure cooker with 10 nwm citrate buffer (distilled wa-
ter with citric acid monohydrate, pH 6.0). Endogenous peroxidase activ-
ity was blocked with 3% hydrogen peroxide. Two antibodies were applied
in sequence. For each antibody, samples were blocked for 1h (5% horse
serum, 1%BSA, 0,5% Triton-X100) and incubated with primary antibodies
diluted in 5% horse serum overnight. The appropriate secondary antibody
was added for Th (in 5% horse serum) on the next day. Autofluorescence
quenching and counterstaining with DAPI were performed. Images were
acquired with an Olympus FLUOVIEW FV3000 (Olympus, Tokyo, Japan)
confocal microscope.

Aortic aneurysms: Aortic aneurysm tissue was harvested during open
repair in our clinical Department for Vascular and Endovascular Surgery
(Klinikum rechts der Isar) in Munich. Tissue was placed in RNAlater
(Sigma-Aldrich, St. Louis, MO, USA) on ice until further processing. The
tissue was cut in several pieces and the most morphologically relevant
pieces were snap frozen in liquid nitrogen and immediately embedded in
Tissue-Tek O.C.T. (Optimal Cutting Temperature) Compound. OCT em-
bedded tissues were stored at -80 °C until further use. Ten um sections
of OCT embedded samples were mounted on SuperFrost Plus slides
(Thermo Fisher Scientific, Waltham, MA, USA) and stored at -80 °C until
further use. Sections were fixed in ice cold acetone for 5 min. Endogenous
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peroxidase activity was blocked with 3% hydrogen peroxide. Blocking, sub-
sequent antibody staining, autofluorescence quenching, counterstaining
with DAPI, and imaging were performed as described above for carotid
artery FFPE tissues.

Antibodies:

CRYAB (ab13496, abcam) 1:50
INHBA (ab56057, abcam) 1:25

VWF (ab6994, abcam) 1:3000
PECAM (ab9498, abcam) 1:50

SMA (ab7817, abcam) 1:200

SMA (ab5694, abcam) 1:200
Alexa488 anti rabbit (A11034) 1:400
Alexa488 anti mouse (A11001) 1:400
Alexa647 anti rabbit (A21245) 1:400
Alexa647 anti mouse (A21236) 1:400

Western Blot Analysis:  Fresh frozen human aortic aneurysm and
carotid artery tissue were cut in 50 mg pieces on dry ice. Tissue was
homogenized in 200 pL Tissue Extraction Reagent | (Thermo Fisher,
USA). After homogenization with the Bio-Gen PRO200 Homogenizer
and Multi-Gen 7XL Probes (Pro Scientific, USA), samples were cen-
trifuged for 20 min, 14.000 rpm at 4 °C and the supernatant was frozen
down at -80 °C. Total protein concentration was measured using the
Pierce BCA Protein Assay Kit (Thermo Fisher) following manufacturer’s
protocol. 10 pg of protein from each sample was denatured and re-
duced at 70 °C for 10 min, then separated in a Bolt 4-12% Bis-Tris
Plus Gel (Thermo Fisher) and transferred onto Trans-Blot Turbo Mini-
Size LF-PVDF Membranes (BioRad, Hercules, CA, USA). The blots were
blocked with 5% milk in Tris-buffered saline+0.1% Tween-20 for 1 h,
followed by overnight incubation with the primary antibody against IN-
HBA/CRYAB/bACT in TBS-T+5%milk. After washing with TBS-T, blots
were developed with horseradish peroxidase (HRP)-conjugated secondary
antibody (Abcam, Cambridge, UK) for 1 h in combination with ECL
(GE Healthcare, Chicago, IL, USA). Image detection was performed with
C600 Azure Biosystems Imager (Biozym)/ChemiDoc XRS System (Bio-
Rad, Hercules, CA, USA). Image quantification was done using Image|
software.

Antibodies:

CRYAB (ab13496, abcam) 1:1000

INHBA (ab56057, abcam) 1:1000

b-ACTIN (A5316, Sigma Aldrich) 1:3000

HRP-conjugated secondary (ab205718, ab205719, abcam) 1:10 000

Single Cell RNA Sequencing (scRNA-seq): Human vessel dissociation:
Human carotid or abdominal arteries were harvested during carotid en-
darterectomy or open repair in our Department of Vascular and En-
dovascular Surgery (Klinikum rechts der Isar, TUM). The biopsies were
minced and digested using the Multi Tissue Dissociation Kit 2 (Miltenyi
Biotech, 130-110-203), GentleMACS Dissociator (Miltenyi Biotech, 130-
093-235), GentleMACS C tubes (Miltenyi Biotech, 130-096-334) and the
37 C_Mulit_G program, all according to the manufacturer 's instructions.
The cell suspension was strained (70 um, 40 um) and Dead Cell Removal
(Miltenyi Biotech, 130-090-101) using MS Columns (Miltenyi Biotech,
130-042-201) was performed was performed. Cells were resuspended in
PBS + 0,04% BSA.

Mouse vessel dissociation: Mouse carotid or abdominal arteries were har-
vested in Stockholm following approval by the Ethics Committee of North-
ern Stockholm, Sweden (approval number DNR6722-2021). The treated
(Carotid Plaque Rupture Model n = 9 or PPE-AAA n = 6) and untreated
(carotid artery n = 9 or aorta n = 5) tissues were transported in PBS on
ice to the laboratory. The tissues were cut into small pieces with a surgi-
cal scissor and digested using the following enzymes: Liberase 4U mL~!
(Sigma Aldrich, 5401 127 001), Hyaluronidase 60 U mL~" (Sigma Aldrich,
H3506-100MG) and DNAse 120 U mL~" (Thermo Fisher, 18 047 019) in
RPMI Medium + 10%FBS at 37 °C with agitation for 45 min. The cell
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suspension was strained (70 pm, 40 um) and Dead Cell Removal (Miltenyi
Biotech, 130-090-101) using MS Columns (Miltenyi Biotech, 130-042-201)
was performed. Cells were resuspended in PBS + 0,04% BSA.

Single-cell capture and library preparation: Cells were loaded into a 10x
Genomics microfluidics Chip G and encapsulated with barcoded oligo-
dT-containing gel beads using the 10x Genomics Chromium Controller.
Gel Beads-in-emulsion (GEM) cleanup, cDNA Amplification and 3" Gene
Expression Library Construction was performed according to the manu-
facturer ’s instructions (CG000204 Rev D).

RNA sequencing: Human: Libraries from individual samples were
multiplexed into one lane before sequencing on an lllumina No-
vaSeq6000 instrument. Mouse: Libraries from individual samples were
loaded on an lllumina NovaSeq with 2 X 150 paired-end kits at
Novogene.

ScRNA-seq analysis: SCRNA-seq analyses were performed according to
Seurat instructions (version 4.3.0) in R (version 4.0.3). Genes were ex-
cluded for downstream analysis if expressed in fewer than 5 cells. Cells
would also be filtered out in each Seurat object if they fulfilled the following
conditions: maximum mitochondrial reads >15%, maximum UMIs more
than 20 000, minimum genes less than 100 and maximum genes more
than 3 000—4 000. CellCycleScoring function in Seurat was applied to ob-
tain the scores of cell cycle phases including S phase and G2M phase. SC-
Transform normalization workflow was adopted to mitigate possible tech-
nically driven or other variations, in which mitochondrial genes and cell
cycle phase were regressed. T-SNE (t-Distributed Stochastic Neighbor Em-
bedding) /JUMAP (Uniform Manifold Approximation and Projection) were
used to convert cells into a 2D map. FindAllMarkers function was per-
formed to detect the main features of each cluster with default parameters.
Differentially expressed genes (DEGs) between two groups were obtained
by implementing the FindMarkers function in Seurat with default methods
and parameters.

HybRISS (Hybridization-Based RNA In Situ Sequencing): ~Carotid artery
tissue specimen was harvested during carotid endarterectomy in our clin-
ical department for Vascular and Endovascular Surgery (Klinikum rechts
der Isar, TUM) in Munich. Tissue was placed in RNAlater (Sigma-Aldrich,
St. Louis, MO, USA) on ice until further processing. The tissue was cut
in several pieces and the morphological most relevant pieces were snap
frozen in liquid nitrogen and immediately embedded in Tissue-Tek O.C.T.
(Optimal Cutting Temperature) Compound. OCT embedded tissues were
stored at minus 80 °C until further use. Ten um sections were cut with
a cryotome and placed on SuperFrost Plus slides (Thermo Fisher Scien-
tific, Waltham, MA, USA). Mounted slides were stored at -80 °C until the
experiment was performed. Probe-design and the in situ sequencing was
performed as described previously.[3*64]

Statistical Analysis: Differences in RNA expression, measured by
qPCR, were calculated as fold change versus control using the mean ACt
(defined as Cttarget RNA_cCyendogenous controly within groups and compared
using Student’s t test. Two-tailed p-values were calculated. For differen-
tially expressed gene analysis of the AoC experiments (shear stress vs
null shear), a statistical threshold of p-value < 0.01 with fold change >
2. Significant up- and down-regulated genes (at p-value < 0.01 and fold
change > 2) in the “Endothelial Cells (Flow vs Static)” comparison were
mapped to 182 genes and assessed for KEGG pathway enrichment. For
RNAseq of human carotid tissues a paired comparison between non-
diseased (ctrl) and diseased (plaque) for each patient was performed (37
pairs in total). DEGs were determined using a statistical threshold cor-
rected for multiple testing using the false discovery rate (FDR) adjust-
ment (FDR-adjusted P < 0.05; fold change > 2). For the analysis of tran-
scriptomic changes between non-dilated and dilated samples from pa-
tients with AAA, a paired comparison was performed and a significant
threshold of unadjusted p-value < 0.01 was applied. For silenced human
carotid SMC, differential expression analysis of two conditions/groups
was performed using the Ballgown R package and DEGs were calculated
using FDR adjustment (FDR-adjusted P < 0.05) (Novogene, Cambridge,
UK). Differential expression of genes was further analyzed through Gene
Set Enrichment Analysis!®! using clusterProfiler R package together with
Disease Ontology!®] and Molecular Signatures Database Hallmarks!(®7]
gene sets.
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