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A focal point for vascular signalling

Brain endothelial cells (BECs) have unique roles in controlling cerebral
blood flow (CBF) and as a cornerstone of the blood-brain barrier
(BBB). For example, they influence baseline CBF and act as sensors
of moment-to-moment changes in neural activity. They participate
in vascular remodelling and regulate immune cell interactions, thereby
contributing to the maintenance of brain homoeostasis. Despite such
advances, we have only scratched the surface in understanding the
contribution of BECs to vascular control and subsequently brain
health. Brain endothelial cells are a signalling focal point, integrating
cellular, blood-borne, and mechanical stimuli. Acutely, this input is
translated into electrical (ionic) or molecular signals that control vas-
cular resistance, re-directing local CBF to regions of increased cellular
activity.! Brain endothelial cells also exert chronic effects on mural
cells (pericytes and vascular muscle), glia, and neurons. Single-cell
RNA sequencing (scRNAseq) studies in humans and mice have uncov-
ered a largely unanticipated zonation- and organ-specific heterogen-
eity of endothelial cells,® the impact of which is relatively poorly
defined in relation to brain health. For instance, capillary ECs show
enrichment in transport, metabolism, and O,-response genes in
accord with their positioning at the BBB, whereas ECs from arteries,
arterioles, and venules are enriched in genes related to remodelling,
structural organization, and inflammation, respectively.>* Accounting
for this heterogeneity is critical when studying cerebrovascular dis-
ease and for therapeutic targeting. As an example, the cell type ex-
pressing the most Alzheimer’s disease (AD) and AD-related trait
genes [based on genome-wide association studies (GWAS) in hu-
mans] is BECs.®

Hypertension and brain endothelial
cell dysfunction

The prominence of hypertension (HT) as the leading modifiable risk
factor for small vessel disease (SVD), stroke, and dementia further im-
plicates a key role for BECs and a vascular contribution to mechanisms
that promote a progressive decline in brain health (e.g. mixed demen-
tia). Hypertension produces diverse changes in the micro-vasculature,
local haemodynamics, and BECs. These changes include loss of
endothelium-dependent signalling, ion channel dysfunction, rarefaction
of capillaries and arterioles, loss of pericytes, changes in the extra-
cellular matrix, inward vascular remodelling and arteriolar hypertrophy,
hypoperfusion, loss of BBB integrity and function (e.g. tight junctions,
transcytosis, and transporters), and impaired regulation of local CBF
(e.g. neurovascular coupling).® We propose a two-hit mechanism
where HT synergizes with genetic predisposition to drive SVD, provid-
ing a more relevant model of human disease.

A nexus for cerebral small vessel
disease

Cerebral SVD accounts for the majority of haemorrhagic strokes,
~25% of ischaemic strokes, and contributes to at least 40% of demen-
tias.” Despite such profound impact on brain health, there are no pro-
ven treatments for SVD. Genome-wide association studies® implicate
BEC dysfunction in disease initiation and propagation.® For instance,
common variants of FOXF2 are associated with small vessel stroke
and white matter lesions (VWMLs). In mice, Foxf2 encodes a key
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Figure 1 The BRENDA network will define mechanisms linking risk genes for cerebral small vessel disease and stroke to brain endothelial cell dys-
function and brain injury, applying cutting edge technology to novel disease models, including human inducible pluripotent stem cell-based models of the
blood-brain barrier and neurovascular unit (Aim 1); test whether genetic predisposition synergizes with hypertension to augment brain endothelial cell
dysfunction and brain injury (Aim 2, ‘two-hit’ model); and determine whether brain endothelial cell heterogeneity underlies differences in brain injury
across regions (Aim 3). Advances in the understanding of brain endothelial cells and their impact on brain health are expected to facilitate the devel-
opment of novel therapeutic approaches. BBB, blood-brain barrier; BEC, brain endothelial cell; CBF, cerebral blood flow; SVD, small vessel disease.
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transcription factor primarily expressed in BECs and per‘icytes2 and re-
quired for BBB development and maintenance.” Inactivation of Foxf2 in
mice causes BEC swelling, BBB breakdown, ischaemic infarcts, and
intra-cerebral haemorrhage (ICH), thus phenocopying SVD. Studies
in @ model of cerebral autosomal dominant arteriopathy with subcor-
tical infarcts and leukoencephalopathy (CADASIL) and capillary to
arteriolar signalling revealed defects in BEC-BEC signalling that re-
flected impaired ion channel activity but could be restored by pharma-
cological intervention, highlighting the therapeutic potential of
BEC-based interventions. Common and rare variants of collagen genes
(COL4A1/COL4A2) are also associated with lacunar stroke, WML, and
ICH, while EC-specific expression of mutant Col4al causes ICH in
mice. These findings support the concept that an essential integrator
function of BECs is progressively degraded in SVD and that micro-
vascular BEC dysfunction serves as a nexus for the loss of brain
health.”'® Thus, BEC may be a target with significant, but largely unrec-
ognized, therapeutic potential.

BRENDA network of excellence

The new Leducq Foundation International ~Network—-Brain
Endothelium: A Nexus for Cerebral Small Vessel Disease (BRENDA)
—aims to further define BEC biology in an effort to unlock the transla-
tional potential of BEC-based mechanisms. In addition to being a major
cause of stroke and dementia, SVD results in covert brain injury through
micro-infarcts and micro-bleeds—stroke subtypes that often go un-
detected but are major contributors to disability and the decline of brain
health."” Network investigators identified genetic variants in humans that
increase the risk for SVD and stroke across multiple ancestries. They de-
veloped mice expressing such variants in BECs and found that these

models exhibit features of SVD mimicking those in humans. Over the
next 5 years, the network aims to (i) define mechanisms that link genetic
variation in risk genes for cerebral SVD and stroke to BEC dysfunction
and brain injury; (ii) test whether genetic variants synergize with HT to
augment BEC dysfunction and brain injury; and (i) determine whether
BEC heterogeneity underlies differences in injury across brain regions
(Figure 7). Addressing such questions should facilitate development of
targeted therapeutics for prevention and treatment of SVD.

BRENDA brings together collaborative efforts and complementary
expertise in genetics, vascular physiology, HT, in vivo imaging, ex vivo and
in vitro approaches, human-induced pluripotent stem cell-derived models
of the BBB, scRNAseq, and clinical studies—all with a focus on the micro-
vasculature and BECs. The team is composed of Drs Martin Dichgans
(European coordinator; University Hospital, LMU Munich), Frank Faraci
(US coordinator; University of lowa), Christer Betsholtz (Uppsala
University), Elizabeth Hillman (Columbia University), Anne Joutel
(INSERM Paris), Mark Nelson (the University of Vermont) and Dominik
Paquet (University Hospital, LMU Munich).
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