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Artic{e history: Endothelial cells (EC) are able to actively control vascular permeability, coagulation, blood pressure and
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Therefore, the endothelium has a dual role controlling homeostasis but also being the first line for host
defence and tissue damage repair thanks to its ability to mount an inflammatory response. Endothelial
cells have been shown to express pattern-recognition receptors (PRR) including Toll-like receptors (TLR)
that are activated in response to stimuli within the bloodstream including pathogens and damage signals.

gﬁﬁgfﬁgﬁ;l cell TLRs are strategic mediators of the immune response in endothelial cells but they also regulate the
Immune response angiogenic process critical for tissue repair. Nevertheless, endothelial activation and angiogenesis can
Pattern recognition contribute to some pathologies. Thus, inappropriate endothelial activation, also known as endothelial
Toll-like receptors dysfunction, through TLRs contributes to tissue damage during autoimmune and inflammatory diseases
Angiogenesis such as atherosclerosis, hypertension, ischemia and diabetes associated cardiovascular diseases. Also TLR
Endothelial dysfunction induced angiogenesis is required for the growth of some tumors, atherosclerosis and rheumatoid arthritis,

among others. In this review we discuss the importance of various TLRs in modulating the activation of
endothelial cells and their importance in immunity to infection and vascular disease as well as their
potential as therapeutic targets.

© 2016 Elsevier Ltd. All rights reserved.
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1. The endothelium

The endothelium consists of a monolayer of Endothelial Cells
(ECs) that form the inner lining of the blood vessels (arteries, veins
and capillaries) and the lymphatic system. It forms an interface
between the lumen and the vessel wall and consequently is in con-
stant interaction with the circulating blood. The endothelium forms
a vast network that not only provides a physical barrier to control
the vascular permeability, coagulation pathways and vasomotor
tone but also serves a multitude of functions that help to maintain
organ homeostasis.

The ECs are therefore located at the interface between circulat-
ing blood and the surrounding tissue. These unique multifunctional
cells are able to react to physical and chemical stimuli within the
bloodstream thanks to membrane receptors. These stimuli include
growth factors, coagulant, and anticoagulant proteins, cytokines
and chemokines, low-density lipoprotein (LDL), nitrous oxide, etc.
Thanks to this capacity the endothelium plays an active role in
the regulation of vascular tone, cellular adhesion and aggregation,
vascular smooth muscle migration and resistance to thrombosis.
Physiologically, ECs favour a relaxed vascular tone and low lev-
els of oxidative stress by releasing mediators such as nitric oxide
(NO), prostacyclin-2 (PGI2) and endothelin (ET)-1 and by regulat-
ing angiotensin Il activity. The endothelium also regulates vascular
permeability, leukocyte adhesion and aggregation and thrombo-
sis and is involved in angiogenesis. Thus, endothelial function is
essential for vascular integrity.

Nonetheless, ECs unique location, widespread distribution and
constant contact with circulating fluids also justify their key roles
during infection and disease. Although ECs are not regarded as clas-
sical immune cells, they are critically involved in the inflammatory
response and are actively participating in innate immunity. This is
mediated through pattern recognition receptors (PRR) contributing
to host defence against pathogens and tissue repair [1]. However,
their inappropriate activation also contributes to tissue damage
during autoimmune and inflammatory diseases.

Endothelial activation refers to any change in the endothe-
lium homeostatic control mechanisms. In response to a variety of
stimuli, the endothelium undergoes changes that allow its partic-
ipation in the inflammatory response [2,3]. This condition is also
known as endothelial dysfunction and results in expression of pro-
inflammatory chemokines and cytokines (such as interleukin IL-1,
IL-6, Tumor Necrosis Factor alpha (TNF-a) and interferon gamma
(IFN-v)), and adhesion molecules (such as ICAM-1, VCAM-1 and
E-selectin) designed to interact with leukocytes and platelets and
target inflammation to specific tissues and pro-thrombotic factors.
It is also accompanied by oxidative stress and abnormal vascu-
lar tone modulation. Endothelial dysfunction can be triggered by
a wide range of agents including pathogens and cell/tissue damage
signals. Endothelial dysfunction has been linked to a variety of dis-
ease conditions, including atherosclerosis, systemic autoimmune
diseases, diabetes mellitus, coronary artery disease, hypertension
and hypercholesterolemia [2-4].

2. Toll-Like receptors in ECs

As previously stated, besides circulating chemokines and
cytokines, the functions of vascular ECs are modified by exoge-
nous activators such as infectious agents (virus, bacteria entering
the bloodstream) or endogenous triggers like Damage-associated
molecular pattern molecules (DAMPs) released by injured or
stressed tissues and cells. Toll-Like Receptors (TLRs) recognize
infectious components (Pathogen-associated molecular pattern
molecules (PAMPs) as well as DAMPs and are fundamental in acti-
vating innate mechanisms in ECs [5].

TLRs are a family of highly conserved pathogen recognition
receptors (PRRs) first discovered in Drosophila [6]. They contribute
to the initiation of the innate immune responses by engagement of
pathogens or DAMP ligands liberated from host tissues. They belong
to the “interleukin-1 receptor/Toll-like receptor superfamily”, a
class of PRRs and bind diverse microbial products and injury-
induced endogenous ligands [7]. PAMPs include various bacterial
components such as lipopolysaccharide (LPS, recognized by TLR4),
peptidoglycan (TLR 1, 2 and 6), flagellin (TLR5), and viral double-
stranded RNAs (TLR3). DAMPs include heat shock proteins (HSPs),
high-mobility group Box 1 protein (HMGB1), ATP, uric acid, choles-
terol crystals and host DNAs.

TLR1-10 have been identified in both human and mice whereas
TLR 11-13 are only expressed in mice. They can be classified as
cell membrane TLRs (TLR1, 2, 4, 5, 6, and 11) and intracellular TLRs
(TLR3,7,8,9,10,and 13)localized in intracellular vesicles including
the endoplasmic reticulum, endosome, and lysosome [8,9].

TLRs are key mediators of innate immunity and respond to
their ligands following two inflammatory cascades (Fig. 1); 1. acti-
vation of myeloid differentiating factor 88-dependent pathway
(MyD88), leading to nuclear factor kappa-B (NFkB) and Mitogen-
activated protein kinases (MAPK) activation and production of
pro-inflammatory cytokines [10]; 2. MyD88-independent down-
stream signalling pathways (TLR4 and TLR3), which triggers the
induction of interferon-8 (IFN-3) [11].

While TLRs expression is nearly ubiquitous in immune cells, it
is less widespread in cells of non-hematopoietic origin, such as ECs
[12,13]. However, all TLRs have been detected in one or another
type of ECs (see Table 1).In general, TLR2 and TLR4 are ubiquitously
present within the vasculature, whereas TLR7 and TLR9 are sparse,
and TLR1, TLR3, TLR5, TLR6, TLR8 and TLR10 are expressed in selec-
tive patterns. Gene transcripts for TLR1-10 in ECs present different
expression levels depending on the specific cell type [14], which
may reflect specialized functions of different ECs [15]. Since ECs
are heterogeneous, harbouring a specific phenotype and function
depending on the tissue/organ in which they are located it stands
to reason that TLR expression is dependent on ECs origin/location
and therefore on cell type specific. Human vascular beds including
aorta and subclavian, carotid, mesenteric, iliac, and temporal arter-
ies express TLR4 and TLR2 (and its TLR1 and TLR6 co-receptors)
while TLR3 is mostly expressed in the aorta, and expression of TLR7
and 9 is limited to the iliac artery [16]. Furthermore, it has been
shown in humans that ECs from lymph nodes expressed TLR 1-6
and TLR9 but thymus derived ECs lacked TLR5 [15].

The activation of ECs through TLRs can be direct through inter-
action with ligand molecules, or may require a prior inflammatory
stimuli such as IFN-vy, LPS, TNF-a or IL1b. Besides, activation by
cytokines and chemokines can also modulate TLRs expression in
ECs. Moreover, there is a crosstalk among TLRs. For example, the
expression of TLR2 is low in some ECs but its expression can be up-
regulated after TLR4 signalling [13,23]. This is particularly relevant
when considering the increasing evidence of negative crosstalk
between TLR2 and TLR4 where TLR2 ligands signals specifically
block TLR4-TRIF signalling pathway [24]. Differential expression
of TLRs in the endothelium may also occur in response for example
to high glucose conditions that increase the expression of TLR2 and
TLR4 in ECs [25,26].

Interestingly, a particular type of ECs, liver sinusoidal ECs
(LSECs) may act as unique antigen presenting cells (APC) to T cells
being this activity tuned by TLR2, TLR3 or TLR4 ligands [27]. In addi-
tion, TLR activated ECs indirectly regulate local inflammation by
inducing IL1b release by monocytes and increasing CD14 expres-
sion and macrophage survival [28].

As previously stated, in addition to components from infec-
tious agents entering the bloodstream, TLRs can be activated by
endogenous ligands released by injured or stressed cells and tis-
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