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Introduction

Endothelial cells (ECs) are mesodermally-derived 
modified simple squamous epithelial cells that collectively 
form the vascular endothelium–the vast living shield 
that lines the luminal surface of all blood vessels, the 
lymphatic circuit, and heart. Endothelial cell phenotypes 
vary among different organs and tissues with regard to 
specific barrier characteristics, and can be altered by 
environmental stimuli [1,2]. 

Specialized endothelial cells in the blood-brain barrier, 
glomeruli, and retina regulate movement of small 
molecules and nutrients into and out of the circulation. 
This highly specialized lining, a single cell thick, is 
uniquely positioned to integrate signaling and nutrient 
transport between blood and surrounding tissues, and 
provides a non – thrombogenic surface to help prevent 
inappropriate blood clotting. The endothelium is now 
rightly recognized as a distinct, highly specialized 
(endocrine) organ – the largest organ in fact – consisting 
of an estimated 1013 cells and total surface area somewhere 
between 1,000 m2–7,000 m2 [3,4]. 

Besides its fundamental role in cardiovascular system 

homeostasis, angiogenesis, initiation and regulation of 
inflammation, and immune cell trafficking (an essential 
immune response function), the endothelium is the last 
barrier that metastatic tumor cells must breach before 
they can initiate new tumors in secondary organ sites [5]. 

Damage or disruption to the endothelium monolayer 
can lead to vascular leakage, vasoconstriction  or 
vasodilation, promote a prothrombotic microvasculature 
environment, and initiate inflammatory reactions which 
set the stage for endothelial dysfunction. In fact, the 
basis for most forms of cardiovascular disease, such as 
hypertension, diabetes, chronic heart or kidney failure, 
and aggressive viral infections are manifestations of 
endothelial dysfunction [6].

This brief review will focus primarily on endothelial cell 
function in the immune response. See [7-9] for excellent 
recent reviews on the role of the endothelium in vascular 
integrity and disease. 

Endothelial Cell Heterogeneity

The endothelial lining of capillaries can be continuous, 
fenestrated, or discontinuous, depending on the 
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specific function and location of the underlying tissue. 
Endothelial cell phenotypes differ among different 
organs, among different vascular regions within the same 
organ, and between endothelial cells of the same organ 
and blood vessel type. Integrating such an extensive 
range of anatomical and physiological demands requires 
exceptional functional versatility and phenotypic 
diversity. ECs can therefore function as fenestrated 
endothelium seen in liver sinusoids to facilitate rapid 
exchange of cells, molecules, and metabolites [10], or as 
tight vascular endothelium found in the central nervous 
system (CNS) that forms part of the blood–brain barrier, 
a critical interface between blood and neural tissue within 
the brain and spinal cord, that regulates homeostasis of 
the brain microenvironment [11,12]. 

Although the particular functions of an EC strongly 
depend on its anatomical location, the functional 
repertoire of ECs can be efficiently modulated by 
inflammatory stimuli, including microbial pathogens and 
their products, or inflammatory mediators derived from 
various other cell types. 

For example, cerebrovascular endothelial cells (CVEs) 
are the major component of the blood-brain barrier that 
limit the passage of soluble and cellular substances from 
the blood into the brain. Although CEVs in the CNS are 
capable of presenting antigens and activating T cells, the 
ability of these cells to function as antigen-presenting 
cells in CNS inflammatory responses is still controversial 
[13].

Endothelial Glycocalyx

The surface of ECs consist of a proteoglycan-rich 
complex lining the luminal surface of blood vessels, whose 
soluble components are in a dynamic equilibrium with 
the bloodstream. This glycocalyx, also called endothelial 
surface layer (ESL), forms a vascular sheath that maintains 
the integrity of the critical interface between blood and 
endothelial lining. However, this lining is fragile and 
highly vulnerable to damage from a multitude of sources, 
including physical trauma, inflammation, oxidative stress, 
hypovolemia, hemorrhagic shock, diabetes, sepsis, and 
ischemia-reperfusion (I/R) injury (caused by the ensuing 
surge of elevated levels of reactive oxygen species and 
proinflammatory neutrophils) [14,15].

Degradation of the integrity of the glycocalyx by various 
causes noted above can damage endothelial cells, resulting 
in pathophysiological dysfunction of this important 
barrier including increased permeability, platelet 
aggregation, loss of vascular integrity and responsiveness. 
Inflammation and other forms of oxidative stress due to 
increased levels of reactive oxygen or nitrogen species is a 
major contributor to glycocalyx disruption [16-18]. 

Increased neutrophil adhesion to the endothelium is an 
additional consequence of a damaged glycocalyx in the 
vasculature of the myocardium after I/R injury [19]. See 
Kalogeris et al. [20] for review of ischemia/reperfusion 
causes and consequences  .

Innate Immune Response Overview

The innate immune system is the first line of defense 
that recognizes and responds to a wide range of 
microorganisms. Microbial recognition by immune cells 
occurs via specialized host-cell receptors called pattern-
recognition receptors (PRRs), which can be soluble or 
membrane-bound. PRRs recognize and bind microbe-
specific molecular structures called microbe-associated 
molecular patterns (PAMPs) [21]. Al-Soudi et al. [22] 
provide an excellent review of the role of endothelium in 
innate and adaptive immunity.

PRRs are expressed on key immune cells such as 
neutrophils, macrophages, and dendritic cells that serve 
as first responders for the immune system. When host 
PRRs interact with PAMPs, inflammation cascades in host 
cells are activated which, in turn, stimulate maturation 
of antigen-presenting cells (APCs), and upregulate 
expression of relevant immune-related cell surface and 
soluble molecules. These events enable APCs to initiate 
adaptive immunity. 

Among the PRRs are a diverse group of surface molecules 
called Toll-like receptors (TLRs), which recognize distinct 
classes of pathogen structures and activate an array of 
host defense-related responses including phagocytosis, 
leucocyte chemotaxis, cytotoxicity, pro-inflammatory 
gene expression, and adaptive immune signaling [23,24]. 

Although the surface receptors expressed by ECs to 
recognize microbe-derived alarm signals are not well 
characterized, ECs are known to express various several 
classes of innate immune receptors including NOD-
like receptors, RIG-I like receptors, as well as Toll-like 
receptors (TLRs) [25].

ECs have been shown to express members of the IL-1/
Toll receptor receptor family, which likely mediates the 
response to endotoxin, and subsequent interaction with 
plasma lipopolysaccharide (LPS) via soluble CD14 and 
LPS-binding protein, both present in plasma. In addition, 
ECs express cytokine receptors which can recognize their 
respective ligands and modulate EC function [26,27]. 

Pathogen recognition can induce EC production of 
inflammatory mediators. For example, exposure of 
ECs to peptidoglycan fragments from Staphylococcus 
epidermidis causes a rapid, transient increase in both 
IL-6 and toll-like receptor TLR2 [28] and activation of 
endothelial TLR2 receptors by bacterial lipoproteins 
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upregulates a suite of cytokines such as IL-6, IL-8, 
ICAM1, which promote inflammation and neutrophil 
recruitment [29].

In addition, TLR activation can increase microvascular 
EC permeability, and the expression of intermediate 
products in the clotting cascade. Similar to the potential 
thrombogenic effect of neutrophil extracellular traps [30], 
microvascular thrombi could serve to trap microorganisms 
and thus inhibit the spread of infection. On the other hand, 
excessive EC inflammation and immune signaling could 
rapidly escalate leading to increased vascular leakage and 
a prothrombotic environment with subsequent sepsis. 
See [31] for summary of EC-immune cell signaling.

T Cell Activation

T cell precursors originate from hematopoietic stem cells 
in bone marrow, where they begin their development. 
Immature T cells leave bone marrow, enter the blood and 
migrate to the thymus where they complete their final 
maturation and development, which includes intense 
thymic screening and selection of those T cells that can 
recognize one specific antigenic structure via their T cell 
receptor (TCR). Only 2-5% of all immature T cells entering 
the thymus survive selection. Once mature T cells leave 
the thymus they begin circulating throughout the body 
hunting for their cognate antigen displayed on the surface 
of an antigen presenting cell (APC) complexed with an 
MHC (major histocompatibility complex) molecule. The 
signaling events that can lead to optimal T cell activation 
are summarized below

Signal One

If an appropriate APC-displayed antigen is recognized 
by a given T cell, the TCR binds to the antigen as it is 
“presented” by the MHC complex on the surface of the 
APC. Formation of the TCR-MHC/Ag complex initiates 
activation (priming) of T cells. This initial T cell priming 
typically takes place in the secondary lymphoid tissues 
(e.g., lymph nodes, spleen, tonsils, or Peyer’s patches in 
the gut). 

Signal Two

In addition to TCR recognition and interaction 
with the MHC/Ag complex, various secondary (co-
stimulatory) signals are required for T cells to become 
optimally activated and begin responding to the threat 
in an immunologically meaningful way. For helper T 
cells, the first of these secondary signals is provided by 
CD28, a receptor molecule constitutively expressed on 
T cells that binds to corresponding ligand B7 (CD80 or 
CD86) expressed on activated APCs. These secondary 
interactions (CD28/B7) stimulate the production of 
millions of genetically identical T cells (clonal expansion) 

that can recognize the initial antigen. To restrict a 
potentially uncontrollable T cell response, the interaction 
of the CD28 receptor on the T cell with B7 ligand 
expressed by the activated APC also induces production 
of CTLA-4 (CD152), which in turn competes directly with 
CD28 for the B7 ligand. This elegant molecular feedback 
loop thereby limits production of activation signals to 
the T cell, which harnesses and starts to de-escalate the 
immune response.

TCRs on T cells must interact with MHC/Ag displayed 
on APCs with both high specificity and high avidity 
to activate effective immune responses. “Effective” 
interaction also includes T cell recognition of co-
stimulatory antigen-induced molecules on APCs that 
ensure T cells are activated only by those APCs that 
have previously encountered the antigen, and responded 
appropriately. TCR interaction with APC-displayed 
MHC/Ag in the absence of co-stimulation inactivates T 
cells so they cannot respond effectively, and thus become 
anergic.

Signal Three

Once the T cell has interacted with an appropriate MHC/
Ag complex, and co-stimulatory signals (signal 2) have 
been induced, further T cell activation is directed by the 
expression of specific cytokine profiles, which dictate the 
final type of response effector the T cell will become. For 
example, activated helper (CD4+) T cells can be directed 
to proceed toward one of three primary developmental 
pathways: Th1 type (cells exposed to the cytokine IL-12); 
Th2 (exposed to IL-4); or IL-17 ( exposed to IL-6 and 
IL-23). Each one of these CD4+ T cell variants performs 
specific functions in the tissue, which further customizes 
the immune response to better match the initial threat. 
Other cells present at the site of inflammation, such as 
epithelial and endothelial cells, neutrophils, and mast 
cell are also capable of releasing cytokines and other 
immune signals which further influences the course of T 
cell activation and proliferation during a given immune 
response [32].

Antigen Presentation by the Endothelium

Lymphatic endothelial cells (LECs) are typically the 
first to encounter antigen, immune cells, and cytokines 
in lymph nodes. It is not surprising therefore that LECs 
express MHC I and II molecules on their cell surface, 
which enable them to function as APCs. 

Endothelial cells are capable of both activating, and 
suppressing, the immune response. Activation is 
discussed here. See [22,32-34] for more on role of ECs 
in tumor protection and immune inhibition. 

Antigen presentation potential is determined by the 
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ability of cells to express class II MHC and co-stimulatory 
molecules. Due to their strategic location between 
circulating T cells and peripheral tissue sites of antigen 
exposure, ECs are ideally positioned to function as APCs 
[35-37]. 

For example, class II-MHC/Ag complexes regulate T 
cell activation and proliferation through production of 
cytokines, the co-stimulation of resting memory CD4+ 
T cells to produce Th-1 and Th-2 cytokine profiles [38], 
whereas, inhibitory signals mediated through PD-L1 
expression on human umbilical vein endothelial cells 
(HUVECs) inhibit IL-2 and interferon (IFN)-γ production 
by T cells stimulated with phytohemagglutinin [39].

Microvascular ECs in humans constitutively express 
MHC class I and II molecules in vivo, and MHC 
expression patterns in the endothelium of different 
vascular beds have been shown to vary in response to 
different environmental signals [40-42].

MHC class I and class II molecules can be induced in 
ECs by IFN-γ, human peripheral venular ECs express 
class II MHC constitutively. In general, microvascular 
ECs express class II MHC at sites of inflammation such 
as autoimmune reactions and allograft rejection [43-46].

MHC class II was shown to be expressed on 
microvasculature in unstimulated, untransplanted 
human hearts and was up-regulated following tissue 
rejection [47]. In addition, Biedermann and Pober [48] 
demonstrated that microvascular ECs were capable of 
activating CD4+ and CD8+ T cells.

ECs also affect antigen presentation indirectly. For 
example, productive trafficking of dendritic cells (DC) 
requires strategic communication with both vascular 
and lymphatic endothelium. Circulating monocytes (DC 
precursors) express adhesion molecules and respond 
to various chemokines (e.g., stromal cell-derived 
factor) constitutively expressed in tissues, or induced 
by inflammatory processes. After antigen activation, 
recruitment from tissues, and exposure to immune 
signals DCs enter the blood or lymph and home to 
lymphoid tissues where they practice their specialty, 
antigen presentation. 

Vascular and lymphatic ECs are thought to play active 
roles in directing T cell and DC trafficking, though 
the specific molecular mechanisms involved remain 
unclear. The intimate proximity of ECs with T cells at 
the blood-tissue interface creates an ideal environment 
for extensive immune surveillance and requisite cellular 
interactions that could trigger a primary adaptive 
immune response. Although it is not known with certainty 
whether this specific type of activation of T cells by ECs 

occurs, it is well established that ECs are independently 
competent antigen presenting cells. For example, ECs 
have been shown to effectively present antigen to re-
stimulate memory/effector T cells [48,49]. During this 
process, T cell membrane extensions protrude and form 
micro-contacts with antigen-presenting endothelial 
cells. It has been proposed that these T cell/EC micro-
contacts serve as sensory projections to facilitate antigen 
recognition by T cells [50-53].

Cytokines 

All vascular cells are capable of functioning as targets 
for, or sources of, cytokines which communicate with 
immune cells as well as many other cell and tissue 
types in the body. ECs display diverse biochemical and 
physiological responses depending on the particular 
cytokine profile they are exposed to. The course and 
rate of immune regulation is influenced by the nature of 
the eliciting stimulus, the extent of EC activation, and 
the particular EC microenvironment [54,55]. Together, 
these factors determine whether participating ECs 
ultimately facilitate, or impede, immune cell activation 
and trafficking [31]. 

In addition, ECs derived from different vascular 
beds respond differently to cytokines. For example, 
TNF induces ICAM-1 expression on both arterial and 
venous adult human iliac ECs. However, VCAM-1 is 
expressed only on TNF-activated venous ECs which 
are, consequently, more effectively at binding VLA-
4+ (CD49a/CD29) T cells. Moreover, iliac arterial and 
venous ECs, co-stimulate IL-2 and IFN-γ secretion, but 
not IL-4 secretion, by human peripheral blood T cells or 
CD4+ T cell clones [56].

During innate immune responses, inflammation-related 
signals such as tumor necrosis factor (TNF) activate ECs 
and upregulate their expression of cell surface adhesion 
molecules, such as P-selectin and PECAM-1, which 
stimulate leukocyte adhesion and transmigration across 
the basement membrane and into tissue spaces [57]. 

T cell differentiation and migration to target tissues 
are essential for activation of adaptive immunity, and 
immune homeostasis requires localization of regulatory 
(suppressive) T cells (Tregs) to sites where immune 
reactions are occurring [58]. 

Naive T cells recirculate primarily in secondary lymphoid 
tissue (e.g., spleen, lymph nodes, mucosa-associated 
lymphoid tissues), whereas antigen primed T cells and 
activated Tregs migrate to antigen-rich non-lymphoid 
tissue where they manifest their effector and regulatory 
responses [59,60]. 

In lymph nodes, antigen priming induces expression of 
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surface receptors on T cells that mediate their trafficking 
to specific tissue and organ sites. This tissue-specific 
“homing” is further enhanced by the interaction of T cell 
receptors with relevant antigen displayed on endothelial 
cells. 

During adaptive immune response, a diverse repertoire 
of adhesion molecules and chemokines expressed on 
the surface of ECs interact with corresponding counter-
receptors on migrating lymphocytes to direct their entry 
into tissue spaces [61]. Differential expression of these 
molecules in endothelial cells of different organs enables 
selective recruitment of distinct lymphocyte subsets. 
Antigen priming induces T lymphocytes to express 
unique subsets of adhesion molecules and chemokine 
homing receptors. The specific cellular interactions 
and conditions in the local microenvironment that 
occur during priming enable antigen-exposed T cells 
to recognize and interact with organ-specific ECs, and 
migrate to distinct target tissues [62-64].

Co-stimulatory molecules
Co-stimulatory molecules such as CD80 and CD86 

are required for optimal activation of naïve T cells, but 
ECs have generally been shown to express few if any co-
stimulatory molecules. Biliana et al. reported constitutive 
expression of CD86 and ICOS ligand (ICOS-L) co-
stimulatory molecules in human islet microvascular 
ECs, and demonstrated that functional CD86 expression 
facilitated adhesion and migration of previously activated 
memory CD4+ T cells. To date however, there has been 
no conclusive report demonstrating expression of both 
classic T cell co-stimulators CD80 and CD86 in EC cells 
[65,66]. 

Given the apparent lack of significant co-stimulatory 
molecule expression by ECs, it is surprising that 
interaction of antigen-presenting ECs with cognate T 
cells promotes migration of the engaging T cells, rather 
than inducing expected T cell anergy [67].

ECs are considered “semiprofessional” or non-classical 
APCs because they have not been shown to have the 
capacity to prime naive T cells, but are capable of 
enhancing the activation of previously primed T cells, 
especially with respect to production of cytokine signals 
[68,69].

It is becoming increasingly clear that the endothelium 
plays many significant and complex roles in overall 
organismal homeostasis, including regulating and 
maintaining vascular system integrity, mediating 
immune cell trafficking, presenting antigen to T cells, and 
modulating immune responses. Given its vast internal 
surface area at the critical blood-tissue interface, and 
its remarkable phenotypic plasticity, the endothelium is 

ideally suited to provide continuous, real-time immune 
surveillance and response coordination. As we learn 
more about this dynamic and versatile internal shield, 
its central role as a global integrator of vascular-immune 
interaction will become increasingly evident, and provide 
fertile therapeutic potential for disease treatment and 
prevention.
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