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Abstract

Barriers between circulation and the central nervous system (CNS) play a key role in the
development and modulation of CNS immune responses. Structural variations in the vasculature
traversing different anatomical regions within the CNS strongly influence where and how CNS
immune responses first develop. Here, we provide an overview of cerebrovascular anatomy,
focusing on the blood-CNS interface and how anatomical variations influence steady-state
immunology in the compartment. We then discuss how CNS vasculature is affected by and
influences the development of different pathophysiological states, such as CNS autoimmune
disease, cerebrovascular injury, cerebral ischemia, and infection.

INTRODUCTION

The central nervous system (CNS) has a complex barrier system and has evolved specialized
mechanisms to mount and regulate immune reactions. CNS immune responses differ based
on anatomical location, and a clear distinction exists between responses that develop in the
fluid spaces and membranous lining (or meninges) relative to the parenchyma (1). For
example, early studies demonstrated that mouse sarcoma cells grow rapidly when injected
into the brain parenchyma of rats but were immunologically rejected when placed close to a
ventricle [a space filled with cerebrospinal fluid (CSF)] (2). These findings show that the
development of robust immune reactions against parenchymal antigens depends on their
entry into fluid spaces, which promotes egress into draining lymph nodes. Although the
CNS parenchyma does not have a conventional lymphatic drainage system (3), lymphatics
have been discovered in the dura mater and just outside holes in the skull bone (4-9). Once
an immune response is mobilized in peripheral lymphoid tissues, leukocyte traffic into the
CNS is heavily regulated by barriers that include the blood-brain barrier (BBB), blood-CSF
barrier, and blood-meningeal barrier (10). Structural variations in these barriers influence the
location and development of CNS immune responses that enter through vasculature. These
barriers essentially control immune cell entry into different CNS compartments. Here, we
review the anatomy and physiology of CNS vasculature and associated barriers and how
these structures influence immune surveillance under steady-state and inflammatory
conditions.
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NEUROANATOMICAL OVERVIEW

Avrterial blood enters the cranial cavity, primarily through two sets of blood vessels: the
internal carotid arteries, which give rise to anterior brain circulation, and the vertebral
arteries, which give rise to posterior circulation. These are interconnected through the circle
of Willis located in subarachnoid cisterns at the base of the brain (11). The circle of Willis
allows any one of these four vessels to take over brain perfusion and provides a protective
mechanism against ischemia. The internal carotid arteries supply the cerebrum, whereas the
vertebral arteries join to form the basilar artery that supplies the brainstem and cerebellum.
Second-order branches form vessels that traverse the subarachnoid space and pia mater,
giving rise to smaller arterioles (Fig. 1) that enter the brain parenchyma (Fig. 1A) (12).
These penetrating vessels are surrounded by perivascular spaces that can vary in size. For
example, in the cortex, a packed barrier of endothelial cells, basement membrane, and glia
limitans surrounds penetrating arteries, leaving little to no fluid-filled space, whereas the
lenticulostriate branches in the basal ganglia are surrounded by a larger perivascular space
(13). Pia mater covers all arteries in the subarachnoid space, whereas coverage of veins is
incomplete. In addition, the fluid in perivascular spaces can move directly into the
subarachnoid space through fenestrations in the pia mater (Fig. 1A) (14). This allows direct
communication between perivascular, subpial, and subarachnoid spaces. The communication
of the perivascular compartment with the subarachnoid space plays an important role in
antigen presentation, which will be described in more detail below. Venous drainage in the
CNS occurs through an interconnected system of valveless veins and dural sinuses.
Postcapillary venules in the CNS parenchyma drain capillaries and are surrounded by fluid-
filled perivascular spaces (Figs. 1, A and B, and 2) (15). They connect into a deep and
superficial venous system. Deep venous drainage occurs through the subependymal veins,
internal cerebral veins, basal vein, and the great vein of Galen, which connect into the
straight sinus beneath the brain. Superficial drainage occurs through cortical veins in the pia
mater that drain into the dural sinuses. The venous system ultimately drains into the jugular
veins or pterygoid plexus (11).

The meningeal vasculature is a major point of entry into the CNS and should be considered
separately from those that traverse the CNS parenchyma. The meninges are three
membranes that envelop the CNS and consist of dura, arachnoid, and pia mater (Fig. 1A). In
humans, the dura is a ~1-mm-thick fibrous structure with an inner and outer layer that
separate to form large venous sinuses. The outer layer is attached to the inner surface of the
skull and extends vascular connections into the bone. Blood vessels within the dura mater
are fenestrated and do not have tight junctions, leaving this structure open to peripheral
circulation (Fig. 1A). The arachnoid mater is a ~200-um translucent avascular membrane
that is structurally contiguous to the dura mater and is composed of two layers of squamous
epithelial cells that express varying amounts of laminin a5+ basement membrane. The inner
cell layer consists of ramified epithelial cells with long cytoplasmic processes, and these
cells are connected by tight junctions (16-18). Beneath the sealed arachnoid mater is the
subarachnoid space, which is filled with CSF. Fibroblast-like cells and sheet-like
collagenous trabeculae connect the inner arachnoid membrane to the pia mater, dividing the
subarachnoid space into relatively distinct CSF compartments (Fig. 1A) (19). The pia mater
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is composed of epithelial cells that produce a laminin a1+ basement membrane and
fibroblast-like cells and separates the subarachnoid space from brain parenchyma and
perivascular spaces (18, 20). This structure does not have tight junctions like the arachnoid
mater. Together, the arachnoid and pia mater comprise the leptomeninges.

Most of the blood supply to the cranial dura mater comes from meningeal arteries
originating from the internal carotid artery, vertebral artery, and external carotid artery (Fig.
1). The dura mater is supplied anteriorly by the anterior meningeal arteries that arise from
the ophthalmic artery. The middle meningeal arteries, on the other hand, arise from the
maxillary artery, and the posterior meningeal arteries arise from the occipital and vertebral
arteries (11). There is also blood supply to the dura mater from the aforementioned pial
vessels, which include olfactory branches and pericallosal branches, the anterior falcine
artery, the medial dural tentorial branch, the subarcuate artery, and the posterior meningeal
artery (21). The arachnoid and pia mater are relatively avascular when compared with the
dura mater (16).

An abundant anastomotic arterial network covers the dura mater and is in the outer layer of
this structure. Venous drainage occurs through satellite veins that accompany the arteries and
through an irregular network of veins and venous lakes that drain into the venous sinuses
(22). There are also venous connections between the dura mater and skull bone. Diploic
veins are large veins with irregular dilatations that connect skull bone marrow pockets to
meningeal veins, dural sinuses, and pericranial veins. Emissary veins, on the other hand,
traverse the entire skull bone and make connections between venous sinuses in the dura
mater and extracranial veins in the scalp (23, 24). Two additional CNS structures that require
special consideration from a vascular perspective are the choroid plexus within the ventricles
(Fig. 1C) and the circumventricular organs (CVOs) (Fig. 1D). Blood vessels within these
two structures have endothelia that lack tight junctions and are open to peripheral circulation
(25, 26). The ventricles are a communicating system of five cavities within the brain
parenchyma, lined with ependymal cells and filled with cerebrospinal fluid (Fig. 1C). The
choroid plexus is a spongy, vascularized structure that produces CSF and is attached to the
walls of ventricles. It contains capillaries of choroidal arteries that are covered by an
ependymal epithelial layer. The ependymal cells express tight junctions, providing a barrier
between the fenestrated blood vessels and the CSF (Fig. 1C). The choroid plexus extends
from the inferior horn of the lateral ventricle to the interventricular foramen where it
connects to the choroid plexus of the roof of the third ventricle. There is also choroid plexus
located at the roof of the fourth ventricle. The choroid plexus of the lateral and third
ventricles is supplied by branches of the internal carotid artery and the posterior cerebral
artery. The choroid plexus of the fourth ventricle is supplied by the posterior circulation
(23).

The CVOs of the brain are a distinct group of structures bordering the third and fourth
ventricles that perform homeostatic and neurosecretory functions and lack a BBB (Fig. 1D).
The CVOs provide a connection between the CNS and peripheral blood and are usually
divided into two categories: sensory and secretory. Sensory CVOs include the subfornical
organ, area postrema, and vascular organ of the lamina terminalis. These sample the contents
of the systemic circulation and relay information to the CNS. By contrast, secretory CVOs—
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such as the subcommissural organ, median eminence, posterior pituitary, and pineal gland—
secrete substances such as peptides directly into the circulation (25).

Apart from these classical neuroanatomical descriptions, it is important to understand the
structural changes in CNS blood vessels as they progress from leptomeningeal arteries to
parenchymal arterioles, capillaries, postcapillary venules, venules, and, lastly, veins (Fig. 2).
The surface of the CNS parenchyma consists of glia limitans basement membrane and pia
mater that follow penetrating arteries to points of arteriole branching (18). More specifically,
laminin a1+ basement membrane and fibroblast-like cells are observed before these branch
points in the parenchyma. Fibroblast-like cells are also found along postcapillary venules,
where they are sparse and not accompanied by a fully formed basement membrane.
Postcapillary venules and veins have a more pronounced CSF-filled perivascular space than
the other types of parenchyma blood vessels (15), and these spaces support a lot of immune
activity. Mural cells in the form of pericytes and smooth muscle cells are present throughout
the arteriovenous continuum. Arterial smooth muscle cells gradually transition to pericytes
at the level of the arteriole. Recent single-cell transcriptomic (27) and immunohistochemical
studies (18) have provided molecular definitions for the principal cell types along the CNS
arteriovenous continuum and have also mapped the distinct forms of basement membrane.

BLOOD-CNS INTERFACE

P. Ehrlich was the first to recognize that there is a barrier between the circulation and brain
that differs from most peripheral organs. He injected coerulean-S sulfate intravenously into
rodents and observed lack of extravasation into the brain (28). Since then, it has been
observed that although intravascular tracers do not enter the brain parenchyma, they are
found in the leptomeninges, choroid plexus, and perivascular spaces (29). Therefore, it is of
importance to consider the differential permeability of these different anatomical
compartments. The BBB should be considered a summation of mechanisms that control the
exchange of substances and cells between the circulation and CNS. Collectively, the BBB is
composed of endothelial cells, basement membrane, pericytes, glia limitans, and microglia.
Interactions among these different cells and structures along with neurons refine the
functions of the BBB and together act as a neurovascular unit (30). BBB endothelial cells
selectively restrict movement of substances into the CNS by means of tight junctions and
enzymatic reactions. However, these cells can also selectively transport small and large
molecules into the CNS through passive diffusion, facilitated diffusion, and active transport.
The endothelial cells comprising most CNS blood vessels, including subpial and
parenchymal vessels, lack fenestrations and have diminished pinocytosis. They are also
connected by tight junctions, which consist of occludin and claudins, that link to the
cytoskeleton through scaffolding proteins [such as zonula occluden-1 (ZO-1), ZO-2, ZO-3,
and cingulin] (Fig. 3). Adherens junctions, including cadherin, also link endothelial cells and
connect to actin filaments through a.-, -, and y-catenins; vinculin; and actinin (31).
Activation of Rho guanosine triphosphatases (GTPases) regulates the length of these actin
fibers, thus controlling the integrity of both adherens junctions and tight junctions (32).

The matrix components of the basal lamina—which include laminins, proteoglycans,
fibronectin, and type IV collagen—also play an important role in the regulation of the BBB
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and contribute to the interactions between endothelial cells and astrocytic endfeet (Fig. 3).
This is mediated by integrin af receptors bound to laminin and fibronectin as well as
dystroglycan, which binds to laminins, agrin, and perlecan (33). The endothelial and
astrocytic basement membranes have a similar structure but differ in their composition of
laminin isoforms. The endothelial basement membrane is composed primarily of laminins
a4 and a5, whereas the astrocytic basement membrane is composed of laminin a2 and, to a
lesser extent, laminin al (Fig. 3) (18). Pericytes are undifferentiated contractile connective
tissue cells embedded within the endothelial basement membrane (Fig. 2) (34). For capillary
endothelial cells, basement membrane is either directly attached to or closely juxtaposed to
the basement membrane of astrocytic endfeet (18). This negatively charged tight structure
permits free migration of macromolecules with low charge, such as ferritin with a 13-nm-
diameter (35) and intrathecally injected immunoglobulin G (36). In postcapillary venules,
there is a better defined fluid-filled perivascular space surrounding the basement membrane
(Fig. 2) (37).

Astrocytic endfeet form the glia limitans, which covers the entire surface of the brain and
spinal cord (glia limitans superficialis) and separates the perivascular space from the brain
parenchyma (glia limitans perivascularis) (Figs. 1, A and B, and 2). They cover >99% of the
vascular surface and densely surround tight junctions, creating an additional barrier that
limits entry into the CNS parenchyma (38). Molecules from 0.8 to 70 kDa have been shown
to penetrate the glia limitans to varying degrees, whereas molecules from 150 to 2000 kDa
are confined within the perivascular space (18, 39, 40). The 20-nm gaps between astrocytic
endfeet likely generate a crucial cutoff for diffusion of molecules into the interstitial fluid
(ISF) (40); however, it is unclear whether astrocytic coverage is complete (41), and the
tightly compacted basement membrane may also play an important role in preventing solute
diffusion into the brain parenchyma (18). The glia limitans and basement membranes form
the rate-limiting barrier between CSF and ISF. Molecule exchange between these two fluids
depends on size, lipophilicity, concentration gradients, and astrocytic transport mechanisms,
among others. The glia limitans and basement membranes also create a barrier between
circulating components of the immune system and the CNS parenchyma, a division that is
integral to the neuroimmune axis (42). The close proximity of astrocytic endfeet and
endothelial cells has led to the notion that the glia limitans can directly affect BBB
permeability (43). Although all the astrocytic factors that promote permeability are not
known, those often implicated in the process are glutamate, aspartate (43), interleukin-1p3
(IL-1pB) (44, 45), endothelin-1, nitric oxide (46), interferon-y (45), and tumor necrosis
factor-a (TNFa) (45, 47).

Within the meninges, blood vessels differ based on their anatomical location. For example,
endothelial cells comprising blood vessels in the dura mater lack tight junctions and allow
extravasation of solutes as large as 43 kDa (Fig. 1A) (48). The dura mater has lymphatic
drainage (4-8) and in many ways resembles a peripheral tissue. However, the arachnoid
mater, which has tight junctions and efflux pumps, serves as an important barrier between
the fenestrated peripheral vasculature of the dura and the CSF (49). The arachnoid and pia
mater are sometimes referred to together as the leptomeninges, and blood vessels within this
structure have endothelial cells connected by tight junctions but lack astrocytic foot
processes (Fig. 1A). The paracellular junctions between these endothelial cells vary in
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tightness. Some are similar to those found on parenchymal vessels, whereas others have 2.8-
nm gaps (50). Nevertheless, pial vessels are not permeable to the majority of molecules,
including 44-kDa horseradish peroxidase and 0.4-kDa fluorescein (51). Pial vessels do have
1- to 3-um stomata in the adventitia (a layer of connective tissue covering the vessels) (Fig.
1A), potentially allowing an exchange of macromolecules between the CSF and perivascular
space (36).

The blood-CSF barrier within the choroid plexus has fundamentally different properties than
those of the BBB. The endothelium on choroid plexus vessels is fenestrated and lacks tight
junctions and a glia limitans (Fig. 1C). However, ependymal cells overlying these vessels do
have tight junctions and are tasked with forming a blood-CSF barrier composed of
transmembrane proteins such as occludin, claudin-1, claudin-2, and claudin-11 (52, 53).
Large proteins in plasma can diffuse out of choroidal capillaries but are restricted by the
tight junction—expressing ependyma. The choroid plexus, which is located within the
ventricles, has a very narrow connection to surrounding parenchyma at the choroid vessel
entry point (11). Therefore, solutes extravasating from choroid plexus capillaries cannot
travel directly into the brain parenchyma.

Like vessels in the choroid plexus, CVO vasculature is also fenestrated, with circular pores
40 to 60 nm in diameter that allow exposure to solutes from circulation (54). More
specifically, blood vessels at the center of CVOs lack tight junction molecules, whereas
vasculature in the periphery of these organs more closely resembles vessels with a traditional
BBB in the brain parenchyma (Fig. 1D). In addition, the capillaries at the center of the CVO
lack a glia limitans (25). Therefore, capillaries in central CVO subdivisions have higher
vascular permeability compared with those around the perimeter. Within the CVO, the
endothelial cell basement membrane on all capillaries is covered by an outer basement
membrane. After intravenous administration, 10-kDa dextran was observed in the
perivascular spaces of CVVO capillaries but did not enter the organ. By contrast, tracers with
a smaller molecular weight (such as fluorescein and 3-kDa dextran) were able to enter the
CVO but not the surrounding brain tissue because of a densely packed perimeter of
astrocytes-tanycytes that express tight junction proteins (25). Similar to the choroid plexus,
the CVO has highly specialized ependymal cells (referred to as tanycytes) that extend
processes into the CVO parenchyma and form a barrier between the CVO parenchyma and
the CSF. Tanycytes are connected with tight junctions that include ZO-1, occludin,
claudin-5, and claudin-1 that limit diffusion of macromolecules from the CSF into the CVO
(55).

CNS IMMUNE SURVEILLANCE

The elaborate barrier system between the brain parenchyma and circulation combined with
restricted afferent and efferent communication with lymphatic tissue limits immune
surveillance of the CNS relative to other peripheral tissues. CNS immune privilege differs
substantially between the brain parenchyma and CSF-filled spaces such as the meninges
(56). The glia limitans separates the brain parenchyma from the CSF/perivascular spaces and
plays a major role in compartmentalizing CNS immune reactions.
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The perivascular space plays a role in antigen drainage from the CNS parenchyma. Only a
small fraction of ISF (15%) is secreted into the CSF (57), and the role of an
intraparenchymal convective flow (the glymphatic system) (40) in this process remains
controversial (58, 59). Movement of ISF from the brain parenchyma occurs primarily
between basement membranes in the perivascular spaces of capillaries and arteries. This
continues along basement membranes in the tunica media of cerebral and leptomeningeal
arteries (13). Antigen, antibody, and complement complexes can become entrapped in this
arterial basement membrane drainage pathway and impair perivascular lymphatic drainage
(60).

As noted previously, the inner and outer basement membranes of parenchymal capillaries
are directly apposed and have minimal space for perivascular fluid. This limits the ability of
immune cells to traffic from the brain parenchyma to draining lymph nodes. In fact,
fluorescent tracers (3-kDa dextran and 40-kDa ovalbumin) were shown to move from the
brain parenchyma along basement membranes, whereas particulates (0.2 to 1.0 um in
diameter) remained trapped in the parenchyma. By contrast, injection of these same
particulates into the CSF resulted in egress to the cervical lymph nodes (61). This result
explains why intracerebral injection of BCG (62) or influenza virus (56) directly into the
brain parenchyma does not elicit an adaptive immune response. Antigens are known to move
from the CSF compartment to mandibular and deep cervical lymph nodes by exiting through
perineural pathways—including the olfactory, optic, and trigeminal nerves (9, 63)—into an
extensive network of lymphatic vessels that reside outside the CNS. Antigen drainage from
the dura mater occurs in a similar fashion by way of lymphatic vessels traversing the dura
mater and draining to the deep cervical lymph nodes (4, 5, 64).

Immune surveillance and the initiation of CNS immune responses is dependent on antigen-
presenting cells (APCs) that reside alongside important barriers such as perivascular spaces,
leptomeningeal vessels, the choroid plexus, and the subarachnoid space (65-68). These
spaces contain bone marrow-derived dendritic cells (DCs) and relatively long-lived
macrophages, although the DCs are generally more efficient at presenting antigen (67, 69,
70). Like microglia, most macrophages residing in the leptomeninges and perivascular
spaces are derived from early yolk sac—derived erythromyeloid progenitors, and during
steady state, these cells have minimal turnover. This contrasts with macrophages in the
choroid plexus and dura mater, which do turn over and receive some input from peripheral
blood monocytes during adulthood (71-73). This is likely because both compartments
contain fenestrated blood vessels and are open to peripheral circulation. In fact, the choroid
plexus is proposed to serve as an immune gateway (74, 75), and the dura mater similarly
hosts a high amount of immune traffic.

To survey peptides displayed on the surface of CNS APCs, T cells must access the spaces in
which these APCs reside. Whereas diffusion of solutes in the CNS parenchyma is regulated
mostly at the level of capillaries, immune cell extravasation often occurs along postcapillary
venules (Fig. 4) (76). Leukocytes can traverse vascular endothelium through trans- or
paracellular routes (77). To access the brain parenchyma, these cells need to migrate across
endothelial cells and inner basement membrane as well as the glia limitans and outer
basement membrane, which is a two-step process (78). Under steady state, brain endothelial
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cells do not support myeloid cell adhesion because of a lack of surface P-selectin expression
(79). In fact, leukocyte migration across the BBB is limited to very few activated CD8* and
CD4* T cells but not innate immune cells (80). a4-Integrins mediate capture of activated
CD4* T cells on BBB endothelium by binding to adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM-1). This is followed by G protein—dependent strengthening of
the interaction and eventual extravasation (Fig. 4) (81). Activated T cells can enter the
perivascular space independent of antigen specificity (82), but are unable to traverse the
astrocytic basement membrane and glia limitans. CXCL12 expression by endothelial cells
contributes, in part, to retaining activated CD4* T cells within the perivascular space through
CXCR4 binding (Fig. 4) (83). In addition, activated T cells need to recognize cognate
antigen presented by perivascular APCs to enter the CNS parenchyma (65, 84); otherwise,
they undergo apoptosis or reenter the circulation. The importance of this T cell-dependent
surveillance process is exemplified by the development of progressive multifocal
leukoencephalopathy, a CNS disease induced by John Cunningham virus infection, in some
patients that receive therapeutic antibodies directed against a4-integrins (85).

Subarachnoid and pial vessels also restrict extravasation of leukocytes; however, migration
across these vessels is more efficient relative to parenchymal vessels (86). This is because
meningeal, unlike parenchymal, vascular endothelial cells constitutively express P-selectin
during steady state, which is stored in Weibel-Palade bodies, allowing rapid release to the
endothelial surface (79, 86). Also, CCR7-dependent extravasation of leukemic T cells in the
leptomeninges suggests that local expression of CCL19 can promote memory CCR7* T cell
extravasation across leptomeningeal blood vessels (87). In general, CNS compartments such
as the meninges, choroid plexus, and CVVOs are more permissive to steady-state immune cell
surveillance. Steady-state immune cell traffic through the choroid plexus is influenced by
type | and type Il interferon signaling. With age, a type | interferon—induced gene expression
is observed in the choroid plexus that negatively affects brain function (88, 89). Blockade of
type | interferon improves brain function and restores the choroid plexus to a homeostatic
type Il interferon—dependent signature. Immune traffic through the choroid plexus appears to
rely partly on expression of intercellular adhesion molecule-1 (ICAM-1) and VCAM-1,
which are expressed on the apical surface of choroid plexus epithelial cells (90). CVOs such
as the area postrema have also been shown to support T cell traffic in the healthy brain (91).
Because the choroid plexus, CVOs, and dura mater are open to peripheral circulation,
elevated T cell surveillance is likely required to keep these compartments free of infections.

The outermost layer of the meninges (or dura mater) is quite different than most other parts
of the CNS enveloped by the underlying arachnoid mater. The dura mater resembles the
periphery with its permeable vasculature, lymphatic drainage, and diverse assortment of
resident immune cells (such as macrophages, DCs, mast cells, innate lymphoid cells, B cells,
and T cells) (92). CD4* T cells can traffic into the meninges from circulation and scan the
tissue for antigens before departing to the deep cervical lymph nodes (93). In addition, the
dura mater contains a high concentration of perivascular macrophages that continuously
sample the tissue. On the basis of high-parameter mass cytometry and single-cell RNA-
sequencing studies, the dural macrophages appear to be distinct from those residing in the
pia and underlying parenchyma (73, 94).
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There is also vasculature (diploic veins) that connects bone marrow pockets residing in the
cancellous layer of the skull bone to dural vessels. These vessels provide an additional point
of entry for immune cells, which can travel directly from the skull bone marrow to the dura
mater through 100-um bone channels (95). Similarly, cancer cells were also shown to use
this route of entry. During acute lymphoblastic leukemia, lymphocytes use a6-integrins to
enter the leptomeninges by migrating in the perivascular space along diploic and emissary
veins that run through the skull bone. These cancer cells never traverse the BBB but do enter
the subarachnoid space (96). During steady state, the arachnoid mater typically serves as a
barrier between the dura mater and underlying CNS; however, the study of acute
lymphoblastic leukemia cells has uncovered a means to breach this barrier.

BLOOD-CNS INTERFACE DURING INFLAMMATION

Cytokines

The CNS is affected by cytokines (97), and this can occur through a variety of different
mechanisms, including direct transfer across the BBB, stimulation of C\VVOs, nerve
stimulation, or release from infiltrating or resident immune cells, among others (98).
Cytokines are transported into the CNS by using saturable transport mechanisms. This can
occur in a cytokine receptor—dependent [for example, TNFa (99)] or cytokine receptor—
independent (for example, IL-1) manner. Moreover, circulating cytokines can promote
abluminal expression of soluble mediators such as prostaglandin E2 by binding to the
luminal surface of cerebrovascular endothelial cells (100). In this way, the BBB can actively
serve as a relay station for immune signaling between the blood and CNS. The dura mater,
choroid plexus, and CVOs are particularly exposed to the effects of circulating cytokines
given their fenestrated blood vessels and relative openness to factors in the blood (25). For
example, ablation of the vascular organ of the lamina terminalis (a CVO) reduces cytokine-
induced fever after injection of lipopolysaccharide (LPS) (101). LPS administration is also
known to promote rapid expression of pro-inflammatory cytokines such as TNFa in all
sensory CVOs as well as the meninges and choroid plexus (102). CVOs and other CNS
barrier tissues can, in turn, respond to various inflammatory stimuli through expression of
cytokine receptors (103), Toll-like receptors (TLRs) (104), and CD14 (105). As mentioned,
CVOs are separated from adjacent neural tissue in the brain parenchyma by tanycytic
astrocytes that limit diffusion of solutes from the CVO to the surrounding tissue (25).
However, bidirectional neuronal projections to the hypothalamus, hippocampus, and
amygdala may relay inflammatory signals from CVOs to other areas of the CNS. In
addition, lipophilic molecules such as prostaglandins, produced within the CVO in response
to cytokines, can traverse the CVVO barrier and affect surrounding neural tissue (106).

Experimental autoimmune encephalomyelitis

Experimental autoimmune encephalomyelitis (EAE) is often used as a model for human
multiple sclerosis (MS) and to study autoreactive immune cell traffic into the CNS (107).
Because a detailed summary of MS literature is beyond the scope of this review, the reader
should refer to other excellent reviews on this topic (108, 109). EAE is usually induced by
triggering an autoreactive T cell response against myelin, either through myelin peptide
immunization or through adoptive transfer of myelin-reactive T cells. Similar to steady state,
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the process of diapedesis during CNS autoimmune disease involves T cell interactions with
endothelial selectins through P-selectin glycoprotein ligand-1 (PSGL-1), although the
requirement for selectins is not absolute. This results in T cell rolling and eventual arrest
mediated by LFA-1-ICAM-1 and VLA-4-VCAM-1 interactions (Fig. 4), as observed by
using the proteolipid protein (PLP139-151) immunization model of EAE (110). Activated
leukocyte cell adhesion molecule (CD166) can also foster diapedesis of monocytes and, to a
lesser extent, CD4 T cells during EAE (111, 112). In addition to adhesion molecules, T cell
arrest is often linked to G protein signaling in vessels (110), which is facilitated by
chemokines such as CCL19 and CCL21 that are produced by vascular endothelial cells
(113). CXCL12 expression is elevated during EAE as well and is not confined to the
abluminal surface of blood vessels (114). Using the myelin oligodendrocyte glycoprotein
(MOG35-55) immunization model of EAE, it was shown that CXCR7 expression on the
abluminal side of endothelial cells binds CXCL12, limiting the ability of this chemokine to
trap leukocytes in the perivascular space, as it does during steady state (Fig. 4) (115).

The process of T cell diapedesis across CNS blood vessels involves firm attachment to
endothelial cells (dependent on ICAM-1, ICAM-2, and VCAM-1) to resist the shear forces
of vascular flow. This then allows LFA-1-dependent T cell crawling against blood flow until
a location permissive to diapedesis is found (116). Prolonged T cell crawling before
diapedesis is thought to depend on the properties of CNS vascular endothelial cells because
the process is more rapid with peripheral endothelial cells (117). Early CD4* T cell
extravasation was observed primarily through leptomeningeal vasculature in the Lewis rat
model of EAE (66) as well as the choroid plexus in the MOG35-55 model (118) and, to a
less extent, postcapillary venules in the CNS parenchyma. Upon extravasation, the
autoreactive T cells interact with peptide—major histocompatibility complex (MHC) I1-
bearing APCs (such as DCs) in the perivascular spaces, triggering up-regulation of
chemokines that recruit myeloid cells and release of TNFa that increases production of
metalloproteinases MMP-2 and MMP-9 by resident and recruited myeloid cells (Fig. 4) (65,
67, 84, 119, 120). The metalloproteinases selectively cleave dystroglycan, which tethers
astrocytic foot processes to the basement membrane (Fig. 3), allowing penetration of
effector T cells and myeloid cells into the CNS parenchyma in the MOG35-55 EAE model
(121). This is a rate-limiting step for the initiation of EAE and the eventual destruction of
parenchyma white matter. In the choroid plexus, encephalitogenic CD4* T cells enter the
CSF in a CCR6-dependent manner, which is likely linked to expression of the
chemoattractant CCL 20 produced by choroid plexus epithelial cells (118). After entering the
CSF through the choroid plexus, CD4* T cells accumulate in leptomeningeal spaces,
suggesting that the choroid plexus might be one of the earliest CNS entry points for
autoreactive T cells during the development of EAE (118). Another adhesion molecule that
can facilitate the accumulation of autoreactive T cells in the CNS during MOG33-55 EAE is
melanoma cell adhesion molecule (MCAM) (122, 123). MCAM* effector T cells migrate
more efficiently across the BBB than their MCAM-negative counterparts and appear to do so
through homotypic binding with MCAM expressed on vascular endothelial cells (123) and
through interactions with laminin-411 (124). Injection of anti-MCAM antibodies into mice
also reduces the severity of EAE, demonstrating the importance of this adhesion molecule in
disease pathogenesis (122, 123).
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Traumatic cerebrovascular injury

Traumatic cerebrovascular injury is an important aspect of traumatic brain injury (TBI) and
contributes to a subsequent inflammatory response. TBI can disrupt vascular integrity in the
meninges and brain parenchyma, resulting in leakage of materials from the blood supply
into CNS (Fig. 4) (125-127). In fact, ultrastructural studies in primates have revealed
substantial cerebrovascular disruption, with widening of intercellular junctions between
endothelial cells and swelling of perivascular astrocytes (128). The duration of the leakage
varies from patient to patient and can extend for months or even years after the initial injury.
In animal models of TBI, reduced microvascular densities were observed in the brain within
a day of injury, although the density returned to normal within 2 weeks, suggesting
engagement of vascular repair mechanisms (129). Vascular repair was also observed in the
meninges after TBI and was dependent on the recruitment of nonclassical monocytes from
the blood (127). Thus, it is possible to repair CNS vasculature after TBI; however, it is
unclear whether the anatomy is ever completely restored to its original configuration.

TBI and the associated CNS vascular damage is a type of sterile injury [recently reviewed in
(130)]. A great deal is known about sterile injuries; they involve release of alarmins detected
by damage-associated molecular pattern (DAMP) sensors such as Toll-like and purinergic
receptors (131). This, in turn, triggers a rapid inflammatory response characterized by
inflammasome assembly, nuclear factor-xp signaling, resident immune cell activation,
cytokine and chemokine production (such as IL-6, TNFa,, CXCL1, CXCL2, and CCL2), and
recruitment of peripheral myelomonocytic cells, among others (Fig. 4) (130). TLR4 is up-
regulated after TBI and recognizes LPSs and endogenous proteins, such as high-mobility
group box 1 protein, heat shock proteins, and low-density lipoprotein (132). Purinergic
receptors also play an important role in TBI by detecting adenosine 5’ -triphosphate (ATP)
and uridine 5’-diphosphate, which are released after tissue damage (133).

The speed of this reaction is crucial for the maintenance of CNS barriers, including the glia
limitans and cerebrovasculature. For example, damage to the glia limitans superficialis after
TBI results in a profound morphological transformation of the underlying microglia that
depends on ATP release by surface-associated astrocytes and subsequent detection by
microglial purinergic receptors (126). Real-time imaging studies revealed that microglia
transform into honeycomb- and jellyfish-like morphologies that provide barrier support and
debris clearance (126). In the absence of this transformation, the glia limitans leaked
profoundly. Similar findings were made in a laser-induced model of focal BBB breakdown.
In this model, focal cerebrovascular damage resulted in a rapid, purinergic receptor—
dependent projection of microglia processes that walled off the damaged vessel, limiting the
extent of BBB leakage (134). These findings demonstrate that the immune system has quick-
response elements in place to deal with acute brain trauma and restore CNS barriers.

Cerebral ischemia

Ischemic stroke results from permanent or transient reduction in regional cerebral blood
flow. A commonly used animal model involves occlusion of the middle cerebral artery
(MCAO) (135). Neurons are especially susceptible to ischemia and the reperfusion injury
that often follows an ischemic stroke. The acute phase after ischemia is characterized by the

Sci Immunol. Author manuscript; available in PMC 2019 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mastorakos and McGavern Page 12

rapid-release DAMPs, which are sensed by endothelial cells as well as resident and
circulating immune cells. Resident macrophages and invading myelomonocytic cells release
cytokines (such as TNFa and IL-1p), chemokines, reactive oxygen species (ROS),
neutrophil extracellular traps (NETSs), and MMP-9, which lead to further disruption of the
BBB, brain edema, neuronal death, and hemorrhagic transformation (Fig. 4) (136).

Neutrophils are among the first peripheral immunes recruited to the brain after an ischemic-
reperfusion event and are thought to contribute to the injury in a least some brain regions
(137). The process of neutrophil recruitment in most peripheral tissues involves engagement
of E- and P-selectins through PSGL-1. Inflammatory cytokines such as TNFa and IL-1p
promote cell-surface translocation of P-selectin from intracellular storage in the Weibel-
Palade bodies as well as expression of E-selectin, ICAM-1, and VCAM-1 on the surface of
endothelial cells (138). Engagement of selectins by neutrophils allow them to slow down and
detect chemoattractants (such as CXCL1 and CXCL2) bound to endothelial cells by
CXCR2, which subsequently triggers activation of LFA-1 and macrophage-1 antigen
(Mac-1) (139). LFA-1 interaction with ICAM-1 results in neutrophil arrest and Mac-1-
facilitated neutrophil diapedesis. Paracellular diapedesis is mediated by platelet endothelial
cell adhesion molecule-1, CD99, and junctional adhesion molecule-A (JAM-A) (140). After
extravasation, neutrophils are programmed to eradicate pathogens by means of release of
free radicals and NETSs (141).

In contrast to most peripheral vasculature, blood vessels in the CNS parenchyma lack P-
selectin in Weibel-Palade bodies and only express low levels of this protein under steady
state (79). In fact, constitutive expression of P-selectin is only present in meningeal vessels.
Although expression of P-selectin can be up-regulated in meningeal and parenchymal
vessels during inflammation, the delayed availability of this protein in the CNS leads to
slower leukocyte recruitment kinetics when compared with the periphery. After cerebral
ischemia or subarachnoid hemorrhage, neutrophils rapidly accumulate in the leptomeningeal
space (142). However, these cells become confined by the astrocytic basement membrane
and glia limitans to the perivascular space (143, 144).

Neutrophil extravasation into the brain parenchyma after ischemia is dependent on MMP
activity (145). Astrocytes secrete MMP-2 from their endfeet, and pro-MMP-9 and pro-
MMP-3 are produced by endothelial cells, microglia, and pericytes. Up-regulation of
hypoxia-inducible factor-1a after hypoxia leads to furin production, which activates
MMP-14 that, in turn, activates MMP-2. In addition, TNFa and IL-1p induce expression of
pro—-MMP-9 and pro-MMP-3, and the latter is responsible for activating MMP-9. This
combination of inflammatory events leads to tight junction and glia limitans degradation as
well as leukocyte infiltration of the brain parenchyma and vasogenic edema (Fig. 4) (145).
Pro-inflammatory monocytes eventually follow neutrophils into the brain parenchyma and
enter in a CCR2-dependent manner, eventually differentiating into Ly6C!% phagocytes.
However, depletion of these cells has a negative impact on stroke outcome and increases the
incidence of hemorrhagic transformation (146). To date, a number of preclinical and clinical
trials have failed to improve ischemic stroke outcomes or lesion size by preventing leukocyte
diapedesis (142, 147), indicating that our knowledge of the inflammatory response to this
condition is incomplete.
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Infection

Differences in the anatomy of CNS vasculature affect the tropism and pathophysiology of
infectious diseases. Pathogens can more easily enter the CNS through fenestrated blood
vessels that lack tight junctions, such as those residing in the dura mater, choroid plexus, and
CVOs (Fig. 1) (148). Subpial and parenchymal vascular endothelial cells have tight
junctions and low pinocytotic activity that greatly restrict the access of pathogens to CNS
tissue. Even if pathogens do enter the dura mater, choroid plexus, or CVOs, they must still
traverse tight junction—expressing barriers such as the arachnoid mater, choroid plexus
ependyma, and tanycytes, respectively. Moreover, once within the CSF, drainage of
antigenic material to peripheral lymph nodes is a crucial component of the CNS defense
against invading microbes.

Although one way to traverse CNS barriers is to infect the cells that comprise them, another
strategy is to alter barrier integrity. For example, group B streptococcus, a microbe that
causes bacterial meningitis, promotes expression of a transcriptional repressor (Snaill) in
CNS vascular endothelial cells, causing down-regulation of tight junction proteins
(occluding, ZO-1, and claudin-5) and a loss of barrier integrity (149). This type of
mechanism enables microbes to more easily invade the CNS. Inflammatory cytokines
released in the defense against microbes can also modulate CNS barrier integrity. During
West Nile virus (WNV) infection, type | and type Il interferon signaling promotes
tightening of the BBB in CNS vascular endothelial cells, restricting virus from accessing the
CNS (150, 151). At least for type | interferon, BBB tightening is mediated by activation of
small GTPases, Racl and RhoA, which counterbalance endothelial cells against the barrier-
opening effects of cytokines such as TNFa and IL-1p (150). Endothelial TAM receptors
also have barrier-sealing properties in the context of viral infection. TAM receptors (Tyro3,
AxI, and Mertk) are immune-dampening tyrosine kinases that recognize ligands (Gas6 and
protein S) that bind to phosphatidylserine on apoptotic cells. Enveloped viruses sometimes
incorporate phosphatidylserine into their outer membrane. Detection of this ligand by the
TAM receptor Mertk in CNS vascular endothelial cells results in barrier tightening because
of synergy with type I interferon signaling (152). Deficiency in this receptor renders the
CNS more susceptible to infection by neuroinvasive viruses such as La Crosse encephalitis
virus and WNV.

Unless a pathogen is injected directly into the CNS parenchyma (56), infection typically
results in a rapid recruitment of peripheral blood leukocytes, especially to the dura mater,
leptomeninges, and choroid plexus. After coronavirus infection, endothelial and fibroblastic
reticular cells in the meninges release CCL19 and CCL21 to recruit and reactivate antiviral
CCR7* CD8" T cells (153). Timely recruitment of these T cells is required to prevent fatal
CNS disease after infection with this virus. Although infiltrating leukocytes are usually
necessary in the fight against microbes, these cells can sometimes cause great harm to CNS
barriers. For example, infection of the meninges with a noncytopathic pathogen such as
lymphocytic choriomeningitis (LCMV) causes fatal meningitis (154). During this disease,
recruited CD8* T cells and myelomonocytic cells damage meningeal vasculature and the
walls of the ventricular system, causing severe edema and brainstem herniation (154, 155).
Similar damage to meningeal and parenchymal vasculature is observed during cerebral
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malaria. This potentially fatal disease is initiated by infection with Plasmodium falciparum
in humans and Plasmodium berghei ANKA in rodents. Similar to LCMV meningitis, death
from cerebral malaria results from the accumulation of water in the cranium and brainstem
herniation (156, 157). In rodents, it was revealed that BBB breakdown and fatal edema are
caused by parasite-specific CD8" T cell engagement of cerebrovascular endothelial cells that
cross-present parasite antigen (157, 158). Displacement of these T cells from CNS
vasculature by means of therapeutic administration of antibodies to LFA-1 and VLA-4
prevented the disease (157). Collectively, these findings demonstrate that the inflammatory
response to pathogens has the potential to tighten and harm CNS barriers depending on the
context.

CONCLUSIONS

CNS vasculature serves as the entry point for peripheral immune cells, and their entry is
influenced by structural variations in the barriers surrounding blood vessels. The CNS
parenchyma contains a highly fortified barrier system (the BBB) and is consequently very
selective when it comes to peripheral immune cell entry. In general, peripheral immune cells
do not enter the CNS parenchyma during steady state. However, they can traverse the BBB
during pathophysiological conditions (such as autoimmune disease, injury, stroke, or
infection) but only after acquiring the ability to move from the perivascular space across the
glia limitans. The glia limitans serves as a barrier to peripheral immune cells and can be
disrupted mechanically (such as injury) or enzymatically (such as metalloproteinases). Both
allow peripheral immune cells to enter the parenchyma. The meninges are generally more
supportive of peripheral immune traffic than the CNS parenchyma and serve as the initiation
site for many CNS immune responses that involve peripheral immune cells. Blood vessels
beneath the arachnoid mater have tight junctions and are more secure than those in the
meningeal layer above (the dura mater). In fact, the dura mater, with its fenestrated blood
vessels and lymphatic drainage, in many ways resembles a peripheral tissue. The choroid
plexus and CVOs also contain fenestrated blood vessels that lack tight junctions and are
supportive of peripheral immune cell traffic. These vascular beds are walled off from the
CNS by specialized epithelial cells and/or astrocytes. Similarly, the arachnoid mater keeps
the dura mater separate from the underlying subarachnoid space, which contains CSF. All
these barriers are composed of biological materials and are by no means absolute, but they
do compartmentalize peripheral immune cells until the barriers are breached. It is essential
that we acquire a more detailed understanding of the mechanisms that underlie the
degradation and reassembly of blood-CNS barriers if we want to restore homeostasis in the
CNS after injury, ischemia, autoimmune disease, and infection. Much emphasis over the
years has been placed on the BBB; however, as discussed in this review, several other CNS
barriers exist that require detailed studies as well. The blood-CNS interface is incredibly
sophisticated and should be considered from the perspective of each anatomical subdivision
for all CNS inflammatory diseases.
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Fig. 1. Structural variationsin the anatomy of cerebrovascular barriers.
Coronal depiction of cerebrum and dura mater in relation to the middle cerebral and middle

meningeal arteries. (A) Meningeal and cortical vascular anatomy. The dura mater contains
lymphatics and fenestrated blood vessels that lack tight junctions. The arachnoid mater is an
epithelial layer that provides a barrier between the peripheral vasculature of the dura mater
and the CSF through tight junctions and efflux pumps. Leptomeningeal blood vessels in the
pia mater lack astrocytic ensheathment, but their endothelial cells are connected by tight
junctions. There are small stomata in the connective tissue (fibroblastic reticular cells)
covering pial vessels that allow an exchange of fluid between the CSF and perivascular
space. Pial arteries penetrate the brain and are covered by a densely packed perivascular
layer of astrocytic foot processes; astrocytic (pink), pial (gray), and endothelial (purple)
basement membranes; and smooth muscle cells. \Veins exiting the parenchyma have a
perivascular space flanked by astrocytic foot processes as well as endothelial basement

Sci Immunol. Author manuscript; available in PMC 2019 October 28.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mastorakos and McGavern Page 25

membranes (BMs). The pial BM is only present in the superficial portion of the veins. (B)
Capillary and postcapillary venule within the brain parenchyma. The capillary endothelial
BM (purple) is juxtaposed to the astrocytic BM (pink), whereas the postcapillary venule is
surrounded by a perivascular CSF-filled space that separates the endothelial BM from the
astrocytic BM. Fibroblast-like cells (green) form an interrupted extension of the pia mater in
the postcapillary venules. (C) Vessels in the choroid plexus are fenestrated and lack tight
junctions. The ependymal cells overlying the choroid plexus have tight junctions that are
tasked with forming a blood-CSF barrier. (D) Vasculatures at the center of CVOs (such as
the subfornical organ) are fenestrated and lack tight junctions, allowing exposure to solutes
from the circulation. Vasculatures around the perimeter of CVOs have a traditional BBB
surrounded by astrocytic foot processes and more closely resemble vessels found in the CNS
parenchyma. Overlying ependymal tanycytes are highly specialized cells with tight junctions
that separate CVVOs from the CSF.
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Fig. 2. Schematic representation of a cortical cerebrovascular bed.
Leptomeningeal arteries penetrate the cortex, giving rise to arterioles, capillaries, and

postcapillary venules that lastly drain into cortical veins that exit the parenchyma.
Leptomeningeal arteries and veins are surrounded by fibroblast-like cells and a collagen
layer. Penetrating arteries are ensheathed by smooth muscle cells (SMCs) that transition to a
pericyte layer at arteriole branch points. The pial layer of fibroblast-like cells ends abruptly
at the transition from arteriole to capillary. In capillaries, the astrocytic BM (pink) is
adjacent to the endothelial cell BM (purple). These membranes separate at the level of the
postcapillary venule to form a perivascular space. Interrupted fibroblast-like cells are also
present along postcapillary venules and veins as they exit the CNS parenchyma.
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Fig. 3. Anatomy of parenchymal capillary barriers.
Tight junction proteins—such as occludin; claudin-3, claudin-5, and claudin-12; and ZO-1

and ZO-2—and JAMs form tight junctions between cerebrovascular endothelial cells that
limit the passage of materials from the blood into the CNS. These are linked to the actin
cytoskeleton within endothelial cells. Vascular endothelial cadherins and intracellular
catenins form adherens junctions that provide tensile force between endothelial cells through
linkage to the actin cytoskeleton. The endothelial BM is primarily composed of laminins a4
and a5 and is juxtaposed to the astrocytic BM, which is composed of laminins a1 and a2.
The endothelial cells interact with the basal lamina through a and B integrins that bind to
laminins and fibronectin. Similarly, astrocytic endfeet interact with BM through integrins
and dystroglycan.
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Fig. 4. Blood-CNS interface during inflammation.
This schematic of a CNS blood vessel summarizes three different immunological scenarios:

steady-state T cell surveillance, CNS autoimmune disease, and cerebrovascular injury and
stroke. T cell surveillance: During steady state, leukocyte extravasation across the BBB is
limited to few activated T lymphocytes that interact with ICAM-1 and VCAM-1 expressed
on the lumen of vascular endothelial cells. CXCL12 expression by endothelial cells on the
abluminal side contributes to sequestering these activated CD4* T cells in the perivascular
space through binding to CXCR4 on the T cell. EAE: During CNS autoimmune diseases
such as EAE, the efficiency of leukocyte diapedesis is increased. CCL19, CCL21, and
CXCL12 are up-regulated by cerebrovascular endothelial cells that promote the recruitment
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and adhesion of encephalitogenic CD4* T cells. Vascular adherence and extravasation are
also facilitated by selectins (P-selectin~PSGL-1 interactions) and integrins (LFA-1-ICAM-1
and VLA-4-VCAM-1 interactions). CXCR?7, expressed on the abluminal surface of
endothelial cells, binds to CXCL12 and reduces T cell sequestration in the perivascular
space. After extravasation, T cells interact with APCs, including perivascular macrophages
(PVMs), in the perivascular space. Recognition of cognate-peptide MHC complexes results
in production of chemokines and cytokines (such as TNFa and granulocyte-macrophage
colony-stimulating factor) that promote recruitment of myelomonocytic cells from the
blood. This is followed by production of metalloproteinases (such as MMP-2 and MMP-9)
that selectively cleave dystroglycan in the astrocytic foot processes, allowing penetration of
effector T cells into the CNS parenchyma. Vascular injury and stroke: Mechanical disruption
of the glia limitans leads to a rapid release of ATP that is detected by purinergic receptors
expressed on microglia. The microglia provide immediate barrier support and debris
clearance. Cerebrovascular injury can also cause resident and infiltrating monocyte-derived
macrophages to release cytokines (TNFa and IL-1), chemokines, ROS, and
metalloproteinases (pro-MMP-9). TNFa and IL-1p trigger endothelial cell activation,
promoting further myelomonocytic cell invasion. Pro-MMP-9 becomes activated by
MMP-3, causing additional destruction of the glia limitans. Once in the parenchyma,
neutrophils can release ROS and NETSs in an attempt to control pathogens that are not
present. These effector mechanisms contribute to tissue damage.
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