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The central nervous system (CNS) coordinates
all our body functions. Neurons in the CNS
parenchyma achieve this computational task by
high speed communication via electrical and chem-
ical signals and thus rely on a strictly regulated
homeostatic environment, which does not tolerate
uncontrolled entry of blood components including
immune cells. The CNS thus has a unique rela-
tionship with the immune system known as CNS
immune privilege. Previously ascribed to the pres-
ence of blood-brain barriers and the lack of lym-
phatic vessels in the CNS parenchyma prohibiting,
respectively, efferent and afferent connections with
the peripheral immune system, it is now appre-
ciated that CNS immune surveillance is ensured
by cellular and acellular brain barriers that limit
immune cell and mediator accessibility to specific

compartments at the borders of the CNS. CNS
immune privilege is established by a brain barriers
anatomy resembling the architecture of a medieval
castle surrounded by two walls bordering a cas-
tle moat. Built for protection and defense this two-
walled rampart at the outer perimeter of the CNS
parenchyma allows for accommodation of differ-
ent immune cell subsets and efficient monitoring
of potential danger signals derived from inside or
outside of the CNS parenchyma. It enables effec-
tive mounting of immune responses within the
subarachnoid or perivascular spaces, while leav-
ing the CNS parenchyma relatively undisturbed. In
this study, we propose that CNS immune privilege
rests on the proper function of the brain barriers,
which allow for CNS immune surveillance but pro-
hibit activation of immune responses from the CNS
parenchyma unless it is directly injured.

Keywords: blood-brain barrier, blood-cerebrospinal
fluid barrier, glia limitans, immune surveillance,
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Immune surveillance: General principles of innate and
adaptive immunity

The immune system has evolved to protect the
body from attacks from microbial pathogens and
trauma and is thus ultimately tuned to ensure host
survival in a hostile environment [1, 2]. The most
exposed sites for such encounters are the outer
and inner body surfaces including the skin, the
gut, and the respiratory tract. The epithelial lin-
ings at these interfaces establish a physical barrier
and are fortified by site-specific immune defense
mechanisms provided by the accumulation of
innate and adaptive immune cells immediately
behind the epithelial borders (summarized in

[3]): Encounter with microbes or physical and
chemical trauma leads to rapid stereotypic activa-
tion of tissue resident innate immune mechanisms
based on recognition of pattern-associated molec-
ular patterns (PAMPs) on microbes or damage-
associated molecular patterns (DAMPs) from
injured host cells by tissue resident macrophages.
Next, the local release of inflammatory cytokines
and chemotactic factors induces the expression of
trafficking molecules on blood vascular endothelial
cells, which initiates the recruitment of circulat-
ing neutrophils and myelomonocytic cells to the
affected site [4]. Together with the tissue resident
macrophages, the infiltrating neutrophils and
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monocyte-derived macrophages kill and phago-
cytose the microbes, digest injured cells of the
host and, in most cases, eventually initiate reso-
lution of the inflammatory response. This innate
immune response also includes activation of tissue
resident dendritic cells (DCs), which are profes-
sional antigen-presenting cells (APCs) that take
up and process antigens and carry them via the
afferent lymphatic vessels to the tissue-draining
lymph nodes, where the antigen is presented on
major histocompatibility (MHC) molecules to naive
T cells, thus enhancing the likeliness that the
appropriate T-cell encounters its cognate antigen.
T cells that recognize their cognate antigen on
the DC with their T-cell receptor will proliferate
and differentiate into effector T cells. B cells can
recognize soluble antigens with their B-cell recep-
tor, which triggers antigen internalization and
presentation of these antigens to helper T cells in
the lymph node, which, as their name suggests,
provide “help” for maximal B-cell activation and
proliferation resulting in the differentiation into
antibody-producing plasma cells.

During their activation naive lymphocytes are
imprinted with trafficking programs (expression
of a combination of adhesion and chemoattrac-
tant receptors) that—once they have via the effer-
ent lymphatics reached the bloodstream—ensure
their migration back to the tissue drained by the
respective lymph node and thus direct site-specific
adaptive immune responses. For example, in gut
and skin draining lymph nodes DCs have been
shown to play an important role in this process by
processing food-derived vitamin A and ultraviolet-
induced vitamin D3, respectively, to imprint gut
homing and skin homing trafficking programs as
well as site-specific effector functions in naive lym-
phocytes (summarized in [5]). With their respec-
tive effector functions, that is, cytokine production,
killing of infected tissue cells, and antibody pro-
duction, the adaptive immune cells ensure elimi-
nation of the injurious agent and reconstitution of
tissue function.

In contrast to the innate immune system, the adap-
tive immune system has the ability to establish a
memory of previous antigen encounters and thus
provides accelerated immune responses in case of
a further encounter with the same antigen. Site-
specific cellular immune memory is hereby realized
by tissue-resident memory T (Tgry) cells express-
ing the T-cell activation marker CD69 and the «E-
integrin subunit CD103, which when associated

with the 87-integrin subunit forms «EB7-integrin,
a ligand for E-cadherin, the adhesion molecule
forming epithelial adherens junctions [6]. «EB7-
integrin may thus serve as a retention molecule
for barrier-associated Try cells. Systemic cellu-
lar immune memory is realized by central mem-
ory T (Tcum) cells that re-express L-selectin and
the chemokine receptor CCR7—the trafficking pro-
gram of naive lymphocytes—allowing Tcy cells to
recirculate through lymph nodes throughout the
entire body, where they can then provide accel-
erated immune responses to their cognate anti-
gen even if encountered at a different anatomical
entry site (summarized in [7]). Cellular immune
memory is accompanied by the humoral immune
response established by tissue resident and cir-
culating memory B cells, in addition to plas-
mablasts that either specifically home back to
the mucosal barriers, where they differentiate into
plasma cells producing high amounts of antibodies
of the immunoglobulin (Ig) A class, or home back
to the bone marrow, where they differentiate into
plasma cells releasing high affinity antibodies into
the bloodstream. Immune surveillance of a given
tissue thus relies on drainage by lymphatic vessels
to transport antigens and antigen-presenting DCs
to the draining lymph nodes, as well as on blood
vessels to allow for efficient immune cell entry into
the respective tissues.

Toward understanding CNS immune privilege and CNS
immune surveillance

The anatomical location of the CNS, that is the
brain, the neural part of the eye, and the spinal
cord, within the skull and vertebral column pro-
vides robust protection toward the outside of the
body. Unless there is a penetrating injury, foreign
material or pathogens are thus quite unlikely to
directly reach the CNS unless they have escaped
the specific innate and adaptive immune defense
mechanisms at the epithelial surfaces of the
skin, the gut, and respiratory tract. In this case,
pathogens could reach the CNS via the blood-
stream or potential routes along with cranial (e.g.,
from the nasal mucosa) and spinal nerves (e.g.,
from the gut). However, the CNS resides behind
blood-brain barriers (BBBs) that restrict pathogen
and immune cell entry from the periphery into the
CNS parenchyma and also lacks lymphatic vessels.
The CNS must thus have a unique relationship
with the immune system that differs from that of
peripheral organs.

48  © 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2022, 292; 47-67

85UB017 SUOWILLIOD BAIFER1D) 3|edldde au Aq peusenob ae ssjoe YO ‘8sh 0 S3InJ 10y AReiq1 8UIIUO 8|1 UO (SUORIPUCD-PUR-SLUBY /W00 A3 1M AfIq 1 BUI|UO//SUNY) SUORIPUOD PUe SWie L 8L} 88S *[2202/TT/TT] uo Ariqiauliuo A8 ‘ueg BISRAIIN Ad 69VET WIONTTTT OT/I0P/W00 A3 1M Afeiq 1 pUI|UO//SHNY WO} PaPeo|UMOQ ‘T ‘2202 ‘96.2S9ET



JIM

Indeed, experiments performed originally by Shirai
100 years ago [8] and followed up and extended
by Medawar and others [9] showed that foreign
tissues when grafted to peripheral sites like the
skin were readily rejected, but when grafted into
the brain parenchyma or anterior chamber of
the eye survived for prolonged durations. These
organs, in which experimentally implanted tissue
grafts are incapable of provoking immunity lead-
ing to graft rejection, were subsequently referred
to as “immune privileged organs” [10]. Subsequent
observations showed that CNS immune privilege
also extends to innate immune responses. Neither
injection of bacterial products and thus exposure
to PAMPs [11] nor experimental induction of cell
death and thus exposure to DAMPs [12, 13] within
the CNS parenchyma elicits a rapid infiltration of
myelomonocytic cells into the tissue as observed
during a stereotypic response to such stimuli in
peripheral organs [4]. Based on these observations,
the idea emerged that antigens contained within
the CNS could not be seen by the immune sys-
tem as lack of conventional lymphatic vessels in
the CNS parenchyma would prohibit the afferent
arm of the immune system, that is, drainage of CNS
antigens into peripheral lymphatic tissues, while
the endothelial BBB would inhibit the efferent arm
of the immune system by blocking immune cell
entry into the CNS (summarized in [14, 15]).

Ironically, this concept of “CNS immune igno-
rance” literally “ignored” the additional observa-
tions of Medawar [9], which showed that foreign tis-
sue grafts transplanted into the brain parenchyma
of animals that had previously rejected a tissue
graft of the same donor in the skin were read-
ily destroyed. Medawar thus concluded already
in 1948 that “skin homografts transplanted to
the brain submit to but do not elicit an immune
state.” Intriguingly, tissue grafts transplanted into
the cerebral ventricles instead of within the brain
parenchyma were in following studies found to be
rejected [16, 17], underscoring that within the CNS
there are compartments that differ with respect to
their relationship with the immune system. Sub-
sequent observations showing that cerebrospinal
fluid (CSF) drains into cervical lymph nodes [18]
and that activated circulating T cells can cross
the BBB even in the absence of neuroinflamma-
tion (summarized in [19]), finally called for revisit-
ing the concept of CNS immune privilege. We have
thus proposed that comparable to the architec-
ture of medieval castles that were designed for pro-
tection and defense, the CNS of vertebrates has

evolved a similar architecture of brain barriers
that allow for different levels of immune surveil-
lance [20]. In this concept, the CNS parenchyma is
immune-privileged allowing it to prioritize proper
function of neurons over eliciting an immune
response, while the CNS ventricular spaces and
border compartments (subarachnoid and perivas-
cular spaces) akin to the castle moat are dedicated
to CNS immunity and thus lack full CNS immune
privilege [21].

Role of the brain barriers in CNS immune surveillance

The brain barriers simultaneously maintain home-
ostasis of the CNS parenchyma while enabling
immune surveillance at the CNS borders (Fig. 1).
The outer borders of the brain and spinal cord
are ensheathed by three meningeal layers, namely,
the dura mater, the arachnoid mater, and the pia
mater [22]. The arachnoid mater hereby estab-
lishes the blood-arachnoid barrier, which is a bona
fide blood-cerebrospinal fluid barrier (BCSFB),
between the outer dura mater lacking a BBB
and the inner CSF-filled subarachnoid space [23].
Another BCSFB is found in the choroid plexuses
that produce the CSF and extend from the ventric-
ular walls into the brain ventricles. The choroid
plexus stroma harbors fenestrated blood vessels
and are separated from the ventricular space by
choroid plexus epithelial cells establishing another
BCSFB [24]. The bona fide BBB is established
by CNS parenchymal microvascular endothelial
cells [25]. Finally, the glia limitans is estab-
lished by astrocytes that ensheath the entire CNS
parenchyma with their end-feet and support a
parenchymal basement membrane [26].

Complex tight junctions between the endothelial
cells of the BBB and between the choroid plexus
epithelial cells and arachnoid fibroblasts of the
BCSFBs inhibit paracellular diffusion of solutes,
while polarized expression of transporters and
efflux pumps at these cellular barriers ensure
transport of nutrients into and the rapid export
of toxic metabolites out of the CNS [21, 27-29].
In ancestral vertebrates, the BBB was formed by
glial cells, and evolutionary pressure led to the
development of the endothelial BBB [30]. In mod-
ern vertebrates, the glial barrier has remained as
the glia limitans and establishes a second bar-
rier “behind” the BBB and BCSFB, which in the
healthy CNS prohibits immune cell entry into
the CNS parenchyma (summarized in [26, 31]).
The two-walled defense system around the CNS
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Fig. 1 Overview of the brain barriers at select regions of the central nervous system (CNS). The mouse schematic displays
the ventricular system (blue), comprised of two lateral ventricles (LV), the third ventricle (3V), the fourth ventricle (4V) and
the central canal of the spine, and several known egress sites for cerebrospinal fluid (CSF) along the spinal and cranial
nerves (yellow) to lymphatic vessels and draining lymph nodes (green). (a) Barriers at the dorsal surface of the brain cortex.
The brain parenchyma is wrapped by the glia limitans, comprised of astrocyte end-feet and an associated parenchymal
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parenchyma is thus established by the BBB and
the BCSFBs toward the periphery and the glia limi-
tans toward the CNS parenchyma, allowing for CNS
immune surveillance in the CSF-communicating
perivascular and CSF-filled subarachnoid spaces.
In keeping with the analogy of medieval castle
architecture, an efficient defense system requires
castle guards. To this end, the CNS harbors two
types of tissue-resident macrophages that orig-
inate from the yolk sac, invade during embry-
onic development, and self-renew in their respec-
tive niches throughout adulthood (summarized in
[32]). While microglial cells are localized in the CNS
parenchyma where they regulate synaptic prun-
ing and thus neuronal cross-talk [33], CNS border-
associated macrophages are found at the apical
CSF-facing side of the choroid plexus (known as
epiplexus macrophages or Kolmer cells) and in the
perivascular and subarachnoid spaces. Thus, by
location the latter cells are assigned the task of the
castle moat sentries that monitor the CSF and are
ready to react to any PAMPs or DAMPs.

There are no tissue-resident T cells or B cells
in the CNS parenchyma of healthy young adults,
but there are low numbers of immune cells found
in the CSF and these are dominated by T cells
with small numbers of monocyte-derived den-
dritic cells (mDCs) and CSF-specific monocytes
combining transcriptional signatures of mono-
cytes, CNS border-associated macrophages, and
microglial cells [34-36]. Single cell RNA sequencing

has shown that CSF T cells are mainly composed
of memory CD4 and CD8 T cells that share charac-
teristics with tissue-resident T cells as well as reg-
ulatory T cells [34, 36]. In contrast, naive T cells
and B cells are largely excluded from the CSF [36].
Thus, although low in numbers, the CSF spaces do
contain a full repertoire of cells of the innate and
adaptive immune system ensuring CNS immune
surveillance from these border locations.

As if this immune protection was not enough, the
CNS has recently been referred to as immune-
fortified at its outer borders [37], where the
dura mater—the outermost layer of the meninges
ensheathing the brain and spinal cord—as well
as the choroid plexus stroma are both rich in
immune cells including macrophages, monocytes,
neutrophils, natural killer cells, DCs, as well as T
and B lymphocytes [33, 38-40]. The dura mater
and the choroid plexus stroma lack a vascular BBB
and are thus readily accessible for blood compo-
nents including circulating immune cells. In fact,
two-photon in vivo imaging has allowed visualiza-
tion of choroid plexus and dural macrophages and
has shown that they continuously extend cellu-
lar processes to probe their surroundings prefer-
entially in perivascular locations, thus ensuring to
catch any danger arriving via the bloodstream [38,
41]. Immune cells localized in the dura mater and
the choroid plexus stroma are thus ideally posi-
tioned to fortify the BCSFBs right outside of the
CNS tissue proper.

basement membrane. Overlaying this is the pia mater meningeal layer, which along with the arachnoid mater encloses
the subarachnoid space containing CSF and innate and adaptive immune cells performing CNS immune surveillance. The
outermost layer of the meninges, the dura mater, contains venous sinuses draining the brain tissue, as well as its own blood
vascular network (that does not form a blood-brain barrier) and dural lymphatic vessels. Peripheral immune cells thus have
regular access to the dura mater. Channels surrounding blood vessels between the dura mater and bone marrow cavities
may allow communication between these two compartments. (b) Blood—CSF barrier at the choroid plexus. The choroid plexus
stroma is fed by a blood vessel network not endowed with barrier properties and harbors innate and adaptive immune cells.
The barrier between this tissue and the CSF in the ventricles is formed by a layer of choroid plexus epithelial cells and an
associated basement membrane. The CSF harbors low numbers of mainly adaptive immune cells performing CNS immune
surveillance, as well as Kolmer (epiplexus) cells. The ventricle is lined by ependymal cells, which allows exchange of solutes
between the CSF and the brain parenchyma. (c) CSF efflux routes at the cribriform plate. Olfactory nerve bundles extending
from the olfactory bulbs project through foramina of the cribriform plate of the ethmoid bone to terminate at the epithelial
layer of the nasal turbinates. The pia mater covering the olfactory bulbs blends into the perineurium surrounding the nerve
bundles. At this region, the arachnoid layer is disrupted allowing passage of fluid, solutes (and possibly cells) out of the
subarachnoid space. Lymphatic vessels, found either within the nasal mucosa or passing through the foramina along with
the olfactory nerve bundles to the CNS side of the cribriform plate, are responsible for uptake and transport to the periphery.
(d) Barriers at the surface of the dorsal spinal cord. The spinal cord parenchyma is wrapped by the glia limitans, comprised
of astrocyte end-feet and an associated parenchymal basement membrane. Veins exiting the spine are ensheathed by
pia mater. The subarachnoid space lies between the pia mater and arachnoid mater and is traversed by trabeculae. It
harbors innate and adaptive immune cells performing CNS immune surveillance. The spinal cord dura (unlike cranial dura)
is associated with a subdural space and epidural tissue.
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In addition to blood-derived immune cells, the dura
mater may have access to immune cells directly
originating from the bone marrow in the adjacent
skull or vertebrae of the spine [39, 40]. These bone
marrow-derived cells were suggested to reach the
dura mater by crawling along the outside of venules
inside small bony channels [42]. Transcription pro-
filing and phenotyping of the dura mater immune
cells implied that bone marrow-derived immune
cells are rather programmed to maintain CNS
health, whereas those arriving from the blood
rather showed transcriptional profiles characteris-
tic for immune cells ready to fight potential infec-
tions [39, 40]. It is furthermore very intriguing
that under steady state conditions the dura mater
harbors neutrophils [40, 43], a cell population of
the innate immune system that usually circulates
in the blood and is only recruited into tissues in
response to acute injury. It is tempting to specu-
late that these neutrophils differ in their function
from those in the circulation. It has been suggested
that they may be the source of neutrophils accu-
mulating in subarachnoid and perivascular spaces
under pathological conditions such as ischemic
stroke where therapeutic inhibition of neutrophil
recruitment from the blood has failed [42, 44].
In this scenario, dura mater-derived neutrophils
would need to breach or circumvent the arachnoid
barrier through mechanisms which remain to be
shown. The dura mater was furthermore observed
to contain B lineage progenitors that are typically
not found outside of the bone marrow [39, 45].
While the presumptive skull bone marrow origin
of dura mater B cells was not confirmed in the sec-
ond study [45] both studies identify the dura mater
as an unexpected site for B-cell development and
residence, which could provide CNS tailor-made B-
cell responses including antigen presentation and
antibody production at this outer brain barrier.

Role of the brain barriers in regulating efferent pathways of
CNS immunity

The vast majority of studies addressing the
anatomical routes as well as cellular and molec-
ular mechanisms of immune cell migration into
the CNS have been performed in the context
of experimental autoimmune encephalomyelitis
(EAE), an animal model for multiple sclerosis (MS)
[46]. By the nature of this model, which is a CD4
T-cell-mediated autoimmune neuroinflammatory
disease, these studies have largely focused on
encephalitogenic CD4 T-cell subsets, namely,
interleukin (IL)-17 producing Th17 cells, and

y-interferon producing Thl cells, and provided
robust evidence for three potential routes of CD4
T-cell entry into the CNS [47]. Elegant intravital
imaging studies have shown that these activated
T cells can either cross subarachnoid or subpial
veins to reach the subarachnoid space in the brain
or spinal cord [48, 49] or migrate across sub-
pial post-capillary venules to reach perivascular
spaces [50]. In addition, preferentially Th17 cells
can reach leptomeningeal spaces of the brain
using the choroid plexus as a CNS entry site [51].
Intravital microscopy studies have furthermore
allowed for direct observation of the concept that
an activated state rather than antigen-specificity
is required for T cells to cross subarachnoid or
subpial venules [49], supporting the notion that
a peripheral immune response mounted to an
external insult will release activated T cells into
the circulation that can reach the CNS.

Unless they recognize their cognate antigen on
perivascular or leptomeningeal APCs—the “castle
moat sentries”—these activated T cells will, how-
ever, not cross the glia limitans [52, 53] and instead
either undergo apoptosis, differentiate into cen-
tral memory T cells or tissue-resident T cells that
remain in the CSF [34, 36] or potentially leave
the CNS by CSF-drainage pathways. In contrast,
local recognition of their cognate antigen on APCs
(border-associated macrophages or DCs) will lead
to reactivation of these T cells in the subarachnoid
or perivascular spaces and their subsequent cross-
ing of the glia limitans into the CNS parenchyma
[52, 54]. It is at this stage, when immune cells cross
the glia limitans, that clinical disease in EAE starts
[55]. The observations in the context of the EAE
model underscore that immune cell penetration of
the inner wall of the castle moat and their infiltra-
tion into the CNS parenchyma is not compatible
with proper CNS homeostasis.

A study following the trafficking of fluorescently
or radioactively labeled lymphocytes collected from
the efferent lymph in sheep has questioned the
requirement of recent activation for lymphocytes
to reach the CSF [56]. This recirculating pool of
lymphocytes was observed to reach the CSF from
the bloodstream and CNS-draining lymph nodes
from the CSF. As already at that time the choroid
plexus was proposed as alternative immune cell
CNS entry site [57], the authors speculated that
the CSF is patrolled by the recirculating pool of
lymphocytes, which may access the CSF space
via the choroid plexus [56] and leave the CNS via
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the CSF-draining pathways reaching the cervical
lymph nodes (as previously observed by others [58])
through pathways yet to be defined. Recent single
cell transcriptome profiling comparing blood and
CSF immune cells in humans showed, however,
that although T cells display a phenotypic con-
tinuum between the blood and CSF, CSF T cells
are largely distinct from those in the blood of the
same individual [34, 36]. These previous studies
performed in sheep could not distinguish between
individual immune cell subsets in the circulating
lymphocyte pool, which in sheep (which are not
typically kept under specific pathogen-free con-
ditions) may also contain peripherally activated
T cells. Thus, future studies should address if there
is a subset of T cells that do indeed recirculate
between the periphery and the CSF, while other
T cells upon reaching the CSF will differentiate into
CSF-resident memory T cells ensuring immuno-
logical memory in this border compartment of the
CNS.

The migration of T cells across the endothe-
lial brain barriers is a multistep process regu-
lated by the sequential interaction of different
signaling and adhesion molecules on the CNS
endothelium and the T cells and takes place at
the level of subarachnoid and subpial venules or
parenchymal post-capillary venules [46]. Account-
ing for the unique barrier properties of the CNS
microvascular endothelial cells, T-cell migration
across the endothelial brain barriers is character-
ized by unique adaptations. In contrast to venu-
lar endothelial cells in peripheral vascular beds,
BBB endothelial cells lack constitutive expres-
sion of P-selectin and the atypical chemokine
receptor 1 (ACKR1), which mediate rolling and
arrest/diapedesis of immune cells, respectively
[59-62]. Thus, in the absence of neuroinflamma-
tion, o¢4p1-integrins play a predominant role in
T-cell entry into the CNS by mediating initial T-cell
capture and subsequent Gui-signaling-dependent
adhesion strengthening on the CNS endothelium
by engaging endothelial VCAM-1 [S0]. Endothe-
lial ICAM-1 and ICAM-2 next mediate T-cell polar-
ization and subsequent crawling over extended
distances against the direction of blood flow on the
surface of the CNS endothelium in search of tricel-
lular junctions, which provide rare sites permissive
for diapedesis [46, 54, 63]. Interestingly, the molec-
ular makeup of BBB tricellular junctions with
localized expression of tricellulin and angulin-1 is
different from that of tricellular junctions of periph-
eral endothelial cells [64], suggesting that BBB

tricellular junctions provide a unique scaffold for
T-cell diapedesis probably by allowing the T cells to
sense chemotactic factors like chemokines across
the BBB [63]. During neuroinflammation, when
barrier properties including junctional integrity of
the BBB are disturbed and additional adhesion and
trafficking molecules are induced on the BBB [65],
an increase in transcellular T-cell diapedesis via
pores through the brain microvascular endothelial
cells can be observed [66, 67]. Thus, the unique
junctional complexes of the endothelial BBB seem
to play an important role in controlling immune cell
entry into the CNS during immune surveillance.
The precise molecular mechanisms involved in this
process remain to be investigated.

Studies in the context of EAE have furthermore
suggested that while Th1 cells preferentially infil-
trate the spinal cord using o4p1l-integrins [68,
69], Th17 cells preferentially enter the brain and
require LFA-1 but not a4-integrins [70]. In fact,
Th17 cells expressing the chemokine receptor
CCR6 have been shown to reach the subarachnoid
space via the choroid plexus where the choroid
plexus epithelial cells from the BCSFB express the
CCR6 chemokine ligand CCL20 [51]. It is generally
assumed that Th17 cells leave the choroid plexus
stroma by crossing the BCSFB into the ventricu-
lar CSF from where they reach the subarachnoid
space. This is supported by observations in vitro,
in which higher fractions of Th17 cells as com-
pared to other Th cell subsets cross an epithelial
BCSFB [71]. Key adhesion molecules involved in
immune cell trafficking, like ICAM-1 and VCAM-1
although exclusively expressed on the apical side of
the choroid plexus epithelium, seem to contribute
to the last step of transepithelial T-cell migration
[71]. We and others have, however, also considered
that T cells may exit the choroid plexus stroma at
the base of the choroid plexus where it folds out
from the ventricular wall [72]. Brain barrier struc-
tures such as tanycytes that surround the circum-
ventricular organs that also lack a BBB have not
been described at the base of the choroid plexus.
Thus, studies exploring the detailed neuroanatomy
at the base of the choroid plexuses, where they fold
out into the ventricles are urgently needed. One
study pointed out a direct continuity of the base-
ment membrane of the choroid plexus epithelial
cells with the parenchymal basement membrane of
the glia limitans [73], implying a direct continuity of
the choroid plexus stroma with the subarachnoid
space. In this scenario, immune cells could reach
the subarachnoid space directly from the choroid
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plexus stroma without passing any endothelial or
epithelial outer brain barrier. In our model of CNS
immune privilege, the role of the outer castle wall
controlling immune cell entry into the castle moat
would thus be attributed to the choroid plexus
stroma where choroid plexus fibroblasts may pro-
vide the chemotactic cues regulating immune cell
retention in the choroid plexus stroma and their
potential release for crawling along the glia limitans
directly into the subarachnoid space. In addition,
the choroid plexus stroma is very rich in tissue-
resident and blood-derived immune cells including
APCs, and thus fortifies CNS immune protection
just outside of the BCSFB and possibly at the outer
border of the subarachnoid space.

Recent studies have also suggested that immune
cells localized in the dura mater may reach the
CNS from this site [39, 40, 45]. This would
imply that dural immune cells cross the BCSFB
established by arachnoid barrier cells, which has
not been studied to date. Alternatively, as dural
immune cells are highly concentrated along the
dural sinus [74], one can speculate that dural
immune cells may crawl along with perivenular
structures that breach the arachnoid barrier at this
location.

Once they have reached the subarachnoid space,
elegant in vivo imaging studies have shown that
activated T cells crawl on leptomeningeal cells in
a random Brownian walk using «481-integrin and
LFA-1 and eventually encounter border-associated
macrophages or would be flushed away by the
flow of the CSF [75]. Recognition of their cognate
antigen in the subarachnoid space triggers T-cell
activation and proliferation and a local inflamma-
tory milieu that will initiate the migration of these
locally activated T cells across the glia limitans and
disturbance of CNS function visible as clinical dis-
ease [52, 55].

Under physiological conditions, the glia limitans
provides a barrier for the migrating immune cells,
which in the absence of neuroinflammation do
not enter the parenchyma [26]. Astrocyte end-feet
tightly ensheathing the CNS parenchyma and a
parenchymal basement membrane composed of
laminins 111 and 211 that are not involved in
T-cell binding may explain in part the molec-
ular mechanism behind this protective function
[26]. In fact, degradation of astrocyte end-feet

extracellular matrix receptors by matrix metal-
loproteinases (MMPs) during neuroinflammation
correlates with immune cell crossing of the glia
limitans [55]. At the same time, this MMP activ-
ity changes the chemokine milieu in the sub-
arachnoid and perivascular spaces [53]. Under
physiological conditions brain endothelial cells
express the homeostatic chemokine CXCL12,
which is released in a polarized fashion at the ablu-
minal side allowing for the retention of CXCR4
expressing immune cells in the subarachnoid and
perivascular spaces [76]. During neuroinflamma-
tion the atypical chemokine receptor 3 (ACKR3), a
scavenger receptor for CXCL12, is upregulated on
brain endothelial cells leading to reduced CXCL12
concentrations in the CSF space and allowing
immune cells to sense inflammatory chemotactic
cues from the CNS parenchyma [77]. CCL19 is
the second homeostatic chemokine expressed by
brain endothelial cells [78, 79]. As CCL19 is a sol-
uble chemokine that does not bind to extracellu-
lar matrix, it may also regulate the retention of
CCRY7 expressing memory T-cell subsets in the CSF
space.

While a vast majority of studies have focused on
investigating the migration of defined T-cell sub-
sets like Th1l, Th17 or, to a lesser degree, CD8
T cells, there is not much knowledge on how the
site of priming affects T-cell migration into the
CNS. Studies where EAE is induced by the adop-
tive transfer of T-cell blasts have proposed the
lung as a tissue licensing T cells to preferentially
migrate to the CNS [80]. However, in vitro acti-
vated T-cell blasts may not be imprinted by the
trafficking programs as shown to occur during T-
cell priming in vivo. A recent study has used ele-
gant in vivo labeling of antigen-specific T cells to
show that T cells activated in skin-draining and
gut-draining lymph nodes can both home to the
CNS, but show distinct trafficking properties [81].
In the context of neuroinflammation, it was shown
that T cells primed in the gut-draining lymph nodes
infiltrated CNS white matter, while those primed
in the skin-draining lymph nodes express CXCR6
and can additionally infiltrate CNS gray matter.
It will thus be important to further explore how
site-specific priming and activation of T cells will
affect their CNS homing properties to improve our
understanding if this affects their ability to cross
specific brain barriers or to home to specific CNS
regions.
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Role of the brain barriers in regulating afferent pathways of
CNS immunity

Research from the past few decades has shown
that the traditional concept that lymphatic ves-
sels are either not involved in or had only a
minor contribution for CNS drainage no longer
holds true [82]. Classic experiments from over
100 years ago were interpreted as evidence for
direct efflux pathways through arachnoid villi or
granulations for CSF to dural venous sinus blood
from the subarachnoid space [83, 84|. Despite
the fact that these early investigators also demon-
strated that tracers injected into the subarach-
noid space reached lymphatic vessels, particu-
larly in the nasal mucosa, connections to the
lymphatic system were consistently minimized by
later researchers [85, 86]. Studies in the 1980s
and 1990s showed that the proportion of tracers
injected into either the CSF or the parenchyma of
the brain that could be recovered in cannulated
cervical lymphatics reached as much as 50% in
species such as rabbits and sheep [87-89]. Thus, a
consensus of dual-outflow pathways, both venous
and lymphatic, was reached [87, 90, 91]. Recently,
imaging studies using tracers in rodents have chal-
lenged the concept of any CSF drainage directly
to blood [92]. Furthermore, studies have demon-
strated that a potential efflux pathway to a net-
work of dura mater lymphatic vessels may also be
involved in the clearance of fluid, solutes and, likely
also, cells from the CNS [93, 94]|. Thus, it is now
becoming evident that like almost all other tissues
in the body, the drainage of fluid, antigens, and
cells from the CNS occurs through routes leading
to the lymphatic system. Yet, due to the lack of
any bona fide lymphatic vessels within the brain
and spinal cord parenchyma and the dual-walled
barrier anatomy of the CNS, it is clear that unique
anatomical arrangements must exist for fluid and
its components and especially for immune cells to
reach the peripheral lymphatic system.

Evidence from tracer studies for CSF efflux pathways to
lymphatics

Several cranial nerves emerge through foramina at
the base of the skull and routes along these nerves
have been repeatedly implicated in CSF outflow
since an initial report in 1869 by Schwalbe [82,
95]. Of these, the route along the olfactory nerves to
the nasal submucosal lymphatics has been inves-
tigated most thoroughly (Fig. 1). The efflux path-
way from the subarachnoid space to lymphatic ves-
sels in the nasal tissue crosses the cribriform plate

of the ethmoid bone. At this location, the bundles
of olfactory nerves emerge from the olfactory bulb
to extend through foramina in the cribriform plate
to terminate their axons in the nasal epithelium
lining the airways. The nerve bundles (fila olfac-
toria) are covered with sheaths of connective tis-
sue that forms a fluid space that is considered to
be continuous with the subarachnoid space. It is
thought that CSF is driven into this space due to
hydrostatic pressure gradients where it then gains
access to the nasal mucosa interstitial tissue or
perhaps even directly to lymphatic vessels within
this tissue [90, 96]. The dense lymphatic network of
the nasal mucosa then drains into the deep cervical
lymph nodes. Solid evidence for the importance of
this route in draining CSF has come from exper-
iments that have sealed the cribriform plate in
vivo and have demonstrated dramatic reductions
in CSF-administered tracer recovery outside the
CNS, a rerouting of tracer distribution to the spine
and, in some cases, even increases in intracranial
pressure [97-99].

It still remains to be determined how intact the
arachnoid or perineural layers of tissue are at this
location and thus whether any barriers might exist
for fluid, solutes, or cells to reach the lymphatic
system. It has been proposed that barrier prop-
erties are no longer present once the nerves have
penetrated through the cribriform plate, as the per-
ineural layers become loosely adhered to the nerves
with discontinuous junctions between cells [96,
100]. In recent studies in rodents, lymphatic ves-
sels have been shown to completely cross through
the cribriform plate to potentially access the sub-
arachnoid space directly [94, 101-103]. In order
for constituents of the CSF to directly drain into
these vessels, the arachnoid barrier must be lack-
ing in integrity somewhere at this anatomical loca-
tion. Some evidence for this exists in developing
rats and humans, as claudin-11, a transmembrane
tight junction molecule that was found to delineate
the arachnoid barrier, was not found in the tissue
immediately overlaying the cribriform plate [104,
105]. Thus, an open pathway may exist for CSF to
reach the lymphatics within the nasal mucosa in
a bulk flow manner, as shown by studies demon-
strating different sized particles reaching draining
lymph nodes or the systemic circulation with sim-
ilar dynamics [92, 106].

Several studies have also demonstrated outflow
of CSF tracers along with the perineural space
that accompanies the optic nerves as they exit
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through their respective optic canal [92, 107-109].
Unlike the olfactory nerves, the optic nerve is
covered by arachnoid mater cells and dura mater
up to the point where the nerve enters the orbit,
raising immediate yet to be answered questions
as to how these meningeal layers are permissive
for outflow and where exactly the lymphatic ves-
sels are located that drain the fluid. Nonetheless,
tracers have been found to reach the connective
tissue around the orbit and efflux through lym-
phatic vessels that track along the facial vein to
the superficial cervical (or mandibular) lymph
nodes [92, 107]. There is also evidence of efflux
along trigeminal and facial nerves [92, 110, 111].
Finally, tracers have been found to exit the skull
at the jugular foramen, whether in a perineural
fashion along the glossopharyngeal (cranial nerve
IX), vagus (cranial nerve X), and accessory (cranial
nerve XI) nerves or as an exit point for basal dural
lymphatics [92, 112].

Compared to the cranial pathways, a lesser pro-
portion of CSF is drained from the spinal column.
Much focus has been on the regions at the dorsal
nerve root, where the spinal nerves emerge from
the CNS to the periphery and are accompanied by
layers of the meninges in a similar manner to cra-
nial nerves. These layers form what is known as
the subarachnoid angle or cul-de-sac at the dor-
sal root ganglion [113]. Lymphatics within either
the dura mater or epidural tissue are present at a
high density at these locations in mice [114, 115].
Using near infrared (NIR) and magnetic resonance
(MR) imaging in mice, we have determined that the
major efflux pathways from the spine appear to be
located at the lumbar and sacral nerve roots near
the filum terminale [116], consistent with earlier
studies [117, 118]. After efflux into the epidural tis-
sue, lymphatic vessels transport the CSF tracers to
sacral and deep iliac lymph nodes [116].

A network of lymphatic vessels in the dura mater
was rediscovered in two studies published in 2015,
triggering much research activity on this topic [93,
94]. These vessels had been previously described
in many species, including humans, cats, dogs,
and rats [101, 119-122]. Anatomically, these ves-
sels exist as a small network of vessels in the
dura mater lining the dorsal skull, closely associ-
ated with the dural venous sinuses (superior sagit-
tal and transverse sinuses), with a more extensive
network in the cerebellar ring and following the
dural blood vessels at the base of the skull [93, 94].
These vessels appear to be different in morphol-

ogy to lymphatic vessels in other organs, with very
sparse valve or smooth muscle coverage through-
out the network. With the exception of some basal
dural lymphatics, they were also shown to have
vascular endothelial-cadherin junctions of the “zip-
per” phenotype, which are more associated with
either collecting or developing lymphatic vessels,
rather than the mature lymphatic capillaries usu-
ally responsible for fluid and cell entry [112].
In addition, they form late in the developmen-
tal process, at the postnatal stage in the mouse,
and also appear to be quite sensitive to anti-
lymphangiogenic treatment [114].

Although these dural lymphatic vessels have been
the subject of intensive research since their redis-
covery, several questions remain regarding their
role in efflux from the CNS. For one, their loca-
tion has been firmly established to be within the
dura mater layer of the meninges. This is signifi-
cant, as the dural blood vessels lack the endothe-
lial cell barrier properties that are found in the CNS
parenchyma and, thus, this places the dural lym-
phatic vessels outside the arachnoid barrier iso-
lating the CNS from the periphery [123]. Second,
transgenic mice that were found to lack dural lym-
phatic vessels had neither detectable increase in
fluid in the brain nor any elevation in intracra-
nial pressure [94]. While experiments from some
groups have been able to document uptake of trac-
ers into these vessels after either CSF or parenchy-
mal administration [93, 94, 112, 124], others have
not [92]. There is also debate about the relative
importance of the dural lymphatic vessels on the
dorsal aspect of the skull versus those on the
basal aspect [112]. Tracer studies have consis-
tently shown a predominantly ventral flux of CSF
[125-127] with only minimal transport of CSF to
the dorsal aspect of the brain.

Evidence from tracer studies for clearance of CNS
interstitial fluid

Even more unsettled are the potential routes for
the interstitial fluid (ISF) of the CNS parenchyma to
clear to the periphery (Fig. 2). The traditional con-
cept was that production of fluid occurs at the BBB
with CSF acting as a “sink” for the fluid and solutes
that need to be eliminated from the parenchyma
[86]. This process was considered to be driven
mostly by diffusive action through the parenchyma
and then either through the ependyma into the
ventricles or through the pia-glia interface to reach
the CSF in the subarachnoid space. Research
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Fig. 2 Proposed models of fluid flow and clearance in the mouse central nervous system (CNS). Interpretation of tracer
studies in mice has led to the following models: (1) Glymphatic pathway (green): From the subarachnoid space, cerebrospinal
fluid (CSF) enters a perivascular space located between the arterial wall and glia limitans along penetrating arterioles.
CSF then flows through (or between) astrocyte end-feet in an aquaporin-4 (AQP4)-dependent manner, to enter the brain
parenchyma where it mixes with brain interstitial fluid (ISF) and waste metabolites. This fluid then, also through astrocyte-
mediated mechanisms, exits the brain interstitial space to reach a perivenous space and is directed either back to CSF
or toward lymphatic outflow sites. (2) Vascular basement membrane pathway (VBM, blue): CSF enters through pia mater
stomata (not shown) to subpial arteries on the brain surface. The fluid then gains access to vascular (endothelial, smooth
muscle) basement membranes which provide low resistance fluid pathways for flow along the penetrating arterioles. At the
capillary level this fluid pathway is defined by endothelial and parenchymal basement membranes that merge at this level.
At the venule level this fluid pathway is proposed to continue within the endothelial basement membranes. In this model,
mixing of CSF and brain ISF occurs predominantly via diffusion. (3) Intramural periarterial drainage pathway (IPAD, black):
ISF and solutes from the brain parenchyma access the basement membranes at the brain capillaries and then drain along
smooth muscle-associated basement membranes around arterioles and arteries. This pathway is proposed to continue along
the arteries as they breach the subarachnoid space to exit the skull, to reach extracranial lymphatics. (4) Subpial pathway
(red): CSF has been shown to flow in a paravascular space (bordered by the vessel walls, the pia, and the glia limitans) on
the surface of the brain in the direction of blood flow. This space appears to be created by a “tenting” of the pia over the
surface arteries and veins creating a subpial space. At locations where arteries and veins are in close proximity or cross
over each other, a transfer of fluid from paraarterial to paravenous spaces may occur.
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from the group of Helen Cserr [128, 129] showed
that parenchymal depots of different sized tracers
clear at the same rate, indicating that bulk flow
pathways must exist for clearance of the solutes.
Based on the use of horseradish peroxidase, the
efflux pathways were considered to be mostly along
anatomically not precisely defined “perivascular
spaces” of penetrating blood vessels to the sub-
arachnoid space with lesser routes along fiber
tracts of white matter and the subependyma [128].
While the mixing of interstitial solutes with the
CSF appeared to be limited, at least at the cisterna
magna sampling site, it was considered that the ISF
still left the CNS via CSF efflux routes (e.g., nasal
mucosa) [130]. However, another model has been
proposed by other investigators to explain the lack
of recovery of ISF-injected tracers in the CSF [131,
132]. This model postulates that intramural base-
ment membrane-associated pathways starting at
the level of capillary basement membranes and
continuing in the vascular wall of arteries along the
basement membranes of smooth muscle cells act
as direct routes out of the brain, and that these
“intramural periarterial drainage” (IPAD) spaces
span the subarachnoid space and extend out of the
skull to reach lymphatic vessels leading to the deep
cervical lymph nodes [105, 133]. Although this con-
tinuous pathway from the brain to lymphatics has
yet to be mapped, indirect evidence of perivascu-
lar edema and neurocognitive deficits after sever-
ing the cervical lymphatic connections has been
observed in some species [134]. Additionally, the
accumulation of amyloid, which occurs specifically
around arteries, would also seem to provide sup-
port for such a clearance pathway [133].

Investigators have also proposed that CSF can
enter the brain through anatomically not precisely
defined paravascular/perivascular routes through
a bulk flow mechanism. Traditional evidence for
this has been based on postmortem assessments
of tissue, in which tracer can be found at a perivas-
cular location surrounding parenchymal blood ves-
sels, even with short periods of time between
the time of injection and death of the animal
[135-137]. However, it has been shown that at
death, a massive and rapid influx of tracers into
perivascular spaces of CNS penetrating vessels can
occur, which will complicate the conclusions that
can be made from analysis of postmortem spec-
imens [126]. Stronger evidence would appear to
exist from in vivo experiments, using epifluores-
cence or two-photon intravital microscopy mea-
surements of particle flow at the cortical surface

of the brain in rodents. With two-photon intravital
microscopy measurements through a cranial win-
dow, Iliff et al. demonstrated that tracers appeared
to enter the perivascular space of penetrating arte-
rioles soon after injection into the cisterna magna
[138]. At later time points, the tracers appeared in
paravascular spaces of veins on the brain surface.
In mice lacking aquaporin-4 (AQP4), a water chan-
nel highly polarized at the end-feet of astrocytes of
the glia limitans, less influx was observed. These
observations led to the proposal of the existence of
a “glymphatic system,” in which CSF would enter
in a convective manner along para/periarterial
routes, flow through the AQP4 water channels
across astrocyte end-feet to flush through the brain
parenchyma while mixing with ISF, and then exit
in a similar manner at peri-/paravascular routes
along veins [138]. At this point, the fluid has been
speculated (but not yet shown) to gain access to
the lymphatic system [139]. In subsequent studies,
this group has observed a paravascular flow of par-
ticles in the direction of blood flow along arteries on
the surface of the brain, possibly in a subpial loca-
tion, a flow that is assumed to continue to perivas-
cular spaces around the arteries as they pene-
trate into the brain parenchyma [140]. However,
one must note that tracers may directly reach par-
avenous spaces on the surface of the brain without
apparent influx into the brain [126], thus the
mechanisms controlling fluid flow in paravascular
spaces around blood vessels on the surface of the
brain may be distinct from those that may exist for
perivascular routes within the parenchyma.

At this point, it is important to note that exper-
imental and modeling studies have raised many
issues regarding the existence of the glymphatic
system [126, 141-143]. A shortcoming of the glym-
phatic concept is that it lacks integration of the
existing cellular and acellular brain barriers. The
proposed mixing of CSF with ISF by the glymphatic
concept is also difficult to reconcile with the main-
tenance of a homeostatic environment of the CNS
parenchyma that is essential for proper neuronal
function. Furthermore, the glymphatic concept
does not provide a satisfying answer on how the
proposed efficient “waste clearance” of the CNS
parenchyma via the CSF would allow to maintain
immune privilege of the CNS parenchyma while
directing immune surveillance to the CSF-filled
CNS border compartments. Taking these consider-
ations into account, another model has been pro-
posed in which a directed circulation of CSF occurs
along vascular basement membranes that could
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provide a potential low resitance route for fluid and
solute flow within the perivascular compartment
at all levels of the vascular tree [142, 125]. In this
model, the exchange of ISF in the parenchyma and
the CSF in the perivascular space would occur
primarily through diffusion across the glia limitans
(Fig. 2).

Of interest is that “glymphatic clearance” of the
CNS is more active during sleep [144] while lym-
phatic drainage in the periphery depends on mus-
cular activity and is thus higher during awake
periods [145]. Combined with the observation that
immune cell trafficking and function shows cir-
cadian clock driven rhythmicity [146], it will be
important to bring these observations into an
agreement to improve our understanding of CNS
immunity.

Afferent pathways during CNS immune responses

Many fundamental questions remain about how
soluble antigens or APCs utilize potential efflux
pathways for initiation of an adaptive immune
response or the maintenance of peripheral tol-
erance to CNS autoantigens. In the periphery,
antigen-specific activation of lymphocytes may
occur within the affected organ itself, along the
pathways of antigen drainage or within the drain-
ing lymphoid tissue. Almost all tissues in the body
contain strategically placed APCs capable of pre-
senting antigens by MHC class I or II molecules
to CD8" and CD4" T cells, respectively. As out-
lined above, initiation of immune responses within
the CNS parenchyma itself has not been readily
observed. Instead, soluble antigens may be drained
along the pathways that have been proposed by
the aforementioned tracer studies for uptake and
presentation within the CNS-draining lymph nodes
or, alternatively, CNS border-associated APCs take
up and present antigens locally or may potentially
traffic from the CSF spaces to the lymph nodes.

Pioneering work by the group of Helen Cserr and
Paul Knopf in the late 1980s and early 1990s,
investigated systemic humoral immune responses
in rats using CSF injections through an indwelling
cannula of different foreign antigens, such as
human serum albumin (HSA) or chicken oval-
bumin, or autoantigens such as myelin basic
protein (MBP). Low volume injections of either
HSA or ovalbumin into the CSF resulted in an
antigen-specific IgG serum antibody response with

antibody-secreting cells identified in both superfi-
cial and deep cervical lymph nodes and the spleen
[147, 148]. Interestingly, injections of HSA into
CSF were more immunogenic than when injected
into extracerebral sites, such as the peritoneal cav-
ity or muscle. Lymphatic efflux to cervical lymph
nodes was essential for these responses as 10-fold
less antigen-specific antibody could be detected
in serum if cervical lymph nodes were surgically
removed prior to the antigen injection. It will be
interesting to explore if this efficient CSF-raised
CNS-specific humoral immune response observed
in these early studies receives a contribution of the
recently identified “private CNS source of B cells”
residing in the dura mater [39, 45]. These dural
resident B cells have been proposed to maintain
CNS immune quiescence [39]. In accordance with
this recent concept, the early work in the Cserr
laboratory already showed that an infusion of
the autoantigen MBP into the CSF of rats before
induction of EAE by subcutaneous immunization
with MBP in adjuvants suppressed clinical symp-
toms in this rat EAE model [149]. Interestingly,
MPB infusion into the CSF was more effective at
suppressing clinical signs of EAE when compared
to systemic injection of MPB [149], suggesting
that appearance of soluble protein antigens in the
CSF rather leads to tolerizing immune responses.
Since this time, several other studies have demon-
strated the importance of an intact communication
with CNS-draining lymph nodes during the pro-
gression of EAE. For example, removal of the
cervical lymph nodes reduced the size of the cor-
tical lesions in cryolesion-enhanced EAE in rats
[150] and attenuated the symptoms of sponta-
neous EAE in a transgenic mouse model [151].
In an elegant study, excision of superficial and
deep cervical lymph nodes and as well as the
spine-draining lumbar lymph nodes limited the
severity of relapses in an actively induced
relapsing-remitting EAE mouse model [152].
In a more recent study, Louveau et al. used a cis-
terna magna-injected Visudyne compound known
to generate destructive reactive oxygen species
through activation by light shown through the
skull to ablate specifically the dorsal lymphatic
vessel structures. In an EAE model, this led to
delayed onset of the disease with reduced clinical
symptoms [124]. Surprisingly, neuroinflamma-
tion does not appear to lead to an expansion of
the dural lymphatic vessels [103, 124], despite
their apparent sensitivity to lymphangiogenic
compounds.

© 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of A iation for Publication of The Journal of Internal Medicine. 59

Journal of Internal Medicine, 2022, 292; 47-67

85UB017 SUOWILLIOD BAIFER1D) 3|edldde au Aq peusenob ae ssjoe YO ‘8sh 0 S3InJ 10y AReiq1 8UIIUO 8|1 UO (SUORIPUCD-PUR-SLUBY /W00 A3 1M AfIq 1 BUI|UO//SUNY) SUORIPUOD PUe SWie L 8L} 88S *[2202/TT/TT] uo Ariqiauliuo A8 ‘ueg BISRAIIN Ad 69VET WIONTTTT OT/I0P/W00 A3 1M Afeiq 1 pUI|UO//SHNY WO} PaPeo|UMOQ ‘T ‘2202 ‘96.2S9ET



JIM

While it is generally now accepted that border-
associated macrophages such as perivascular
macrophages [153, 154] and others are the prin-
ciple APCs within the CNS [155], there is yet no
robust evidence that these resident cells traffic to
draining lymph nodes. Several studies have now
provided evidence for the presence of bona fide DCs
in CNS subarachnoid and perivascular locations
during homeostatic conditions [155, 156]. Immune
cells, including DCs, have been shown to egress
through the cribriform plate to the nasal mucosa
tissue, although these studies have typically been
able to identify only a few cells in each case [103,
124, 157, 158]. If initial lymphatic vessels found
on the CNS-facing side of the cribriform plate truly
extend into the subarachnoid space, this may allow
for unfettered APC access to the lymphatic system.
Lymphatic vessels on the CNS side of the cribriform
plate express CCL21 [103], the major chemokine
implicated in immune cell migration into initial
lymphatic vessels through interactions with CCR7
[159, 160]. Indeed, cells lacking CCR7 are retained
to a greater degree in the CNS than those that
express this receptor [124, 161]. Further research
is necessary to elucidate whether APC migration
from the CNS plays a significant role in disease.
While APCs containing myelin and axonal antigens
have been found within cervical lymph nodes from
patients with MS, and mouse and primate models
of EAE [162], it is not clear whether these antigens
were transported within these cells or were rather
taken up in soluble form within the afferent lymph
arriving at the subcapsular sinus.

Recently, the choroid plexus and the dura mater
have been implicated as important neuroim-
mune interfaces. However, a key question that
remains is how these immune cell ramparts in the
choroid plexus stroma and the dura mater could
potentially communicate with the CNS border com-
partments or the CNS parenchyma proper that are
separated from these sites by one or even two brain
barriers. The choroid plexus has no known lym-
phatic vessel network and, thus, would not be an
expected site for the initiation of a classical sys-
temic adaptive immune response. Yet, one study
has proposed that T cells injected into the lateral
ventricle can migrate across the choroid plexus
epithelium and undergo activation by APCs within
the choroid plexus stroma [163]. It will remain to
be shown if the choroid plexus stroma provides
a unique immunological niche that ensures CNS
immune surveillance by allowing for two-way traf-
ficking of immune cells across the BCSFB and thus

integration of signals from the periphery and the
CNS.

It is also intriguing that immune cells in the dura
mater are not found to be evenly distributed but
rather observed to accumulate close to the dural
venous sinuses [39, 40]. This precise site was previ-
ously identified as a neuroimmune interface where
CSF-derived antigens can accumulate and lead to
local T-cell activation [74]. As at precisely these
locations veins from the CNS parenchyma and sub-
arachnoid space egress into the dural sinus, it is
tempting to speculate that molecules from the CNS
parenchyma or subarachnoid space may reach the
dura mater by moving along the walls of blood ves-
sels that bridge the glia limitans and the arach-
noid barrier. One could also speculate that this site
allows for the trafficking of immune cells between
the dura mater and the subarachnoid space poten-
tially circumventing the arachnoid barrier.

In addition, the CSF-draining perineural spaces
have yet to be closely examined as potential sites
of immunosurveillance. While peripheral nerve
myeloid-derived cells have recently been identified
[164, 165], it is yet to be determined whether APCs
and lymphocytes can traffic to and from these sites
from the periphery.

Conclusions and outlook

Our concept where the brain barriers play a cen-
tral role in maintaining CNS immune privilege and
immune surveillance raises the question of how
these barriers form during embryonic development
allowing for the establishment of CNS immune
privilege. Protein concentrations in fetal CSF are
much higher when compared to the adult. While
some authors suggested that this is due to the
embryonic immaturity of the BBB and BCSFB,
others have shown that the high CSF protein
concentration is rather a result of transcellular
transfer of plasma proteins across the embryonic
choroid plexus epithelial cells (summarized in
[166]). Combined with slow CSF protein turnover
and an ependymal CSF-brain barrier, which is only
a barrier between the CSF and CNS parenchyma
during embryonic development, this would provide
an alternative explanation for the high CSF pro-
tein concentrations detected during development.
These observations highlight that localization of
the barriers dividing CNS compartments with
respect to their accessibility for blood-derived pro-
teins may change during development. In addition,
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characteristics of a given barrier may change dur-
ing development. This is true for the BBB across
which access of immune cells to the CNS changes
during development. During early postnatal devel-
opment, the BBB still allows for CNS access
by circulating naive T cells, which is no longer
observed in the adult [167, 168]. By allowing CNS
access of naive T cells early during development
the BBB may play an active role in establishing
peripheral self-tolerance to CNS-sequestered anti-
gens [169]. It is intriguing to note that in contrast
to most lymphatic vessels, which mature during
embryonic development, the dural lymphatics
only develop postnatally [114], suggesting that
early availability of this drainage pathway would
interfere with the development of CNS immunity.

Communication between the brain barriers with
a potential impact in adapting barrier functions
has also been observed in the adult where in case
of neuroinflammation when BBB properties fail,
induction of tight junctions between astrocyte end-
feet was observed suggesting establishment of a
novel glial BBB for immune cell and immune-
mediator entry into the CNS [170].

An increasing number of studies have provided
evidence for a role of BBB alterations established
during development in causing psychotic disor-
ders like schizophrenia. These observations con-
verge with increasing evidence for a role of immune
dysfunction in these diseases [171] pointing to
an important role of the brain barriers in cogni-
tive functions and CNS immunity. In fact, stud-
ies pioneered by the laboratory of Michal Schwartz
have provided evidence that CNS-specific adaptive
immunity is required for brain plasticity and neu-
ronal function [172]. This “protective autoimmu-
nity” was shown to be mediated by T cells from the
CNS borders.

Further elucidation of the role of the individual
brain barriers and how they control the entry
and exit of immune cells and soluble immune
mediators in the CNS may lead to new thera-
pies for patients with neuroinflammatory disorders
focused on limiting the severity of clinical disabil-
ity or preventing secondary progression. In this
context, the development of imaging modalities
allowing determination of the functional and/or
inflammatory status of the different brain barri-
ers by magnetic resonance imaging or positron
emission tomography imaging in humans would
significantly advance diagnosis and treatment

of neuroinflammatory disorders. To this end,
studies exploring the molecular signatures of the
brain barriers during health and neuroinflamma-
tion will set the stage for future developments of
barrier-specific imaging modalities. In this context,
the recent high profile studies that have suggested
possible roles for immune cells at the choroid
plexus and the dura mater will spark this research
on both the preclinical and clinical levels to find
potential new targets for diagnosis and treatment
at these CNS border tissues.

A better understanding of the compartmental
nature of the CNS may also improve drug delivery
for treatment of neurological conditions. It remains
a significant challenge for systemically adminis-
tered compounds to reach target cells in the CNS
parenchyma as they must not only breach the BBB
or BCSFB but also the additional barriers at the
pia mater and/or glia limitans. Alternative strate-
gies may emerge utilizing intrathecal or intranasal
administration to target immune cell aggregates
within the CSF compartment or to modulate lym-
phatic efflux.

In conclusion, the orchestrated function of the dif-
ferent endothelial, epithelial, glial, and fibroblast-
derived brain barriers in zoning the CNS has not
received sufficient attention. Integrating our grow-
ing mechanistic understanding of the function of
these brain barriers in zoning the CNS into com-
partments with different accessibility to immune
cells and immune mediators will be of fundamen-
tal importance to understand how these neuroim-
munological interfaces shape CNS immunity and
neuronal activity and thus ultimately CNS health
and disease.
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