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Immunologic privilege in the central nervous system and the

blood—brain barrier

Leslie L Muldoon'?, Jorge | Alvarez>'®, David J Begley*'S, Ruben J Boado®'®, Gregory J del Zoppo®'é, Nancy D Doolittle™

1,16
’

Britta Engelhardt”'6, John M Hallenbeck®'®, Russell R Lonser®'®, John R Ohlfest'®'®, Alexandre Prat*'®, Maurizio Scarpa'"'¢,

Richard J Smeyne'?*'¢, Lester R Drewes'? and Edward A Neuwelt

1,14,15

The brain is in many ways an immunologically and pharmacologically privileged site. The blood-brain barrier (BBB) of the
cerebrovascular endothelium and its participation in the complex structure of the neurovascular unit (NVU) restrict access of
immune cells and immune mediators to the central nervous system (CNS). In pathologic conditions, very well-organized
immunologic responses can develop within the CNS, raising important questions about the real nature and the intrinsic and
extrinsic regulation of this immune privilege. We assess the interactions of immune cells and immune mediators with the BBB and
NVU in neurologic disease, cerebrovascular disease, and intracerebral tumors. The goals of this review are to outline key scientific
advances and the status of the science central to both the neuroinflammation and CNS barriers fields, and highlight the
opportunities and priorities in advancing brain barriers research in the context of the larger immunology and neuroscience
disciplines. This review article was developed from reports presented at the 2011 Annual Blood-Brain Barrier Consortium Meeting.
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INTRODUCTION

The blood-brain barrier (BBB) limits the entry of immune cells and
immune mediators into the central nervous system (CNS). The
anatomical basis of this barrier lies in the tight junctions formed
between endothelial cells (ECs) and their low pinocytotic activity.
The surrounding microenvironment also has a fundamental role in
promoting the distinctive features of the BBB. The neurovascular
unit (NVU) is a conceptual construct that consists of horizontal
elements comprising microvessels (endothelium, basal lamina,
and astrocyte endfeet), and vertical elements including interven-
ing astrocytes, the neurons and their axons, and other supporting
cells such as pericytes. The NVU construct emphasizes the
influence of CNS and vascular cellular and acellular elements
and secreted factors on the unique physiology of cerebrovascular
endothelium.'™® Interactions among the horizontal and vertical
components of the NVU are critical to understand CNS immune
responses.

The concept of CNS immune privilege arose from the apparent
segregation of immune responses occurring in the brain from
those in the peripheral immune system.‘”’8 Its features include (1)
limited penetration of the BBB by antibodies, immune mediators,
and immune cells from the systemic circulation; (2) a lack of

lymphatic vessels in the parenchyma to drain antigens and
immune cells from the CNS to peripheral lymph nodes; (3) inability
of microglial and astroglial cells to sustain immune responses,
(4) paucity of dendritic cells (DCs) in the parenchyma; and (5) low
levels of major histocompatibility complex expression and
delayed, reduced, or absent responses in the brain.

In fact, there is a relative and specialized immune privilege of the
CNS. Leukocyte penetration into the CNS proceeds through
multiple routes,”'® including (1) blood-to-subarachnoid space via
leptomeningeal vessels, (2) blood-to-parenchymal perivascular
space through the BBB, (3) blood-to-cerebrospinal fluid (CSF) via
the choroid plexus, and (4) blood to CSF via meningeal spaces and
through the ependyma lining ventricles. Under homeostatic
conditions in nondisease states leukocyte trafficking is relatively
low and the cells rarely enter the neuropil®'' Rather, leukocytes
accumulate on the abluminal side of CNS microvessels'? where
they encounter perivascular antigen-presenting cells, collect CNS
antigens, and patrol the CNS barriers."® Leukocyte trafficking can
increase considerably in inflammation and disease."" Memory
T cells are found in the CSF under steady-state conditions® and
within the parenchyma long after brain antigen challenge.'
Microglia are essential components of CNS innate immunity,
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immune defense mechanisms independent of antigens,'>'® and

can respond to environmental or endogenous insults by changing
the balance between proinflammatory and antiinflammatory
macrophages.'” Thus, the different barriers and routes used by
immune cells to access the CNS establish a unique architecture
for CNS immune privilege resembling that of a medieval castle
(Figure 1)."

In pathologic conditions, such as neurodegenerative diseases,
cerebrovascular disease or injury, and intracerebral tumors,
organized immunologic cascades develop within the NVU and
the CNS that produce distinct disease entities and contribute to
disease pathogenesis.%'® Multiple interactions within the NVU and
molecular pathways/soluble factors contribute to changes in the
relative state of CNS immune privilege before, during, and years
after immunologic response and disease.

The 2011 Annual Blood-Brain Barrier Consortium Meeting was
directed toward ‘The brain as an immunologically and pharma-
cologically privileged site.” This review is the summary compiled
from six individual reports presented at the meeting. Participants
in each subcommittee report are listed in Table 1.

IMMUNE PRIVILEGE IN NEUROLOGIC DISEASE
Multiple Sclerosis

Multiple sclerosis (MS) is the prototypical human neuroinflamma-
tory CNS disease, with extensive focal and disseminated infiltra-
tion of mononuclear cells in the white and gray matter. The
unique architecture that provides relative CNS immune privilege
(Figure 1)"" leads to the hypothesis that lesion distribution in MS
should reflect the original sites of entry for immune cells. While MS
was long considered to affect only the white matter, recent
neuroimaging and histopathologic analysis show that the cerebral
cortex is extensively involved during early MS. Intravital two-
photon imaging in a rat experimental autoimmune ence-
phalomyelitis (EAE) model of MS shows effector T cell binding
and diapedesis through leptomeningeal vessels as well as the
BBB.'® Thus, meningeal vessels might provide cues for immune
cells to reach the leptomeningeal space and migrate from there to
the parenchyma. In clinical specimens, subpial demyelinating
lesions are topographically associated with meningeal
infiltrates.?®?' The presence of MS lesions around the optic
nerves and in periventricular white matter and spinal cord further
strengthens the concept of immune cell invasion not only via the
BBB, but also via the leptomeningeal spaces and the blood-CSF
barrier. The restrictive nature of the permeability barrier portion of
the NVU in leptomeningeal vessels is not uniform and ‘gradients’
of restriction or protection can be found in distinct CNS areas.
There is limited information on the regional variability of BBB
function within CNS regions and its relation to lesion localization.

The differential transmigration of distinct immune cells under
homeostatic and inflammatory conditions suggests that changes
in the NVU impact CNS immune privilege. There is circumstantial
evidence suggesting that distinct leukocyte subsets have different
capacity to enter, survive, or reside within the healthy CNS. Studies
investigating the molecular mechanisms of immune cell entry into
the CNS in EAE have focused on CD4™" T lymphocyte transmigra-
tion.?? Extrapolation to other immune cell subpopulations may be
incorrect. Expression of matrix proteins in the vascular basal
lamina and expression of integrins and other adhesion molecules
by cells of the NVU can be altered by both acute and chronic MS
and EAE."?* Live-cell imaging in EAE has shown that although DCs
use o4 integrins for adhesion to the BBB they are much more
efficient in their interaction with the inflamed BBB than are
T cells.?* In vitro studies and EAE models of MS have shown
that monocytes, macrophages, and DCs use adhesion molecules
such as ICAM-1, ALCAM, and ninjurin-1 to interact with
the endothelium and migrate to the CNS**?° CD4" T and
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Figure 1. The anatomical basis of the immune privilege of the
central nervous system (CNS) resembles the architecture of a
medieval castle. The CSF drained space (blue) resembles the castle
moat, which is bordered at the outside by the BBB—the outer castle
wall—and toward the inside by the glia limitans—the inner castle
wall. In the cartoon, the outer castle wall is established by endothelial
cells (ECs) (red bricks) protected toward the castle moat by the
endothelial basement membrane (blue line), in which a high
number of pericytes is embedded. The inner castle wall is mounted
by astrocytic endfeet (green) protected toward the castle moat by
the parenchymal basement membrane laid down by astrocytes
(green line). Inside the castle, that is the CNS parenchyma, the royal
family of sensitive neurons (black) resides with their servants, the
glial cells. Immunosurveillance is restricted to the castle moat, where
perivascular macrophages (brown cells) serve as guards that
continuously collect information from within the castle, and present
this information to the messengers, the immunosurveilling T cells
that can cross the outer wall. If in their communication with the
castle moat guards, T cells recognize their antigen they will get
activated, clonally expand and open gates in the outer castle wall
allowing the entry of more immune cells from the periphery. Within
the castle moat, the immune cells then mount an invasion of the
castle, breaching the inner castle wall and entering the castle with
the aim to eliminate any intruders. If for reasons unknown, T cells
turn their attack to the inhabitants of the castle; chronic immune cell
invasion of the castle will eventually kill many of the castle
inhabitants leading to neuronal deficits as observed in chronic
neuroinflammatory diseases of the CNS.""

B lymphocyte extravasation appears to rely on the expression of
counter ligands for ICAM-1 and VCAM, while CD8* T lymphocyte
migration appears dependent on the VLA-4-VCAM pathway.>*%’
The molecular mechanisms used by other immune cells such as B
cells, granulocytes, and natural killer cells to migrate into the CNS
in MS remain largely unexplored. These findings show that distinct
immune cell populations might require a particular set of
molecules to access the CNS. Such requirements could prove
useful in terms of therapeutics.

Mechanisms of antigen presentation from the CNS to the
periphery in MS neuroinflammation remain unclear. The CSF
communicates with brain interstitial fluid and carries brain
antigens to arachnoid granulations and the cribriform plate where
they can egress to blood."® The choroid plexus transports,
processes, and presents antigens in MS,?® and serves as a major
portal for immune surveillance.'®?° The CNS lacks a classical
lymphatic system, but animal models show that CNS antigens®°
and even nanoparticles®' are drained from the CNS and localize in
deep cervical lymph nodes, through a drainage system of the
cribriform plate. It is unknown if antigen-loaded immune cells can
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Table 1. Co-Chairs and members of the five working groups

Multiple sclerosis and demyelination
Co-Chairs: Britta Engelhardt and Alexandre Prat
Contributors: Ingo Bechman, Nicole Schaeren-Wiemers, and Jack
Antel

Alzheimer’s and Parkinson’s disease
Co-Chairs: Richard Smeyne and Ruben Boado
Contributors: Howard E Gendelman, Malu Tansey, and William
Bowers, Eain Cornford

Central nervous system genetic disease
Co-Chairs: David Begley and Maurizio Scarpa
Contributors: Brian Eliceiri, Philip Elsinga, Alon Friedman, Andrea
Kassner, Paul Lockman, Timothy Murphy, Chris B Schaffer, Quentin
Smith, and Ursula Tuor

Cerebrovascular disease
Co-Chairs: John Hallenbeck and Gregory del Zoppo
Contributors: Kyra Becker, Ulrich Dirnagl, Richard Milner, Joseph
LaManna, Eng Lo, Pablo Villoslada, Roland Veltkamp, and Lester
Drewes

Malignant brain tumors
Co-Chairs: John Ohlfest and Russell Lonser
Contributors: Paul R Walker, Pedro R Lowenstein, Maria G Castro,
Christopher A Hunter, Aaron Johnson, William Elmquist, Krystof
Bankiewicz, and Zhengping Zhuang

exit the CNS and reach the draining lymph nodes or if antigens
diffuse from the CNS to the lymph nodes. Dendritic cells charged
with myelin peptides and colocalized with myelin antibody-
reactive T cells were found in the cervical lymph nodes of EAE
monkeys and possibly in MS,*® but it is unclear whether these
peptides were phagocytosed in the CNS by DCs and transported
to lymph nodes, or captured in the periphery by DCs that then
migrated to the lymph nodes. It is also not clear whether other
cellular and noncellular NVU components are involved in myelin
peptide transport and how presentation of brain antigens in
draining lymph nodes orchestrates immune and regulatory
responses targeted to the CNS.

Alzheimer’s Disease and Parkinson’s Disease

Cerebral vascular EC dysfunction and leukocyte transmigration
across the BBB are early events in the development of Alzheimer’s
disease (AD), Parkinson’s disease (PD), and other neurodegenera-
tive diseases,'®*33 but it is difficult to delineate whether they
represent a cause or a consequence of the disease. The
phenotypes of AD and PD are linked to advanced age, and
pathology often starts years before symptoms>* The BBB
multidrug resistance function decreases in a brain region-
specific manner with age®® resulting in decreased clearance of
neurotoxic compounds and increased oxidative stress in the brain,
elevating the risk of neurodegenerative pathology.*

Aberrant protein secretion or configuration can be actively
immunogenic. In AD, soluble amyloid f stimulates the transmigra-
tion of monocytes, enhances tau pathology, and induces secretion
of proinflammatory cytokines and chemokines.***%*” Microglia and
macrophages are activated by amyloid £.'®' In PD, a-synuclein
activates microglial cells in vitro,*® and may be proinflammatory
in vivo.*® It remains to be determined what component(s) of protein
misfolding (synuclein, tau, etc.) affect inflammatory responses, as
well as what secreted factors elicit specific neuronal damage.

Gene-wide association studies implicate immune components
in the etiology of PD* and AD.*' Further elucidation of the
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association of genetic loci that contain genes related to immun-
ocompetence and pathogen defense may increase options for
therapeutic intervention. There is potential for neuroimmune
modulation as a therapeutic strategy to prevent, attenuate, or at
least delay onset of neurodegenerative diseases. In addition,
disease-specific immune processes must be compared with
neurologically normal age-matched individuals, including
regional response to immune stimulation,*? mapping of CNS cell
types,”® and mechanisms for long-lived glial cell activation
response to insult.

Central Nervous System Genetic Disease

A number of inherited diseases directly affect the CNS. Good
examples are lysosomal storage disorders where mutation of a
single gene encoding a lysosomal enzyme or transporter can
result in the production of a defective protein and lead to a
specific disorder. Depending on the residual amount of enzyme
function, CNS deterioration in metabolic disorders may be chronic
and progressive or severe and rapid, while others show little
or no neuronopathy.***> Many of the inherited neurodegenerative
diseases and lysosomal disorders have an inflammatory compo-
nent characterized by microglial activation and secretion of
inflammatory cytokines.***” Inflammation may secondarily pro-
duce changes in BBB function or BBB pathology may be primary
in the disease natural history.***° In some lysosomal storage dis-
orders, the BBB is clearly compromised with extravasation of
plasma proteins or large molecular weight tracers.>® Inflammatory
mediators such as chemokines and tumor necrosis factor o are
significantly elevated in Gaucher's disease and are associated with
both BBB permeability changes and neuronal cell death.®' The role
of adhesion molecules and the various components of the NVU
have not been systematically assessed in these rare diseases.
The variety of CNS genetic disease models thus provide tools
for assessing mechanisms to modulate different classes of
inflammatory mediators and determine their individual roles in
NVU function and pathology.

Treatment of neuronopathic lysosomal storage disorders
requires effective CNS delivery of small molecular weight thera-
peutics and macromolecules across the BBB for enzyme replace-
ment therapy. Early bone marrow transplantation can provide a
source of enzyme secreting cells in the CNS by exploiting the
normal trafficking of mononuclear cells across the BBB.>* So far
bone marrow transplantation has only proven effective in the
general and CNS treatment of Mucopolysaccharidosis Type |
(Hurler's disease) and adrenoleukodystrophy, and some improve-
ment of CNS symptoms has been reported with metachromatic
leukodystrophy and Nieman—-Pick disease.>® In other disorders, the
number of migrating cells or the quantity of enzyme secreted may
be too little to be effective in preventing neurodegeneration.
Animal models of CNS genetic diseases could be used to assess
general mechanisms of peripheral leukocyte migration and long-
term residence in the brain.*’

IMMUNE PRIVILEGE IN CEREBROVASCULAR DISEASE

Focal cerebral ischemia causes direct injury to the cellular
and noncellular elements of the NVU and induces inflammatory
processes that alter the relationships of ECs, extracellular
matrix (ECM), and astroglial cells, resulting in acute and profound
changes in the microvascular permeability barrier and loss
of the vertical organization of the permeability barrier of the
NVU.2**>* patchy increased permeability to molecules as large as
fibrinogen, IgG, or nanoparticles is seen within 2 to 4hours
after middle cerebral artery occlusion.”®>” Conversely, hypoxic
conditions stimulate expression of BBB tight junction protein ZO-1
in vitro,”® and claudin-5 and occludin expression in vivo.>>>®
Endothelial cell integrins «1f1, 2341, and 061 decrease by
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2hours after middle cerebral artery occlusion.>?*** Inhibition
of the adhesion function 1 integrins on microvessel ECs
(‘'outside-in" signaling) in vitro significantly reduces claudin-5
expression, and increases permeability to small molecules
by confluent endothelium.>®> The ECM contains inactive matrix
metalloproteinases, growth factors, and other agents that may be
activated on ischemic insult®®®" while cellular elements of the
NVU generate matrix proteases that could potentially lead to
changes in ECM constituents over the course of hours after
focal cerebral ischemia.' Integrin u6p4 and of dystroglycan
on astrocyte endfeet disappear after middle cerebral artery
occlusion,”***%62 which is associated with detachment of
astrocyte endfeet and the appearance of perivascular edema.®®
These studies suggest that adhesive interactions between
the endothelium and the ECM contribute to the pharmacologic
and immunologic barrier, and that physiologic remodeling
of cerebral vessels is a carefully synchronized and orchestrated
process.5?

Leukocyte adhesion during focal ischemia is mediated by the
postcapillary venule endothelium, which expresses receptors
necessary for leukocyte transmigration.>*®® Recent in vitro assays
suggest that leukocytes enter the brain via breaks in the basal
lamina ECM, but evidence of active matrix metalloproteinases that
cause ECM degradation in vivo is lacking. Since leukocytes usually
remain in the Virchow-Robin space of large vessels of normal brain
without reaching the neuropil,'® matrix metalloproteinases could
function as processing enzymes, for example, by modulating the
function of chemokines.®® The situation in the postcapillary venule
is likely different.

The role of the blood-CSF barrier in the pathobiology of
cerebrovascular disease is underappreciated. The choroid plexus
immunologic ‘barrier’ is selectively vulnerable to ischemic
damage, whereby reduction in blood flow of ~40% produces
energy failure and epithelial cell damage compared with a
reduction of ~80% required for cortical injury.®” The damaged
blood-CSF barrier may expose adjacent hippocampus and
subcortical white matter to blood solutes, immune responses,
and inflammatory mediators that provoke local cytotoxicity,’” and
may also deprive them of cytoprotective growth factors. Choroid
epithelial cells subject to transient forebrain ischemia undergo
patchy degeneration by 30 minutes reperfusion, suggesting that
adjacent areas within the choroid epithelial cell layer have
different cellular contexts at ischemia onset. Transplantation of
cultured choroid epithelial cells®® or microencapsulated choroid
plexus grafts®® into the CSF is apparently cytoprotective in models
of ischemia because of growth factor release and suppression of
inflammation locally.

IMMUNE PRIVILEGE IN MALIGNANT BRAIN TUMORS

Macrophage/microglial infiltration is a hallmark of glioblastoma,
comprising upwards of a third of the tumor mass.”® Adhesion
proteins and integrin signaling are frequently altered in
glioblastoma’’ and brain metastases,”> and CNS tumors disrupt
the integrity of the BBB and change the composition of the ECM
and astrocytes in the NVU.”® Nevertheless, the importance of
interactions of immune cells and immune mediators with the NVU
in CNS tumors, and their general role in either tumor development
or therapy remains unclear.

Brain tumors are relatively abundant in mutated proteins that
should constitute immunogenic tumor-specific neoantigens.”*
Nonetheless, the immune system rarely successfully attacks CNS
cancers, and brain tumor patients often show immune defects.”
In animal models, tumors implanted in the mammary fat pad,’® or
skin’” were rejected by the immune response, while brain
xenografts of the same tumors were not rejected. The brain
xenografts showed higher expression of TGFf5, more tumor
infiltrating regulatory T cells, and functional impairment of
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tumor infiltrating DCs.’%”” In one clinical study, 18% of

immunosuppressed patients receiving organ transplantation
from a donor with a primary brain tumor developed cancer of
brain origin in the transplanted organ.”® This finding indicates that
immune function in glioma patients is competent to suppress
metastatic tumors but not the primary brain tumor.

The brain microenvironment is important in dampening cell-
mediated immune responses. The paraneoplastic neurologic
disorders (PNDs) provide important insights into how tolerance
to cell-associated brain antigens is regulated. They are caused by
immune responses to brain-specific antigens that are ectopically
expressed in tumors (hereafter referred to as onconeuronal
antigens). For example, a fraction of patients with small cell lung
cancer develop neurologic symptoms after immune responses
against the HuD protein that is normally expressed in neurons
even though all the primary tumors express HuD.”*#° Most PND
patients present with neurologic symptoms associated with
autoimmune attack of the brain rather than symptoms of tumor
burden and indeed symptomatic tumor progression is typically
delayed®' T cells reactive to onconeuronal antigens have been
documented in the CSF of PND patients.®’ The PNDs reveal that
there is normally strict peripheral tolerance to brain-specific
antigens, and even when tolerance to onconeuronal antigens is
broken, only under certain circumstances does that immune
response cause brain pathology. Cause-and-effect relationships
have not been established that can unambiguously explain how
tolerance to cell-associated brain antigens is regulated in brain
tumor patients.

Anticancer vaccines have shown encouraging safety in glioma
patients, but efficacy has not been shown in randomized
controlled clinical trials.®> Neuroinflammatory side effects are
seldom observed after brain tumor immunotherapy. In one study,
56 patients with recurrent malignant glioma were vaccinated with
DCs pulsed with autologous tumor lysate and only one patient
exhibited vaccine-associated edema and stupor,®® while others
report no vaccine-related symptomatic neurologic side effects 2*%°
Considering neuroinflammatory PNDs, the relative ease of
inducing EAE in animals, and the neuroinflammatory toxicities
observed in AD patients who were vaccinated with an amyloid /8
peptide fragment,®® a paradox exists regarding brain tumors. Why
is induction of symptomatic autoimmunity so rare in glioma-
bearing hosts treated by, for instance, tumor cell lysate vaccines
containing numerous self-antigens?®> These observations raise
important questions regarding how mechanisms of immunologic
tolerance may be unique to specific brain diseases. Until the
mechanisms that license effector T cells to enter the brain are
uncovered in primary brain tumors, it will be difficult to realize the
goal of effective brain tumor immunotherapy.

Our knowledge about how standard brain tumor therapies such
as radiation, chemotherapy, and antiangiogenics affect immune
responses is incomplete and contradictory. Radiation induces DNA
repair pathways, which result in the upregulation of costimulatory
ligands recognized by receptors expressed in T cells and natural
killer cells.®” Despite this, immunotherapy in the form of vaccines
or adoptively transferred lymphocytes has almost universally been
administered after radiation therapy is complete. Another case in
point is chemotherapy-induced lymphopenia. The prevailing
hypothesis is that lymphopenia increases the concentrations of
homeostatic cytokines necessary for T-cell survival, thereby
opening a ‘window of opportunity’ to expand tumor-reactive
T cells in vivo.B® Conversely, the diversity and competence of T
cells can be diminished for years after chemotherapy-induced
lymphopenia.®® Indeed, adoptive immunotherapy with CD8 T
cells is more effective in lymphoreplete hosts relative to lympho-
penic hosts, especially when regulatory T cells are deleted
concurrent  with IL-7 administration.”® Comparative studies
combining standard therapies with immune-based approaches
are immediately needed.
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RECOMMENDATIONS/PRIORITIES FOR ADVANCING
KNOWLEDGE
Alterations in Barrier Properties In Vitro

The field would benefit by better understanding the roles of
adhesion molecules for maintaining barrier integrity via EC-ECM—
astrocyte interactions, and signaling effects by these receptors
and by specific ECM components. The mechanisms of barrier
opening (e.g., roles of matrix proteases/matrix metalloproteinases)
and the signals that regulate localization and/or activation of tight
junction proteins including soluble stimuli and molecular cross-
talk (e.g., integrins/aff dystroglycan) are of interest. New BBB
models using multiple cell types and physiologic flow conditions
will provide better systems for studying immune cell interaction
with brain vasculature components.’’ Tools that would be
helpful include the identification of a promoter specific for
brain ECs, ECM-, and adhesion receptor-based inhibitors, and viral
vectors that specifically target CNS ECs. Recent laboratory work
developing major new formulations of the nature of the
permeability barrier underwrite the need for a concerted effort
to focus research to define the normative relationships of the
barrier components and their function. Additionally, we need to
know how NVU properties change under conditions of injury,
hypoxia, and disease, and in response to discrete stimuli (Table 2).
The ultimate goal is to develop an understanding that
would permit targeting network dynamics in a beneficial way
instead of trying to manipulate single molecular mechanisms to
protect the brain.

Alterations in Immune Cell Trafficking In Vivo

Special attention must be paid to understanding how tolerance
to brain antigens is regulated. An important aspect of
immune surveillance, particularly as related to the choroid plexus,
is to further understand its role in priming regulatory T cells to
brain antigens, the trafficking of natural or adaptive T cells, and
the local antigen presentation to regulatory T cells.”> More effort is
needed to define the molecular determinants of priming
and trafficking that result in high numbers of tumoricidal
T cells entering brain parenchyma. It is vital that future studies
do not focus only on T cells, but on checkpoints controlled by the
innate immune system as well as in discerning the mechanisms
involved in the migration of distinct immune cells types across the
NVU. Fundamental differences in immune cell trafficking across
species should be defined form anatomical and physiologic
perspectives.

Table 2. Schema for a multidisciplinary program to define the
neurovascular unit

Neurovascular unit
Stress responses
Preservation of homeostasis

Conceptual
models

Experimental
models

Cell culture systems (including human brain cells)
Slice culture

Small and large animal models

Outcomes Hypothesis-driven experiments for animal models,
slice culture, and cell culture systems

Brain cell transcriptomes and proteomes at
multiple time points, with mapping of the
interactomes

Iterative models of network dynamics

Resources
required

Multidisciplinary team of neuroscientists, stroke
experimentalists and clinicians, vascular biologists,
computational biologists, statisticians, computer
scientists, bioengineers, and bioinformatics experts
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Mechanisms to Improve Therapy Delivery Across the Blood-Brain
Barrier
Treatment for many CNS diseases will require safe and effective
delivery of large molecular weight proteins, viral vectors, or cells
across the BBB.”> Liposome encapsulated agents and drug
containing nanoparticles may be delivered to brain tumors by
convection-enhanced delivery.* Infusion with convection
bypasses the BBB to allow semihomogeneous perfusion through
large regions of brain and may increase therapeutic efficacy by
optimizing drug delivery kinetics and minimizing systemic
toxicity.”> Despite the potential of convection-enhanced delivery
in lesions such as brain tumors,” clinical trials of convection in PD
were negative and discontinued because of lack of efficacy.
Bifunctional fusion proteins and immunoliposomes that target
endogenous BBB transport systems, i.e., transferrin and insulin
receptors,”®®” have been successfully used to treat experimental
models of AD®® and PD.*>'°° Pending further development into
pharmacological/toxicological studies and clinical trials, these
molecules may become a new generation of neuropharma-
ceuticals. Most gene vector systems do not appear to cross the
BBB, but the viral vector AAV9 may be neurotropic and may show
promise for brain delivery.'"'%? AAV9-mediated delivery of
erythropoietin to the CNS protects against PD neurodegene-
ration.'®® However, safety concerns about the use of AAV vectors
in humans have been increased,'® and long-term safety studies
are needed to draw final conclusions on this issue.

Animal Models

Improved animal models are needed that better recapitulate the
phenotype of CNS disorders and have improved clinical predictive
value. Single gene mutations provide a number of good animal
models for lysosomal storage disorders that mimic the human
disease,***>3 and should be more fully used to evaluate immune
components of neurologic disease. In contrast, in genetic models
of PD (synuclein, LRRK2, PINKT, etc.), animals do not fully develop
a phenotype that is seen in human disease.'® The same is true for
animal models of MS, whether genetic or immunization based.
Further studies are needed to understand the mechanisms by
which animal models overcome the disease phenotype, and to
develop alternatives that do show neuroinflammation and
neurodegeneration. Differences in immunologic responses
across species should be pointed out in animal models of CNS
inflammatory and neurologic disease.

For tumor models, cell culture conditions affect expression of
genes involved in immune suppression so studies may reflect
culture artifacts rather than reveal insights into the immunology of
tumors.'® Preclinical trials in spontaneous mouse models'®”'% or
naturally occurring dog models'® may be more predictive of
human responses.

Imaging

It would be valuable to visualize lymphocyte trafficking, changes
in intracerebral lesions, and biomarkers of response to immu-
notherapy. Magnetic resonance imaging (MRI) using superpar-
amagnetic nanoparticle conjugated antibodies may show specific
immune cell subsets in vivo.''® Ultrasmall superparamagnetic iron
oxide nanoparticles such as FDA-approved ferumoxytol can be
taken up by immune cells, and should find wider use in evaluating
the immune component of intracerebral lesions."'! Figure 2 shows
examples of MRI after uptake of nanoparticles in brain tumor and
an MS lesion.

Clinical Studies

Special emphasis should be placed on human studies. A
standardized tissue procurement protocol and imaging plan
should be implemented to obtain information on immune status,
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Figure 2. Imaging inflammation. Ferumoxytol iron oxide nanoparticles are taken up by microglia in central nervous system (CNS) lesions and
can be visualized on magnetic resonance imaging (MRI).""® (A) Delayed detection of inflammation in glioblastoma. MRI of 57-year-old woman
with confusion, cognitive difficulties, and diagnosis of glioblastoma multiforme 9 months after chemoradiotherapy and on adjuvant
temozolomide chemotherapy. Top: T1-weighted (T1w) MRI before contrast, after gadolinium contrast (Gd) or 24 hours after ferumoxytol (Fe).
Ferumoxytol signal enhancement shows a larger tumor volume than gadoteridol because of uptake in inflammatory cells in the infiltrating
edge of the tumor. Bottom: T2-weighted (T2w) MRI before contrast, 25 minutes after ferumoxytol, and 24 hours after ferumoxytol. Signal
dropout is because of ferumoxytol uptake by inflammatory cells."® (B) Imaging an inflammatory component of multiple sclerosis (MS) with
ferumoxytol. MRI of 31-year-old woman with fatigue, confusion, and nondiagnostic biopsy. Presumptive diagnosis of primary CNS lymphoma
was disproven at biopsy after ferumoxytol imaging and showed demyelination. Top: T1-weighted (T1w) MRI before contrast, after gadolinium
contrast (Gd) or 24 hours after ferumoxytol (Fe) in a patient with MS. Bottom: T2-weighted (T2w) MRI before contrast, 25 minutes after
ferumoxytol, and 24 hours after ferumoxytol. Arrow indicates signal dropout because of ferumoxytol uptake in inflammatory cells.

metabolism, genetics, and gene expression in neurologic disease and immunotherapy. Phase Il clinical trials should be double
and intracerebral tumors. Brain tumor patients with PND, where blinded and placebo controlled, so that therapy failure can be
naturally occurring antitumor immunity is coupled to brain determined early, rather than investing in phase Il studies
autoimmunity, will be useful to study immune cell trafficking powered to detect incremental improvements. Understanding
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the systems biology that orchestrates the pharmacological and
immunologic barrier characteristics should be a priority.'"?

SUMMARY

The cell components, the ECM, and the vertical organization of the
microvessel permeability barrier of the NVU are dynamic, with
changes depending on type of injury and time frame of events. It is
clear that in animals and patients, only under certain ill-defined
circumstances do cytotoxic lymphocytes enter the brain parench-
yma. Immune cell migration into the brain in acute and chronic
brain diseases and related signaling deserve a reassessment using
state-of-the-art tools. Key questions regarding the role of the
immune system in disease development involve understanding the
interactions between the humoral and the innate nervous immune
system, the timeframe of changes, their longevity, and relationship
of immune components with final CNS phenotype. Therapeutic
approaches to neurologic disease must take into account both the
BBB and an array of immunologic processes in the CNS.
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