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OPINION

Losing your nerves? Maybe it’s the
antibodies

Betty Diamond, Patricio T. Huerta, Paola Mina-Osorio, Czeslawa Kowal and
Bruce T. Volpe

Abstract | We propose that the normal immunocompetent B cell repertoire is
replete with B cells making antibodies that recognize brain antigens. Although
B cells that are reactive with self antigen are normally silenced during B cell
maturation, the blood-brain barrier (BBB) prevents many brain antigens from
participating in this process. This enables the generation of a B cell repertoire that
is sufficiently diverse to cope with numerous environmental challenges. It requires,
however, that the integrity of the BBBs is uninterrupted throughout life to protect
the brain from antibodies that crossreact with microorganisms and brain antigens.
Under conditions of BBB compromise, and during fetal development, we think that

these antibodies can alter brain function in otherwise healthy individuals.

It has become increasingly clear that the

brain maintains a constant dialogue with the
immune system through communication
networks that are just now being revealed at
the molecular level. We now know that the
brain helps to control immune activation. For
example, in the cholinergic anti-inflammatory
pathway, the vagus nerve has been shown to
excite sympathetic nerves that innervate the
spleen and form direct synapses with cells of
the immune system'. In this manner, signalling
through the vagus nerve can modulate effector
mechanisms of both the innate and adaptive
immune systems'. It is also clear that many
substances produced in the brain modulate the
function not only of neurons but also of cells
of the immune system. Elegant studies have
shown that immune cells express receptors for
pituitary hormones (such as prolactin,

growth hormone, insulin-like growth factor 1
and thyroid-stimulating hormone) and neuro-
transmitters (such as acetylcholine, glutamate,
noradrenaline and endorphins) and that
immune function can be controlled through
these pathways”. Less is perhaps known about
potential homeostatic effects of the immune
system on the brain. Recent studies have
shown that MHC class I molecules modu-

late neural synapse formation during brain

development and can regulate the function of
these synapses in the adult brain’. Cytokines can
also have homeostatic functions in the brain;
for example, tumour necrosis factor (TNF)
regulates the recycling of the a-amino-3-
hydroxy-5-methyl-4-isoazoleproprionic acid
(AMPA) class of glutamatergic receptors,
which bind the neurotransmitter glutamate
and initiate excitatory activity in neurons’.
However, the immune system can also
cause brain pathology, one aspect of which
is the focus of this Opinion article. Some
of these pathologies have been extensively
studied. For example, in systemic lupus
erythematosus (SLE), antibody-mediated
activation of endothelial cells and initiation
of the clotting cascade in the vasculature of
the brain can lead to vasculitis or thrombosis
and ensuing ischaemic and inflammatory
brain pathology®. In multiple sclerosis, there is
large-scale infiltration of cells of the immune
system into the brain parenchyma as well
as activation of resident inflammatory cells,
astrocytes and microglial cells (see Glossary),
which results in nerve damage®. In addition
to such clinically obvious autoimmune and
inflammatory diseases of the brain involv-
ing invasion of immune cells into the brain
parenchyma, high-resolution neuroimaging

studies show that many more individuals have
structural lesions in the brain or functional
alterations in network connectivity that have
not been attributed to the immune response
and are not associated with immune cell
infiltrates. Although it has been assumed that
these changes are the result of neurodegen-
erative diseases or otherwise asymptomatic
vascular disease in adults, or unexplained
developmental abnormalities in children, we
suggest that immune-mediated damage to the
central nervous system (CNS) might occur
more commonly than we currently recognize.
Furthermore, we propose that this type of
disease might arise in apparently healthy indi-
viduals who are not genetically predisposed
to autoimmunity and do not have a defect in
immunological tolerance, in the absence of
infiltration of immune cells into the brain
and in the absence of clinical, perhaps even
subclinical, brain inflammation.

The focus of this Opinion article is
the potential role of serum antibodies in
modulating adult and fetal brain function.
We propose that many acquired changes
or congenital impairments in cognition
and behaviour might be the consequence
of common, circulating brain-specific anti-
bodies that can alter brain function if they
gain access to brain tissue.

Brain-reactive antibodies

In recent years, numerous brain-reactive anti-
bodies have been identified in human sera
and have been proposed to associate with
neurological or neuropsychiatric symptoms
(TABLE 1). These antibodies can be divided
into three categories: antibodies that have a
causal relationship with the development of
symptoms; antibodies that are generated as
a secondary symptom during brain disease,
perhaps as a result of brain injury; and anti-
bodies that will turn out to not be associated
with disease as more careful studies are
carried out (false-positive cases).

At present, few of these antibodies have
clearly delineated mechanisms of neuro-
toxicity, but three main mechanisms of
antibody function are possible (FIC. 1). Some
antibodies might act as receptor agonists (by
either mimicking ligand binding or acting
through allosteric modulation) or antago-
nists. Some antibodies might cause antigenic
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Table 1| Antibody-related disorders of the peripheral and central nervous systems

Disorder Defined antigen Autoantibody Antibody Antibody Passive  Clinical Maternal
present in usefulin  binding relevant transfer response transmission
CSF diagnosis  to disease model  to immune
mechanism modulation
Peripheral nervous system
Myasthenia gravis AchR and MuSK ND Yes® Yes Yes Yes Yes®
Lambert-Eaton syndrome VGCC and VGKC ND Yes Yes®® Yes Yes ND
and acquired neuromyotonia
Arthrogryposis multiplex Fetal AchR ND Yes Yes Yes®’ ND Yes
congenital
Post-infectious Gangliosides* and ND Yes!’ Yes Yes® Yes ND
polyradiculopathy microbial glycan*
(Guillain—Barré syndrome)
Central nervous system: spinal cord
HAM and tropical spastic hnRNP A1 (REF. 69) ND ND ND ND ND ND
paraparesis
Central nervous system: brain
Neuromyelitis optica Aquaporin 4 Yes® Yes Yes® ND Yes™ ND
Paraneoplastic syndromes Many’? Yes’? Yes ND ND ND ND
NMDAR?" Yes” Yes ND ND ND ND
Limbic encephalitis NMDAR’,NR1 and Yes Yes Yes ND Yes ND
NR2B NMDAR
subunits and VGKC™
Rasmussen encephalitis GRIA3 (REFS 75,76) Yes Yes ND ND ND ND
Hashimoto’s encephalitis AKR1A1 (REF. 77) Yes Yes Yes ND Yes ND
Encephalitis lethargica ND Yes’® ND ND ND ND ND
Stiff person syndrome GAD and gephyrin®  Yes” Yes Yes ND Yes®? ND
Post-streptococcal B-tubulin*®t, Yes Yes Yes® ND ND ND
movement disorders lysoganglioside and
(rheumatic fever) GlcNAc*
SLE NR2A and NR2B Yes?20 Yes?20 Yes* Yes*! Yes?® Yes®!
NSPA ND ND Yes'! ND ND ND
PANDAS ND# ND ND ND ND ND ND
Gluten enteropathy Synapsin 1 ND ND Yes® Yes®* ND ND
Autism ND ND ND ND Yes>>°® ND ND
Dyslexia ND ND ND ND Yes®® ND ND

*Ganglioside specifically refers to GM1, GD1a, GM1b and GalNAcGD1a. Also, in variant Guillain—Barré syndrome, the defined antigens are GQ1b, GT1a, GD3 and
GD1b . *Microbial glycan refers to Campylobacter jejuni lipooligosaccharide. $Gephyrin is a cytoplasmic protein that associates with glycine and y-aminobutyric
acid receptors. AchR, acetylcholine receptor; AKR1A1, aldo-keto reductase 1; CSF, cerebrospinal fluid; GAD, glutamate decarboxylase; GalNAc, N-acetyl
galactosamine; GlcNAc, N-acetyl-B-p-glucosamine; GRIA3, glutamate receptor, ionotrophic, AMPA 3; HAM, HTLV type 1-associated myelopathy; hnRNP A1,
heterogeneous ribonucleoprotein A1; MuSK, muscle-specific kinase; ND, not determined; NMDAR, N-methyl-p-aspartate glutamatergic receptor; NR1, NMDAR
subunit 1; NSPA, neuronal surface P antigen; PANDAS, paediatric autoimmune neuropsychiatric disorders associated with streptococcal infections; SLE, systemic
lupus erythematosus; VGCC, voltage-gated calcium channel; VGKC, voltage-gated potassium channel.

modulation, thereby altering the density of
the target antigen on the cell surface (for
example, altering the density of a receptor
through internalization). Other antibodies
might require interaction with diverse com-
ponents of the immune system to mediate
their effects. For example, some antibodies
might activate complement, whereas others
might engage Fc receptors on resident cells
in the brain or on infiltrating inflammatory
cells. It is also possible that some antibodies
bind brain antigens but have no effect.

Brain-reactive antibodies have been
observed in patients with several neurological
malignancies, autoimmune diseases, sei-
zures, movement disorders and ischaemic
brain syndromes. Individuals with altered
behaviour, abnormal cognition and neurode-
generative diseases also have these antibodies
(TABLE 1). For example, antibodies specific for
several different glutamate receptors have
been reported in seizure disorder, malig-
nancy-associated encephalopathy and neuro-
degenerative disease’. It is not yet clear which

of these antibodies cause brain pathology or
by what mechanism, although some of the
antibodies have been shown to act as agonists
for AMPA receptors and kainate receptors

in vitro®. Antibodies specific for aquaporin 4,
a water channel that is expressed on astrocytes,
are useful for the diagnosis of neuromyelitis
optica. These antibodies initiate complement
activation at the site of deposition. Expression
of the astrocytic glutamate transporter
depends on the presence of aquaporin 4; so,
antibody-mediated modulation of the density
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Figure 1| Antibodies can have a range of effector functions. Binding
of a brain-reactive antibody to its target antigen (in this case a receptor) can
have various effects. a| Antibodies can function as receptor agonists, either
through ligand mimicry or allosteric modulation. b | Antibodies can function
as receptor antagonists. ¢ | Antibodies can function as receptor co-agonists.
d | Cytokine signalling pathways can crosstalk with antibody-mediated

receptor signalling. e | Interactions between antibodies and receptors can
activate complement cascades. f| Antibody binding can activate Fc recep-
tors. g | Antibodies can cause receptor internalization (antigenic modula-
tion), thereby altering antigen density on the cell surface. h | Antibodies
can bind to the receptor without altering its function and without having
any effect. C1, complement component 1.

of aquaporin 4 might affect the cell surface
expression of the glutamate transporter and
in turn expose surrounding cells to the excito-
toxic effects of increased levels of glutamate”®.
Limbic encephalitis, both paraneoplastic and
idiopathic, is often associated with antibod-
ies that are specific for voltage-gated potas-
sium channels'. It is not clearly established
whether and how these antibodies contrib-
ute to symptoms of this disease, but they
might cause autonomic hyperexcitability.
Antibodies specific for ribosomal P protein
are present almost exclusively in patients
with SLE. These antibodies have recently
been shown to crossreact with a 331 kDa
membrane protein on neurons and to stimu-
late calcium influx that results in cell death'’.
Clinical data indicate that these antibodies
might be associated with psychosis'>".
Antibodies that are generated as part
of a protective response to infection have
also been shown to bind brain antigens
through molecular mimicry. Elegant stud-
ies have shown that antibodies specific for
an N-acetyl-B-D-glucosamine epitope on
polysaccharide from streptococcal bacteria
crossreact with a lysoganglioside expressed
on neurons'*". These antibodies have been
shown to trigger the phosphorylation of cal-
cium/calmodulin protein kinase II, which is
found in neurons throughout the brain and
is a component of many activation pathways.

In patients with rheumatic fever', the
lysoganglioside-specific antibodies target an
antigen that is preferentially expressed or is
particularly accessible on neurons in the basal
ganglia, a group of brain structures that have
arole in movement control. Because titres of
these antimicrobial and brain-specific cross-
reactive antibodies are high in the cerebro-
spinal fluid (CSF) of patients with rheumatic
fever and chorea and decrease as the involun-
tary movements become less frequent, it is
presumed that these antibodies are respon-
sible for the effects of rheumatic fever on the
CNS. Staining of brain sections from patients
with rheumatic fever using a lysoganglioside-
specific antibody shows that there is regional
specificity of the antigen within the basal
ganglia, the brain region from which the
abnormal movements are initiated'*. This
observation further supports the causal

role of antibodies in the chorea of patients
with rheumatic fever'*". It remains unclear
whether antibodies specific for streptococci
have a role in other movement disorders and
in neuropsychiatric syndromes’®.

Another example of brain-reactive anti-
bodies that crossreact with microbial antigen
is provided by the ganglioside-specific
antibodies that are present in patients with
Guillain- Barré syndrome that crossreact
with a lipooligosaccharide on the surface
of Campylobacter jejuni. These antibodies

impair Schwann cell function through a
complement-dependent process. This exam-
ple differs from the other cases described

in this Opinion article, as the blood-brain
barrier (BBB; BOX 1) does not isolate the
target antigen, which is present on peri-
synaptic Schwann cells encasing the nerve
root. These cells are located outside the BBB
and are exposed to circulating antibodies and
complement proteins'”*%.

In general, the antibodies that are associ-
ated with CNS disease seem to be generated
in secondary lymphoid organs and thereafter
gain access to the CNS from the circulation.
The molecular pathways that are triggered
or blocked by presumed pathogenic brain-
reactive antibodies are not well understood.
The identification of antibodies that are spe-
cific for neurons or glial cells should allow the
molecular identification of the target antigen
and an understanding of the pathways that
are activated after antibody binding. Indeed,
antibodies arising in pathological conditions
that bind to brain antigens could teach us a
great deal about differences in the phenotype
and function of neurons and glial cells in
different regions of the brain.

Antibodies specific for NMDAR

Our own studies have focused on a sub-
set of DNA-specific antibodies that are
present in the serum of 30-60% of patients
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with SLEY. These antibodies crossreact
with a consensus pentapeptide, DWEYS,
in the NR2A (also known as GRIN2A) and
NR2B (also known as GRIN2B) subunits
of the N-methyl-D-aspartate receptor
(NMDAR)". NMDAR is highly expressed
by excitatory neurons throughout the
brain and it binds the neurotransmitter
glutamate®*?!. When activated, NMDAR
functions as a conduit for calcium influx
from the extracellular milieu, resulting

in large calcium increases intracellularly,
which might lead to excitotoxic effects.
Antibodies that bind both DNA and the
consensus DWEYS peptide also bind
native NMDAR, activate NMDAR in brain
slices ex vivo and mediate excitotoxic
death of neurons when injected directly
into the brain parenchyma'. The finding
that Fab’, fragments of these antibodies
can also cause excitotoxicity indicates
that the antibodies do not need to trigger
immune cell-mediated cytotoxic mecha-
nisms or cause inflammation to result

in neuronal death, and they probably
function as receptor agonists or positive
modulators of NMDAR. This conclusion
is further supported by two observations:
first, NMDAR antagonists can inhibit this
antibody-mediated excitotoxicity; and
second, the endogenous neurotransmitter
glutamate must be present for the antibody
to have a toxic effect. In our preferred

Box 1| The blood-brain barrier

model, glutamate opens the NMDAR
pore and the NMDAR-specific antibody
increases the duration of the open state,
thus augmenting calcium influx into the
cell. This model shows how antibodies
can work differently from conventional
pharmacological agonists and suggests a
strategy for new therapies.

Our current studies using monoclonal
antibodies cloned from B cells from the
peripheral blood of patients with SLE that
crossreact with NMDAR and DNA show
that individual antibodies can have dif-
ferent effects on NMDAR activation, with
some behaving as strong co-agonists
and some having little effect on pore
permeability”>. We predict, therefore, that
the physiological effect of a polyclonal
antibody response on the brain in vivo will
depend on the particular combination of
the functional antibodies that are present.
Furthermore, the target antigen of a brain-
reactive antibody might be expressed on
more than one cell type in the brain and
might have a slightly different subunit com-
position or post-translational modification
on each cell type. In this way, a particular
antibody might preferentially bind and
modulate a specific cell type. Finally, it
should be noted that antibodies targeting
the same antigen could differ with respect
to isotype and, therefore, could have
varying effector functions.

The blood-brain barrier (BBB) is composed of a network of endothelial cells, pericytes and
astrocytes, and functions to limit the entry of soluble molecules and cells into the brain
parenchyma®®. The BBB is tightest in capillaries, in which solute diffusion is controlled, and is
weaker in postcapillary venules, where leukocyte recruitment takes place®. Indeed, areas of
leukocyte infiltration do not frequently correspond to capillary sites, where classical markers such
as tagged dextran or tagged albumin permeate the BBB®. The BBB is robust in capillaries owing to
specialized endothelial cells that express proteins forming tight junctions between cells. In
addition to the adhesion molecules that are expressed by endothelial cells in other tissues®’,
endothelial cells in the brain also express a unique adhesion molecule, integrin cytoplasmic

domain-associated protein (ICAP), which recruits blood-borne mononuclear cells into the brain.

The BBB is fully formed by the end of gestation (the precise timing during gestation is not
known), but its integrity can still be modulated. The regulatory mechanisms include alterations in
paracellular permeability (by affecting the strength of tight junctions) and changes in transcellular
permeability (by affecting the capacity of endothelial cells to internalize molecules through
endocytosis)®. It has been assumed that molecules present in plasma cross the BBB mainly through
paracellular routes; however, recent reports show that certain cytokines and chemokines are
transported through transcellular routes using receptor-mediated endocytosis®.

Itis not known how antibodies cross the BBB during moments of compromise to barrier integrity.
Capillary and postcapillary sites in the BBB might be transfer sites depending on whether
antibodies are transported by transcellular endocytosis or by paracellular routes (tight junction
dysfunction), or are produced by lymphocytes undergoing transendothelial migration (FIC. 2). It is
probable that cytokines are crucial for modulating antibody influx. Cytokines might have different
effects on capillary and postcapillary compartments of the BBB. Structural differences in the BBB
in different regions of the brain and structural differences in different compartments of the BBB
might help to explain the diversity of antibody-mediated brain pathologies. Alternatively, in some
cases antibodies might be synthesized within brain tissue by B cells penetrating the BBB, and the
effects of antibodies will be proximal to the B cell infiltration.

Many clinical studies have shown that
neuropsychiatric symptoms occur in
35-75% of patients with SLE (a condition
known as NPSLE) worldwide?. Some of
the most frequent symptoms are cognitive
impairment, in particular memory defects,
and mood disorder. As it is well known
that NMDAR has a crucial role in memory
function?, it seems that antibodies target-
ing NMDAR might account for at least the
memory impairment in NPSLE.

We and others have detected NMDAR-
specific antibodies not just in the serum
of patients with SLE but also in their
CSF'242¢_Several groups have attempted
to determine whether patients who have
serum antibodies with crossreactivity to
DNA and NMDAR have impairments in
cognitive function that are greater, or occur
more frequently, than those in patients
who lack these antibodies in the serum;
these studies have generated inconsistent
results”’~%°. By contrast, a small number of
studies has shown a correlation between
the presence of these antibodies in the CSF
and increased manifestations of NPSLE*-%.
Importantly, CSF titres of these antibod-
ies correlate with CNS manifestations of
NPSLE but not with peripheral nerve mani-
festations of the disease. This is consistent
with the expression of NMDAR in the CNS
but not by peripheral nerves. It also under-
scores the need to study antibodies in both
serum and CSF when investigating a causal
connection between antibody activity and
neuropsychiatric symptoms.

The injection of CSF from patients with
SLE containing these crossreactive DNA-
and NMDAR-specific antibodies into the
brains of mice causes excitotoxic neuronal
death, which shows that the antibodies
bathing the brains of these patients are at
sufficient concentrations to cause neuronal
death?®. In addition, antibodies that are
specific for NMDAR have been eluted from
the brain of a patient with SLE and retain
their excitotoxic activity when injected
into mouse brain®'. So, neurotoxic antibod-
ies can be present in both the CSF and the
brain of a patient. These results strongly
indicate that antibodies could mediate brain
dysfunction in patients with SLE.

The BBB and brain pathology

Mice can be induced to express high titres
of antibodies that are crossreactive with
DNA and NMDAR through immunization
with a multimeric form of the consensus
DWEYS peptide. When these antibod-

ies are present in the circulation of mice,
there is no brain pathology. However,
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when the mice are given agents that breach
the BBB, there is an influx of antibodies
into the brain tissue and an ensuing neu-
ropsychiatric syndrome'. Mice express-
ing NMDAR-specific antibodies that are
treated with lipopolysaccharide (LPS) to
disrupt the BBB have a loss of neurons in
the hippocampus with no apparent influx of
inflammatory cells from the circulation and
no prolonged activation of resident inflam-
matory cells*”. The mice have a memory
disorder that is consistent with the loss of
hippocampal neurons*. When adrenaline
is given systemically to mice with high
titres of DNA- and NMDAR-specific anti-
bodies, there is also a breach in the BBB*.
However, this breach is not followed by
loss of hippocampal neurons, but instead
by damage to cells in the lateral amygdala.
Moreover, the mice fail to perform nor-
mally in a fear-conditioning task that is
known to depend on the intact function
of the amygdala®*. These observations
demonstrate three important points. First,
they explain why the presence of antibod-
ies with potential brain reactivity in the
serum does not necessarily correlate with
CNS disease (in the presence of an intact
BBB), as shown by the lack of a consistent
correlation between cognitive impairment
and serum levels of NMDAR-specific anti-
bodies in patients with SLE?’-%. Second,
agents that breach the integrity of the BBB
can do so with regional specificity. Third,
the same antibodies can cause more than
one neuropsychiatric symptom depending
on the region of the brain that is exposed to
the antibodies.

Modulating the BBB

Brain-reactive antibodies in the circulation
do not have pathological consequences
until there is a breach of BBB integrity. It
is therefore crucial to understand the fac-
tors that decrease or increase the integrity
of the BBB with respect to the transport
of antibodies (FIC. 2 and Supplementary
information S1 (table)). It is important to
note that studies of the BBB have focused
on the penetration of marker molecules
such as tagged dextrans or tagged albumin
into brain tissue, and not specifically of
IgG; therefore, the mechanisms of anti-
body penetration across the BBB still
await elucidation.

The BBB is highly responsive to
cytokines®. Indeed, direct activation of
endothelial cells by circulating cytokines can
result in increased barrier permeability®.
Furthermore, an ‘inside out’ signalling proc-
ess can be triggered by cytokines that have
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already accessed the brain or by molecules
that are synthesized within the brain. TNF,
for example, activates brain-resident cells
that then secrete BBB-modulating sub-
stances, such as prostaglandins. Importantly,
the choroid plexus and the leptomeninges,
which are collectively known as the circum-
ventricular organs, lack barrier properties
and facilitate the inside out signalling proc-
ess that modulates the BBB***. So, regions
that are naturally lacking BBB properties
might serve as sensory areas to initiate a cas-
cade of events that result in breaches of the
BBB elsewhere™.

A Endothelial cell

Many modulators of the integrity of the
BBB are effector molecules of the innate
immune system. It has been established
through in vitro models and in vivo stud-
ies that TNE interleukin-1 (IL-1), the C5a
component of the complement cascade and
IL-6 can all disrupt the BBB****-*¥, Molecules
derived from other sources can also modu-
late the integrity of the BBB. For example,
adrenaline can cause a breach in BBB integ-
rity under conditions of stress, extreme exer-
cise and trauma®. Substances such as cocaine
and nicotine also disrupt the BBB, either
through a direct effect on endothelial cells

B No endothelial cell

Adrenergic receptor | Endothelial cell

activation activation

Membrane
antigen NMDAR-specific

antibody

Cytokine
Microglial receptor

cell

Antibodies in
the circulation

Intact tight
junction

Disrupted
tight junctio

.-~ C Antibody efflux N
Figure 2 | Schematic representation of the possible mechanisms regulating the influx and efflux
of antibodies through the blood-brain barrier. A | Antibody transfer can be induced by endothelial
cell activation. During infection, microbial substances (such as lipopolysaccharide (LPS)) cause a breach
in the blood-brain barrier (BBB) by binding receptors (such as Toll-like receptor 4 (TLR4)) on endothelial
cells and inducing their activation, and by activating perivascular macrophages at circumventricular areas
(a). Cytokines that are secreted systemically in response to LPS or other pro-inflammatory molecules bind
to their receptors on endothelial cells, inducing their activation and altering the architecture of tight
junctions (b). Cytokines and chemokines can be transported directly through the BBB by transcellular
receptor-dependent mechanisms, which might lead to the activation of immune cells inside the brain that
initiate and/or potentiate BBB dysfunction (c). Antibodies in the circulation might bind and activate
endothelial cells to alter barrier integrity (d). During conditions of stress, trauma or extreme exercise,
binding of adrenaline to adrenergic receptors on endothelial cells alters the BBB by unknown mechanisms
that might include alterations in blood flow. B | Antibody transfer can also be induced in the absence of
endothelial cell activation. Antibodies recognizing molecules on endothelial cells (for example, transferrin
receptor) are transported into the brain by receptor-mediated endocytosis. Antibodies that are specific
for N-methyl-D-aspartate receptor (NMDAR) can access the brain in a similar manner, as depicted (a).
Retrograde axonal transport of IgG has been proposed to occur in neurons with axons that protrude
towards the lumen of BBB capillaries (b). In postcapillary venules, transendothelial migration of leukocytes
canimport antibodies into the brain. B cells migrating into the brain could constitute a permanent source
of antibody (c). C| Antibodies that have been transported into the brain are effluxed back to the circulation
by the neonatal Fc receptor (FcRn), and potentially by other FcRs in the circumventricular organs.
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or through indirect effects that have been
incompletely characterized®*'. In addition,
chronic hypertension leads to a long-term
decrease in the integrity of the BBB*. Some
studies suggest that brain endothelial cells
express NMDAR, and that binding of gluta-
mate to these receptors results in the breach
of BBB integrity*. This indicates that some
antibodies specific for NMDAR could facili-
tate their own transport into the brain by
acting as agonists or co-agonists for NMDAR
(FIC. 2). Importantly, the brain microvascula-
ture exhibits regional expression of receptors
for molecules that modulate BBB integrity,
which probably accounts for the regional
specificity of agents that breach the BBB.
Some agents, such as corticosteroids
and type I interferons (IFNa and IFN),
preserve or increase BBB function**. This
property of IFN is presumed to account
for its effectiveness as a therapeutic agent for

multiple sclerosis*. In addition, although
some studies suggest that oestrogen has a
protective effect on BBB integrity***, the
literature on this subject is inconclusive.

The brain not only has a specialized archi-
tecture to prevent the large-scale transport of
antibodies and other molecules into the brain,
but also actively transports immunoglobulins
out of the brain*. The neonatal Fc receptor
(FcRn) is expressed on the lumenal aspect
of endothelial cells throughout the body and
allows antibodies to exit the circulation
and penetrate tissue*’. Remarkably, FcRn
has the opposite polarity on endothelial cells in
the brain, and therefore it functions to remove
immunoglobulins from brain tissue®. It has
been proposed that other FcRs expressed in
the circumventricular organs might have a
role in the protective efflux of antibodies from
the brain into the blood™, but this hypothesis
requires further investigation.

Glossary

Amygdala

An almond-shaped brain region, located deep in the
temporal lobe of the brain, which is involved in the neural
processing of emotions.

Astrocyte

A star-shaped glial cell that is the most abundant cell type
in the brain. Astrocytes regulate the external chemical
environment of neurons by removing excess ions, notably
potassium, and by recycling neurotransmitter molecules.

Basal ganglia

A group of brain structures (striatum, subthalamic nucleus
and substantia nigra) that is located deep in the centre of
the brain and is involved in the neural processing of motor
function and cognition.

Chorea

Any of several neurological disorders associated with rheumatic
fever and marked by involuntary, jerky movements, especially
of the arms, legs and face, and by lack of coordination.

Choroid plexus

A vascular extension of the ventricles in the brain that
regulates the intraventricular pressure by secreting or
absorbing cerebrospinal fluid.

Excitotoxic effect

A pathological process by which neurons are destroyed as a
result of excessive levels of the excitatory neurotransmitter
glutamate, which overactivates the NMDA receptor and the
AMPA receptor, allowing for unusually high levels of calcium
to enter the cell and trigger enzymatic cascades that lead to
cell death.

Fear-conditioning task

A behavioural method that is used to teach an animal to
fear a stimulus that is neutral in nature by associating it
with an aversive stimulus (such as a shock, a loud noise or
an unpleasant odour).

Glial cell
A non-neuronal cell of the nervous system that is essential
for maintaining the health of neurons. According to size,

glial cells are divided into microglia and macroglia
(astrocytes, oligodendrocytes and others).

Hippocampus

A banana-shaped brain region that is located in the medial
temporal lobe of the brain and is involved in the neural
processing of memory and spatial navigation.

Leptomeninges

The arachnoid mater and pia mater of the meninges, which
is a system of three layers (dura mater, arachnoid mater
and pia mater) that encloses the brain.

Limbic encephalitis

An inflammation of the central nervous system in which the
pathological signs are localized to the medial temporal
lobes.

Microglial cell

A small glial cell that is a specialized type of macrophage.
Microglial cells are mobile within the brain, multiply when
the brain is damaged and have a protective role.

Neocortex

The outer region of the cerebrum, consisting of
superficial grey matter (neurons grouped in several
layers) and deeper white matter (myelinated axons). It is
essential for the sensory, motor and cognitive
organization of behaviour.

Neuromyelitis optica
An autoimmune inflammatory disorder in which the
pathological signs are focused on the optic nerves.

Paraneoplastic

A symptom complex that co-occurs with cancer and is
mediated by antibodies that recognize antigens in the
tumour cells. The antibodies crossreact with antigens in
the central nervous system or the peripheral nervous
system.

Schwann cell
A glial cell that is filled with myelin and that surrounds the
axons of neurons.

Fetal brain development

It is reasonable to speculate that some mater-
nal brain-reactive antibodies might cause
fetal brain pathology because the BBB does
not begin to form until the second trimester
of fetal development; the exact time of full
functionality is not established and might
differ between species. Therefore, maternal
antibodies have direct access to fetal brain
during gestation, and brain-reactive anti-
bodies could affect fetal brain development
even in an uncomplicated pregnancy.

Our studies show that pregnant female
mice harbouring DNA- and NMDAR-specific
crossreactive antibodies have pups with
abnormal fetal brain development®™. When
the pups are born, they have a delay in reflex
acquisition and, as adults, they have impair-
ments in some behavioural tasks that depend
on the function of the neocortex. Studies
looking at the offspring of mice with high or
low antibody titres show a dose-dependent
effect of antibody exposure. Similarly, pups
born to mice that have been immunized with
a peptide present in both serotonin 5HT,
receptor and Ro52 ribonucleoprotein have
sensorimotor and cardiac conduction defects
(relating to the ability of the heart to conduct
electrical impulses) that are consistent with
neonatal lupus®. So, in mice, maternal anti-
body can alter fetal brain development and
cause long-term impairment of brain func-
tion, which indicates that maternal antibodies
might contribute to the increased incidence of
learning disabilities in the children of mothers
with SLE.

In another example, antibodies present in
the serum of mothers of autistic children have
been suggested to contribute to autism®*,
Some mothers of autistic children have
antibodies that bind brain tissue; when
these antibodies were administered to
gestating mice and monkeys, they caused
abnormal behaviour in their offspring®>*°.

We suggest that as more studies of the
effects of maternal antibodies on the fetal
brain are carried out, it will be important to
keep in mind that the same antibody might
have different effects on fetal and adult neu-
rons, either because of differences in antigen
expression and accessibility or because of
differences in antibody-induced signalling
cascades. Also, there might be antibodies
that are specific only for adult neurons or,
alternatively, only for fetal neurons. Moreover,
studies in rodents indicate that the effects
of fetal brain exposure to toxins might not
be evident in young pups or even in adults
until the animal experiences a stressor, such
as ischaemia, to the CNS, at which time the
neuropsychiatric effects of the toxin exposure
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might be revealed”. So, antibodies that affect
fetal brain development could result in no
clinical symptoms until there is an insult to
the CNS. These potential effects of maternal
antibodies on fetal brain development might
be difficult to diagnose because of the variable
time delay before the effects are manifested
and the possibility that they never become
clinically evident in some individuals.

Implications and therapeutic prospects

In this Opinion article, we propose a new
model of antibody-mediated brain dysfunc-
tion that stems from the following premises:
first, B cells making antibodies that react
with the brain are not systematically
removed from the B cell repertoire; second,
immune-mediated alterations in brain
structure and function can occur in the
absence of overt inflammation and immune
cell infiltration; third, insults to the BBB
that allow antibodies to access adult brain
tissue can occur in the absence of brain
pathology and B cell infiltration into the
brain; and fourth, maternal antibodies have
unrestricted access to the developing fetal
brain, which is not protected by the BBB for
at least part of the gestation period.

The diversity of B cell receptors for antigen
in the B2 cell compartment (where conven-
tional B cells reside) does not begin to be
generated until after the BBB is thought to
form. Because brain antigens are sequestered
from developing B2 cells, there is no selec-
tion process to remove self-reactive B cells
that are specific for brain antigens (known
as negative selection). This allows for a more
diverse B cell repertoire, but the consequence
is that when B cells respond to microbial
challenge, the antibodies that are produced
have the potential to be crossreactive with the
brain. An intact BBB is therefore essential
early in the development of the immune
system for the generation of a more diverse
B cell repertoire because it limits the antigens
against which negative selection operates. At
the same time, the BBB is crucial for protect-
ing the brain from elicited antibodies that
crossreact with brain antigens.

The findings we discuss in this Opinion
article indicate that antibodies which protect
against microbial infection might mediate
various changes in brain function. We specu-
late that there are many as-yet-unidentified
antibodies that have the potential to alter
brain function in adults, during a compro-
mise to the integrity of the BBB, or in fetuses
before the BBB is fully formed (BOX 2).
Similarly, the numerous insults that could
compromise the integrity of the BBB need to
be characterized, as well as the specific brain

© FOCUS ON NEUROIMMUNOLOGY

Box 2 | Unanswered questions regarding brain-reactive antibodies

» What are the antigenic specificities of brain-reactive antibodies?

» What are the effects of brain-reactive antibodies in adult and/or fetal brain? Clearly, antibodies
can destroy cells, but presumably they might modulate function in more subtle ways as well.
Those antibodies that modulate function might have irreversible or reversible effects.

« What determines synergy or antagonism between the effects of antibodies and cytokines in the brain?

« Can antibodies protect brain cells against brain damage? Antibodies might antagonize the neurotoxic
effects of cytokines or other substances, or they might initiate regenerative neurogenesis.

» What are the effects of genetic or hormonal differences on the response of neurons or glial cells to

antibody-mediated modulation?

regions that are thereby exposed to antibod-
ies. We speculate, for example, that physio-
logical stress (which is known to compromise
the BBB) and the presence of neurotoxic
antibodies in the serum could together cause
a proportion of cases of post-traumatic stress
disorder through damage to the amygdala.

This model expands our understanding of
the influence of antibodies in human patho-
biology and suggests that antibody-mediated
brain disorders could occur in all individuals
if increased serum titres of antimicrobial and
brain-reactive antibodies coincide with a
breach in the integrity of the BBB. These dis-
orders could therefore occur in individuals
who do not have intrinsic defects in immune
tolerance. Nevertheless, the implications of
the model are optimistic regarding therapy.
It is promising to consider that diseases that
were previously attributed to ageing of the
brain might instead be mediated by antibod-
ies and therefore might be preventable. This
might also apply to conditions affecting brain
development in children that were previously
not understood. Our studies show that small
peptides that engage the antigen-binding
site of NMDAR-specific antibodies can
prevent cellular damage in both adult and
fetal brain'®*'. This therapeutic approach
is particularly attractive, as it involves no
immunosuppression. A daunting challenge
will be to determine exactly when a loss of
BBB integrity occurs. Current assessments
of this using gadolinium scans are not practi-
cal for repeated evaluations because of both
their toxicity and cost. A non-invasive test
of barrier integrity will be essential for an
effective therapeutic regimen.

We are at the beginning of a learning
curve to understand how frequently anti-
bodies cause brain disease, the mechanisms
by which they enter brain tissue, how they
affect brain function and whether blocking
molecules can be synthesized to inhibit the
binding of brain-reactive antibodies to their
target antigens. This endeavour will need to
be multidisciplinary, but the path is clear and
the medical implications are enormous.
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