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Background

Antibody-mediated encephalitides represent a novel category of brain
inflammatory disorders mediated by antibodies targeting neural cell-
surface proteins. The most prevalent form is anti-N-methyl-D-aspartate
receptor (NMDAR) encephalitis, characterized by autoantibodies against
the GluN1 subunit of NMDAR, leading to severe neuropsychiatric
symptoms that often improve with immunotherapy. Unlike conventional
brain imaging, diffusion tensor imaging studies have demonstrated
extensive white matter changes in patients, as oligodendrocytes are
responsible for myelin synthesis and express NMDAR. Most patients
experience a slow recovery, with lingering memory and cognitive deficits,
and the optimal treatment approach remains unclear. New therapeutic
approaches, such as the NMDAR positive allosteric modulator (PAM)
SGE-301, should be tested as complementary treatment to
immunotherapy. There is a critical need for models that provide a
comprehensive neuro-immunobiological understanding of the disease
and offer a clinical course long enough to facilitate the assessment of

potential new treatments.

Another less common form of antibody-mediated encephalitis is anti-
metabotropic glutamate receptor 5 (MGluR5) encephalitis. This disorder
is less well-characterized, and the effect of patients’ antibodies has not

yet been assessed in vivo.
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Objectives

1) To determine the pathogenicity of the antibodies of patients with anti-
mGLluR5 encephalitis in a mouse model of cerebroventricular antibody
transfer.

2) To investigate the effect of the antibodies of patients with anti-NMDAR
encephalitis on cultures of oligodendrocytes.

3) To assess whether SGE-301 prevents and restores the pathological
effect of patients’ anti-NMDAR antibodies in a mouse model.

4) To elucidate whether SGE-301 modifies the cell surface dynamics of
NMDARs.

5) To develop an animal model of anti-NMDAR encephalitis by active
immunization in order to characterize the neuro-immunobiology of the
disease and test different treatments, including immunotherapy and

SGE-301.
Methods

To develop a mouse model of anti-mGluR5 encephalitis, patients’
antibodies were continuously infused for 14 days into the
cerebroventricular system of ten-week-old C57BL/6J male mice. Memory
and anxiety were assessed, and the antibody effects on hippocampal
mMGLluRS5 clusters were determined. To study the effect of antibodies from
patients with anti-NMDAR encephalitis on oligodendrocytes, cultures of
oligodendrocytes were exposed to patients’ CSF, and the activity of
NMDARs was assessed with calcium imaging. To assess the potential
therapeutic effect of SGE-301, adult mice receiving cerebroventricular
infusion of CSF from patients with anti-NMDAR encephalitis for 14 days
were treated daily with this NMDAR PAM, either from the start of antibody
infusion or upon symptom onset. Mice were evaluated for memory,

density of hippocampal NMDAR clusters and synaptic plasticity (long-
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term potentiation, LTP). To investigate how SGE-301 affects the surface
dynamics of NMDARs, cultured hippocampal neurons were treated with
SGE-301 alone or with antibodies from patients with anti-NMDAR
encephalitis, and NMDAR membrane dynamics were assessed with
single-molecule imaging. To develop a novel mouse model of anti-
NMDAR encephalitis, eight-week-old female mice (C5BL/6J) were
immunized with a 30 amino acid GluN1 peptide and AddaVax adjuvant.
The model was thoroughly characterized, including the development of
NMDAR antibodies (class, subclass, epitope spreading), changes in
memory and behavior, effects of antibodies on NMDAR density and
function, hippocampal plasticity, and analysis of brain immunological
infiltrates and synthesis of antibodies in deep cervical lymph nodes.
Using this model, anti-CD20 immunotherapy and SGE-301 were

assessed.
Results

1) Mice infused with antibodies from patients with anti-mGluR5
encephalitis showed memory impairment, increased anxiety and
decreased neuronal surface mGluR5. After antibody clearance, both
behavioral and molecular changes reversed to normal conditions.

2) In oligodendrocytes incubated with CSF antibodies from patients
with anti-NMDAR encephalitis, the NMDAR-mediated calcium
currents were significantly reduced.

3) In mice infused with CSF antibodies from patients with anti-NMDAR
encephalitis, daily subcutaneous administration of SGE-301
prevented and recovered the memory impairment and hippocampal

synaptic alterations caused by the antibodies.
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4) NMDAR surface trajectories in neurons treated with SGE-301 were
upregulated, mainly in the synapse. Treatment with antibodies from
patients with anti-NMDAR encephalitis reduced NMDAR membrane
dynamics and increased their confinement. SGE-301 antagonized
these antibody effects in the synaptic and extrasynaptic membrane
compartments, restoring normal NMDAR membrane dynamics.

5) Mice immunized with the GluN1 peptide developed serum and CSF
polyclonal (mainly IgG1) NMDAR antibodies resulting in a decrease of
surface NMDAR clusters in the brain and reduction of hippocampal
plasticity. These findings were associated with brain inflammatory
infiltrates (predominantly B cells and plasma cells), activation of
microglia, microglial phagocytosis of NMDAR bound to IgG, synthesis
of antibodies in deep cervical lymph nodes, psychotic-like behavior,
memory deficit, depressive-like behavior, abnormal movements, and
lower threshold to develop seizures. Most symptoms and
neurobiological alterations were reversed by treatment with anti-

CD20 immunotherapy and SGE-301.
Conclusions

My studies have contributed to gain insight into the pathophysiology of
anti-mGLluR5 and anti-NMDAR encephalitis. The first study provides
robust evidence of the pathogenicity of patient’s mGluR5 antibodies,
leading to mGLlUR5 brain density reduction and subsequent
neuropsychiatric symptoms. The second study suggests a link between
antibody-mediated dysfunction of NMDARs in oligodendrocytes and the
white matter alterations reported in patients with anti-NMDAR
encephalitis. The third and fourth studies offer evidence in a well-
established mouse model of cerebroventricular transfer of patient’s

NMDAR antibodies that SGE-301 antagonizes and reverses the synaptic
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and pathogenic effects of the antibodies. The fifth study sheds light on
the molecular mechanism of this PAM at the surface dynamics. The sixth
study offers a novel mouse model of anti-NMDAR encephalitis by active
immunization that mirrors most of the neuro-immunobiological
alterations of anti-NMDAR encephalitis. The study also provides a novel
treatment strategy that combines immunotherapy to eliminate the
antibody-producing cells, and a NMDAR PAM, resulting in recovery of all
clinical and neurobiological paradigms. Finally, this model suggests a
novel immunological paradigm which includes epitope spreading in the
brain and a polyclonal immune response probably fine-tuned in the deep

cervical lymph nodes.
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Antibody-associated diseases of the nervous
system

Encephalitis — definition and etiological characterization

Encephalitis is an inflammatory brain disorder usually caused by
infectious or immune-mediated mechanisms. It typically leads to altered
level of consciousness, seizures, memory deficits, and behavioral or
psychiatric symptoms.” Although the annual incidence of acute
encephalitis seems low, ranging from 0.07 to 12.6 cases per 100,000
people,®* its high mortality rate (5-15%)°® and substantial morbidity (e.g.,
cognitive deficits, epilepsy) underscores the social and economic impact

of this medical condition.

It has been estimated that 40-50% of encephalitis cases arise from
infectious agents that can be viral, bacterial or fungal,® with herpes
simplex viral encephalitis being the most frequent infectious encephalitis
in high-income countries.” Another 20-30% of cases are believed to have
an autoimmune origin, where patients develop an immune response
against antigens that are expressed by neurons or glial cells. Some of
these patients develop antibodies that can be detected in serum and
cerebrospinal fluid (CSF). The remaining 20-40% of encephalitis cases

have an unclear etiology (idiopathic).

Identifying the etiology of encephalitis is crucial since it influences
patient treatment and outcomes. The discovery of antibodies targeting
the N-methyl-D-aspartate receptor (NMDAR) in a group of patients
exhibiting a specific syndrome, known today as anti-NMDAR
encephalitis, laid the foundation for defining the category of antibody-

mediated autoimmune encephalitis. This discovery transformed the
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diagnosis and treatment of several neurological and psychiatric
syndromes previously thought to be idiopathic or of unknown origin. The
discovery of anti-NMDAR encephalitis and related disorders was
profoundly influenced by the pioneering studies done with
paraneoplastic neurological syndromes, which led to the discovery of
anti-neuronal antibodies, and with the antibody-mediated diseases of

the peripheral nervous system.
Encephalitis as paraneoplastic manifestations of cancer

In the 1960s, early theories suggested that paraneoplastic diseases of
the central nervous system (CNS) might be immune-mediated, though
evidence was then inconclusive. In 1985, Graus et al., made an important
discovery involving two patients with paraneoplastic sensory
neuronopathy and small cell lung cancer (SCLC), in whom he found
serum antibodies that reacted with proteins expressed by the nuclei of
neurons.® Subsequent studies showed that the antibodies also
recognized proteins expressed by the tumor,® providing robust evidence
that ectopic expression by the tumor of a neuronal protein could trigger
an immune response that cross-reacted with the same protein in

neurons of the dorsal root ganglia and brain.

Currently, these disorders, known as paraneoplastic neurological
syndromes (PNS), are understood to be rare disorders driven by cancer-
induced immune responses against neuronal proteins, also known as
onconeuronal antigens. These responses result in a variety of clinical
manifestations (Table 1). PNS occurs in less than 1% of cancer patients
and typically presents with a subacute onset, with symptoms developing
over days to weeks.'® The neurological symptoms often progress rapidly,
over weeks or a few months, leading to severe disability and sometimes

death.” Notably, neurological symptoms usually precede the discovery
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of the underlying cancer, which is often microscopic or not yet
detectable. Thus, detecting and treating the associated tumor is crucial
for managing PNS. Whole-body positron emission tomography -
computed tomography scans (FDG-PET/CT) are the most effective tests

for detecting these cancers based on their hypermetabolic activity.'

The discovery of onconeuronal antibodies substantially advanced the
diagnosis of PNS as they are reliable disease biomarkers. In PNS
associated with antibodies against intracellular proteins, these
antibodies recognize linear epitopes, facilitating their detection in assays
that use fixed cells transfected with the target onconeuronal antigens, or
immunoblots of recombinant proteins or neuronal protein lysates.
However, research indicates that these antibodies do not drive the
pathogenicity of the disease. Studies using cultured neurons have shown
that these antibodies cannot access the intracellular compartment
where the corresponding onconeuronal antigens are expressed.’
Additionally, animal models involving passive transfer of patients’
antibodies failed to reproduce the disease symptoms,''® suggesting that

these antibodies are likely not pathogenic.

The pathogenicity of PNS appears to be primarily mediated by T cells.
Autopsy findings reveal inflammatory infiltrates in the brain, consisting
mainly of CD3+ and CD8+ lymphocytes, with fewer CD4+ cells, indicating
a predominance of T-cytotoxic lymphocytes over T-helper cells.
Furthermore, cytotoxicity has been demonstrated by PNS patients’ T cells
specifically reacting to tumor cells expressing neuronal antigens.'®
Several neuropathological studies have shown T-cytotoxic cells
surrounding neurons undergoing degeneration through perforin and

granzyme B-mediated neurotoxicity."”
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These data suggest a model where dendritic cells phagocytose apoptotic
tumor cells that ectopically express neuronal proteins. After processing
the antigens, they are presented to the immune system in the local
tumor-draining lymph nodes. This activates specific T-cell responses,

predominantly T-cytotoxic cells, that mediate the pathogenicity in PNS.

Moreover, in PNS associated with antibodies against intracellular
proteins, treatments like plasma exchange or intravenous
immunoglobulins are generally ineffective. Since the antibodies
themselves are not pathogenic, strategies to deplete antibodies or
antibody producing cells rarely result in substantial clinical improvement.
Therefore, treatment strategies should primarily focus on tumor removal

and inhibition of the T-cell mediated mechanisms.®

The hypothesis that T cytotoxic cells being the pathogenic agent in PNS
has recently been reinforced by the use of immune checkpoint inhibitors
as treatments for cancer. The main targets of immune checkpoint
inhibitors are programmed cell death 1 (PD1), programmed death ligand
1 (PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA4),
which are negative regulators of T cell immune function. By blocking
these downregulators of immunity, immune checkpoint inhibitors
enhance the immune attack against cancer cells, resulting in effective
anti-tumor responses. In rare cases, activation of the immune system by
immune checkpoint inhibitors leads to autoimmune adverse events that
can affect almost any organ, including the nervous system.? In this
context, approximately 1% of patients develop PNS and other
inflammatory CNS disorders after subclinical immune responses against
cancer proteins are amplified by the checkpoint inhibitors.?" These
findings support the theory of T cells are the pathogenic drivers of PNS

associated with antibodies against intracellular antigens.



Table 1. Clinical features of onconeural antibodies.

Antibody positive

A':::;) ti)r/lor Main antigen function n?ui?l:air::le:il::::e Associated cancer types (%) cancer patients
g gical sy without PNS (%)
Regulation of MRNAs related to .
Hu (ANNAT) neuronal development and Encephalomyelitis; sensory SCLC (75), NSCLC (10), and SCLC (16)

plasticity

neuronopathy

extrathoracic cancers (15)

CV2 (CRMP5)

Axon guidance and neurite

Encephalomyelitis; sensorimotor

SCLC (77), NSCLC (5),
thymoma (8), or extra-thoracic

SCLC (5-6), thymomas

outgrowth signaling neuropathy cancers (10) (12)
SOX1 Transcription factor that regulates LEMS and PCD in the context of SCLC (93), NSCLC (4), and SCLC (16)
CNS development SCLC extra-thoracic cancers (3)
Yo (PCA1) Unknown PCD Ovarlar-1 (62), breast (26), and 9
fallopiantube (12) cancers
Regulation of mMRNAs related to . N .
Ri (ANNA2) neuronal development and Brainstem encephalitis; Breast (51), lung (30), and Ovarian cancer (4),

plasticity

opsoclonus

others (19)

SCLC (1.5)

Amphiphysin*

Recruitment of dynamin to clathrin-
mediated endocytosis in synaptic

Stiff-person syndrome;
encephalomyelitis; sensory

SCLC (59), breast (35), and

Breast cancer (0.8),

; others (6) SCLC (1)
vesicles neuropathy
Tr (DNER)* Mediation in neuron-glia interaction PCD Hodgkin lymphoma (100) 2
Ma1/Ma2 Unknown leb.IC, diencephalic ?hd Testicular (42), lung (17), and 0
brainstem encephalitis other (36) cancers
KLHL11 Member of.the E3 ubiquitin-protein Cerebellar ataxia ar.u.:i brainstem Testicular cancers and Teratoma (5)
ligase complex encephalitis teratomas?®
PCA2 Microtubule-associated protein Encephalomyelitis SCLC (40), NSCLC (24) 2

involved in neuronal differentiation

2Frequency differs in two reported series: Maudes et al.: teratoma (61%), testicular cancer (30%); Dubey et al.: testicular cancer (92%). SCLC: small cell
lung cancer, NSCLC: non-SCLC, LEMS: Lambert-Eaton Myasthenic Syndrome, SPS: stiff-person syndrome, PCD: paraneoplastic cerebellar degeneration,
KLHL11: Kelch-like 1. *These antigens are not intracellular, but are included in this table because they are strongly associated with cancer. From?
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Autoimmune disorders of the neuromuscular junction and
peripheral nerves - discovery of antibodies altering

neurological function

Unlike classical PNS of the central nervous system where the initial
findings pointing to an autoimmune etiology stemmed from
neuropathological observations, the discovery of the immune
etiology of disorders of the neuromuscular junction (e.g., myasthenia
gravis, Lambert-Eaton myasthenic syndrome [LEMS]) and

neuromyotonia, came from different observations.

For myasthenia gravis, researchers in the 1960s noted that these
patients were predominantly young women, frequently having other
autoimmune diseases and thymic abnormalities. Observations of
symptom transmission from pregnant women to neonates led to the
hypothesis of an antibody-mediated mechanism targeting an
“endplate” protein.® This was confirmed through a rabbit
immunization model against acetylcholine receptors (AChR), which
replicated the symptoms of the human disease.?* These findings were
supported by experiments of passive IgG transfer to rats, revealing
symptom development and electrophysiologic features
characteristic of myasthenia gravis.?®*?®  Additionally, the
disproportionate reduction of AChRs relative to the amount of
injected antibodies suggested complement-related pathogenic
mechanisms. In 1978, researchers discovered that the reduction of
AChR in myasthenic patients resulted in part, from the cross-linking

and internalization of receptors by patients’ antibodies.?
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LEMS, another neuromuscular junction disorder, was suspected to
be autoimmune due to clinical observations; approximately 50% of
LEMS patients had an underlying tumor, often SCLC. In 1982,
researchers identified one or more organ-specific autoantibodies in
29 of 64 LEMS patients, reinforcing the autoimmune theory.? Further
confirmation of an immune-mediated etiology came from the
observations that plasma exchange led to improvement of patients’
clinical and electrophysiologic alterations, and that passive transfer
of patients’ IgG to mice induced the same neurophysiological
alterations as those seen in patients.?® These findings culminated in

identifying that patients’ antibodies targeted P/Q-type voltage-gated

calcium channels (VGCC).3%*

In the case of neuromyotonia (also called Isaacs’ syndrome or
peripheral nerve hyperexcitability), the frequent presence of
thymoma and other tumors, along with AChR antibodies in some
patients, supported an immune-mediated etiology.**3** Passive
transfer of patient’s IgG to mice increased resistance to d-
tubocurarine (a neuromuscular blocker).*® This finding suggested that
neuromyotonia was associated with an antibody-mediated alteration
of voltage-gated potassium channels (VGKC) that normally regulate
nerve excitability. In 2002, a series of 60 patients with neuromyotonia
showed that 35% had VGKC antibodies.* Later studies showed that
the antibodies of patients with neuromyotonia actually targeted a
protein interacting with VGKC, known as contactin-associated

protein-like 2 (CASPR2).°
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Today, myasthenia gravis, LEMS, and neuromyotonia are recognized
as autoimmune disorders of the peripheral nervous system. The first
two share some symptoms including fatigable skeletal muscle
weakness that can involve breathing, swallowing, and speaking,
whereas patients with neuromyotonia develop cramps, muscle
twitching (fasciculations or myokymia), stiffness, delayed muscle
relaxation (pseudomyotonia), and spontaneous or evoked carpal or

pedal spasms.

Clinical observations suggest an association between these
disorders and altered mechanisms in the development of self-
tolerant T-cells. Normally, AChR are expressed in the thymus.*’
Dysregulation of regulatory T cells may lead to self-reactive T and B
cells directed against muscle antigens.*®% Thymic abnormalities, like
hyperplasia or thymoma, are frequent causes of this immunological
dysregulation. Notably, 10-20% of myasthenia gravis patients have
thymoma, and about 30% of thymoma patients develop myasthenia
gravis.*® Thymus removal often benefits these patients, highlighting
the key role of the thymus in the context of the disease.*' Unlike
myasthenia gravis, 60% of patients with LEMS have an underlying
SCLC, strongly indicating a search for this type of tumor in these

patients.*?

In autoimmune neuromuscular junction disorders, antibodies are
pathogenic and directly alter the function of the neuromuscular
synapse. The main alterations include: 1) crosslinking and
internalization of the target antigen, as occurs in myasthenia gravis
with antibodies against AChR and LEMS with antibodies against

VGCC; 2) blocking protein-protein interactions, as occurs in the
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variant of myasthenia gravis associated with anti-MuSK antibodies;
and 3) postsynaptic muscle membrane lysis via complement

activation, as also occurs in myasthenia gravis.

Due to the antibody-mediated etiology, immunotherapies targeting
autoantibodies or antibody-producing cells effectively treat these
diseases. Moreover, a better understanding of the physiopathology of
the neuromuscular transmission and how it is affected by patients’
antibodies, led to new treatment approaches focused on
compensating or antagonizing the antibody effects, such as
acetylcholinesterase inhibitors in myasthenia gravis, or potassium

channel blockers (3-4 diaminopyridine) in LEMS.*®

A paradigm shift: from antibody-associated brain diseases

to antibody-mediated brain diseases

Clinical, pathological and immunological studies in PNS of the CNS
and disorders of the neuromuscular junction laid the groundwork
that culminated with the discovery of encephalitis directly mediated
by autoantibodies. By the mid-2000s, most currently known PNS had
been reported. At that time, the only two CNS disorders associated
with antibodies against neuronal cell-surface proteins were a
subtype of paraneoplastic cerebellar degeneration linked to
antibodies against the metabotropic glutamate receptor 1
(mGluR1),** and limbic encephalitis attributed to VGKC antibodies.
Subsequent research revealed that VGKC antibodies were in fact
directed, not against the VGKC, but against leucine-rich glioma-
inactivated protein 1 (LGI1) or CASPR2.“* Nonetheless, the

conceptual impact of the initial study of VGKC antibodies was
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important, leading to the classification of limbic encephalitis into two
categories: paraneoplastic (related to antibodies against intracellular

proteins) and non-paraneoplastic (related to VGKC antibodies).

This classification was soon challenged by two pivotal studies. A
2005 study described 7 patients with suspected immune-mediated
encephalitis; 6 patients had antibodies against neuronal cell-surface
proteins, exhibiting distinct immunostaining patterns in the neuropil

of rat brain.*®

Remarkably, despite severe symptoms and the
presence of tumors in four patients, all experienced substantial
neurological improvement following immunotherapy. This study
demonstrated a more extensive repertoire of neuronal cell-surface
antibodies than previously thought and highlighted the efficacy of

treatment, emphasizing the importance of a prompt and correct

diagnosis.

The second study focused on four young women presenting with
encephalitis characterized by prominent psychiatric symptoms and
rapid neurological deterioration, including decreased level of
consciousness, and central hypoventilation.*” All four patients had an
ovarian teratoma. The clinical similarity among these patients
pointed to a common autoimmune disorder, which was confirmed
with the identification of CSF and serum antibodies that produced an
identical pattern of immunostaining of the neuropil of rat brain and
the cell surface of neurons. The target antigen was characterized as
NMDAR in 2007, leading to naming the disorder as anti-NMDAR
encephalitis.*® The techniques employed for the discovery of this

disease were later applied to larger cohorts of patients with
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suspected autoimmune encephalitis, resulting in the identification of

multiple antibodies linked to distinct syndromes.

The realization that some CNS diseases are mediated by neuronal
autoantibodies was groundbreaking, significantly impacting clinical
practice over the past 20 years. Neurological syndromes previously
classified as idiopathic or atypical are now recognized as immune-
mediated and treatable. Different autoantibodies associated with
distinct clinical syndromes have become invaluable biomarkers in
guiding diagnostic evaluations. Detection of these antibodies in
serum or CSF confirms the diagnosis of distinct autoimmune
encephalitis and for some antibodies supports the need to search for

an associated tumor.
Antibody-mediated encephalitis

This novel category of CNS inflammatory disorders mediated by
antibodies against neural cell-surface proteins, ion channels or
receptors is known as antibody-mediated encephalitis. These
disorders are different from the previously known PNS as the
associated antibodies are directed against extracellular antigens
(Figure 1), they can occur with or without tumors, the pathogenic
mechanisms are predominantly B cell-mediated (rather than
cytotoxic T-cell mediated), and the disorders are more responsive to

immunotherapy (Table 2)
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Figure 1. Comparison of brain and neuronal reactivity of antibodies against a cell
surface and an intracellular antigen. Coronal section of rat hippocampus
immunolabeled with an antibody against a cell surface receptor (NMDAR) from a
patient with anti-NMDAR encephalitis (A), compared with an antibody against an
intracellular protein (Hu) from a patient with SCLC (B). A high magnification of the
reactivity is shown in C and D. Compared with the NMDAR antibody that shows
intense reactivity with the neuropil of the hippocampus, the Hu antibody does not
react with the neuropil, and only shows intracellular staining after tissue
permeabilization. In cultures of neurons, only the NMDAR antibody reacts with the
cell surface antigen in live neurons (E). The Hu antibody does not reach the target
antigen in live neurons (F). Scale bars in Aand B, 500 um; C and D, 20 um; Eand F, 10
um. From??



Table 2. Clinical features of autoimmune encephalitis related to intracellular

versus cell surface antigens.

General

Intracellular and onconeuronal
antigens

Cell surface or synaptic antigens

Mediated by cytotoxic T cell
mechanisms

Mediated by B cell and antibody-
related mechanisms

Frequently paraneoplastic, except for
GADG65 and other less common
antibodies (e.g., AK5)

Variably paraneoplastic (0-70%),
depending on the type of antibody

Patients usually older than 50 years

Patients of all ages; some diseases
preferentially occur in specific age
groups

Tumors almost always malignant

Tumors can be benign

introduction |31

. L Relapses in ~10-35% of cases,
Monophasic neurologic disease . .
depending on the antibody

Outcome not totally dependent on
Outcome dependent on tumor control
tumor control

Limited response to treatment 70-80% substantial recovery

From??

There are currently 19 known disorders that fall within the category of

antibody-mediated encephalitis. The clinical features, main
symptoms, and antibody effects associated to each antibody are

summarized in Table 3.

Antibody-mediated encephalitis can be challenging to diagnose, as
symptoms may mimic those of other neurological or psychiatric
diseases. Moreover, most types of encephalitis share several
symptoms regardless of their etiology (e.g., bacterial, viral or
autoimmune), emphasizing the importance to recognize the cause in
order to treat the patient appropriately. To facilitate the diagnosis of
autoimmune encephalitis, Graus et al (2016) proposed a clinical

diagnostic algorithm with criteria of probable and definite
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autoimmune encephalitis.*® Minimal requirements to initially
consider a potential autoimmune encephalitis included the subacute
onset of working memory deficits, altered mental status or
psychiatric symptoms, and at least one of the following: new focal
CNS findings, seizures not explained by a previous disorder, CSF

pleocytosis, and MRI features suggestive of encephalitis.

Serum and CSF samples from patients who meet these requirements
are tested with rat brain immunohistochemistry for determination of
neuronal or glial cell surface antibodies. Each of these
autoantibodies gives a distinct pattern of brain immunoreactivity,
thus allowing the association of the immunoreactive pattern with a
specific syndrome (Figure 2). The identity of the antibody target is
identified by cell-based assays, which consists in
immunocytochemistry with cells that recombinantly express
different neuronal or glial proteins. If the target antigen is different
from all that are currently known, the patient’s serum or CSF is
assessed with immunocytochemistry using live cultured neurons to

determine if the antigen is on the cell surface.
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Figure 2. Rat brain immunostaining with patients’ autoantibodies against
neuronal cell-surface and synaptic proteins (neuropil immunostaining). Sagittal
and coronal sections of rat brain immunostained with 13 representative
autoantibodies against neuronal cell-surface and synaptic proteins. For DNER and
mGluR1, which predominantly react with cerebellum, the coronal section has been
replaced by a sagittal section of cerebellum. All tissue sections have been mildly
counterstained with hematoxylin. Scale bars, 2 mm. From®®



Table 3. Extracellular neuronal antigens in autoimmune encephalitis.

Main IgG
Target antigen Clinical features Main presenting symptoms and tumor g
subclass
. Psychiatric symptoms, cognitive impairment, seizures,
80% female, median age 21 .
NMDAR abnormal movements, and coma. Ovarian teratoma 18G4
years (2 months — 85 years) .
(58% in women 18 — 45 years)
70% female, median age 56 LE with memory loss, psychiatric features. SCLC,
AMPAR 18G4
years (23 -81) thymoma, and breast cancer
60% male, median age 61 . .
GABAGR LE with severe seizures, memory loss. SCLC 18G4
years (16 - 77)
65% male, median age 60 LE, memory loss, faciobrachial dystonic seizures. No
LGI1 . [={e
years (30 - 80) tumor associated
85% male, median age 60 Neuromyotonia, muscle spasms, fasciculations, LE,
CASPR2 IgG,
years (46 —77) memory loss, Morvan syndrome. Thymoma
50% female, median age 40 . .
GABAAR Status epilepticus. Infrequently, thymoma 1gG,
(2.5 months — 88 years)
70% male, medianage 57 Confusion, diarrhea, hyperekplexia
DPPX . 18G4/ 18G4
years (35 -69) No tumor associated
50% female, median age
D2R 5.5 years (1.6 months - 15 Dystonia, chorea. No tumor associated Unknown
years)
60% male, median age 29 Non-focal encephalitis, memory loss, confusion.
mGluR5 18G4

years (6 - 75)

Hodgkin’s lymphoma




80% female, median age 44

Confusion, seizures, and decreased level of

Neurexin-3a . . 18G4
years (23 - 50) consciousness No tumor associated
. REM and NREM parasomnia with sleep breathing
50% male, median age 64 . . _ .
ISLON5S problems, brainstem dysfunction, and gait instability. 1gG,
years (46 - 83) .
No tumor associated
. . 100% female, median age Stiff-person syndrome, encephalomyelitis. SCLC,
Amphiphysin 18G4
58 years (39 -73) breast cancer
78% male, median age 61 .
DNER (Tr) PCD. Hodgkin’s lymphoma 1G4
years (14 - 75)
50% male, median age 58 Severe cerebellar syndrome, cerebellar atrophy.
mGluR1 . 18G4
years (33 -81) Hodgkin’s lymphoma
52% female, median age 57 .
P/Q-type VGCC LEMS, PCA. SCLC, Hodgkin’s lymphoma Unknown
years (9-87)
. Progressive encephalomyelitis with rigidity and
60% male, medianage 47 .
GlyR myoclonus (PERM), stiff-person syndrome. No tumor 18G4
years (1-75) .
associated
SEZ6L2 78% female, median age 62 Subacute cerebellar syndrome with frequent 6G
years (54 - 73) extrapyramidal symptoms. No tumor associated e
2 reported cases; both .
mGluR2 PCA. Various tumors 18G4
female, 78 and 3 years
62.5% male, median age 32 | Encephalitis with prominent cerebellar involvement. No
Gluk2R 18G4

years (14 - 75)

tumor associated

LE: limbic encephalitis, SCLC: small cell lung cancer, REM: rapid eye movement, NREM: non-REM, PCD: paraneoplastic cerebellar

degeneration, LEMS: Lambert-Eaton  Myasthenic = Syndrome, PCA: paraneoplastic cerebellar ataxia. From 2
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Anti-NMDAR encephalitis

Anti-NMDAR encephalitis is the most common form of antibody-
mediated encephalitis, with an estimated annual incidence of 1.5
persons per million.5! Patients develop antibodies against a restricted
antigenic region of the extracellular domain of the GluN1 subunit of

NMDAR, specifically around residues N368/G369.%

NMDAR structure and function

The NMDAR is an ionotropic glutamate receptor comprised of two
GluN1 and two GluN2 or GluN3 subunits (Figure 3).5*°¢ There are
eight alternatively spliced GluN1 isoforms, four GlUN2 subunits (A-D)
each coded by a different gene, and two GlUN3 subunits (A-B), also
coded by separate genes.®” GluN1, which is the obligatory subunit of
the receptor, and GLUN3 bind glycine, whereas GluN2 binds
glutamate. Each GluN subunit features three large extracellular
domains (the amino-terminal domain subdivided into two lobes, and
the S1 and S2 domains that contain the agonist binding site), three
transmembrane domains (TM1, TM3, and TM4), a membrane-
associated loop (TM2), and an intracellular C-terminal domain that
connects the receptor to scaffolding proteins and signaling

systems.>

In  mature neurons, many GluN1/GluN2B receptors are
predominantly found outside the synapse, while
GluN1/GluN2A/GluN2B complexes become the principal synaptic

receptors in the hippocampus and forebrain.®®
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Figure 3: NMDAR structure and subunits. (A) 3D structure of NMDAR. Most
NMDARs are composed of two GluN1 and two GluN2 subunits, which can be
GluN2A-D. GluN1 subunits are the obligatory subunits in all NMDARs. (B)
Representation of the domains of a GluN. All GluNs have three extracellular
domains: the amino terminal domain (ATD), and the S1 and S2 domains that contain
the ligand binding site. In addition, all subunits have three membrane-spanning
domains (M1, 3, 4), a membrane loop (M2), and an intracellular C-terminal domain
that connects the receptor to scaffolding proteins and messenger systems. The
antibodies of patients with anti-NMDAR encephalitis react with a conformational
epitope region in the ATD of GIuN1. From®%5

NMDARs exhibit a voltage-dependent block by Mg?, and function as
a coincidence detector.’*® Binding by the agonist glutamate alone is
insufficient for channel activation, as Mg?* remains bound to the
channel pore effectively blocking ion transport. Membrane
depolarization is required to dislodge the Mg2?' from the receptor’s
channel. Therefore, the coincidence of presynaptic glutamate
release, a co-agonist (typically glycine or D-serine), and strong
depolarization of the post-synaptic neuron (removing Mg? from the
channel) are required for the opening of NMDAR channels. This
process allows the influx of Na* and Ca?* and efflux of K* ions. The
high Ca?* permeability of NMDARs triggers the activation of Ca?*'-
dependent enzymes, facilitating long-term alterations in synaptic

structure and connectivity.



38|General introduction

NMDARs play critical roles in synaptic transmission and remodeling,
dendritic sprouting, and hippocampal long-term potentiation (LTP), a
mechanism crucial for memory formation and learning. Mice lacking
GluN1 die from hypoventilation within hours after birth.®
Hippocampal CA1 region-specific GIUN1 knockout mice show severe
deficits in spatial and temporal learning and a significant reduction in
LTP in the Schaffer collateral-CA1 synapse, demonstrating the role of
the NMDAR in establishing synaptic plasticity and memory

formation.5?

Clinical features of anti-NMDAR encephalitis

Anti-NMDAR encephalitis affects individuals of all ages (reported
cases range from 8 months to 85 years), but patients are usually
children and young adults. About 37% of patients are younger than
18, and 58% are between 18 and 44 years old. The median age at
disease onset is 21 years, with a notable predominance of females
(~4:1). Although the disease can occur without a tumor association,

up to 50% of young female patients have an ovarian teratoma.

Distinct symptoms often develop sequentially, starting with a viral-
like prodrome, followed by prominent psychiatric symptoms
accompanied or followed by neurological alterations. Two to three
weeks after onset, most patients have memory deficits, seizures,
dyskinesias, decreased level of consciousness, dysautonomia or
central hypoventilation, often requiring intensive care. Recovery
generally mirrors the progression of the disease, with cognitive and
psychiatric symptoms being the last to improve (Figure 4). There is a
slight variation in symptom manifestation according to age: children

frequently present with seizures and movement disorders, whereas
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adults more commonly experience psychotic-like behavior and other
behavioral alterations. Relapses occur in about 20% of cases, even
many years after the first episode. Early relapses are frequently
associated to a reduction or discontinuation of immunotherapy or

tumor recurrence for paraneoplastic cases.

Viral-like  pgychiatric symptoms:
prodrome  delusions, hallucinations, mania,
Baseline fex = = = = = agitation, changes in SPEeCh, = m = = = = = = = = = = = - -
disorganized or catatonic behaviour,
insomnia, (often seizures)

~1 week
months—years

Prolonged deficits:

executive dysfunction, memory deficit,
attention deficit, impulsivity, disinhibition,
sleep dysfunction (hypersomnia)

Neurologic complications:
abnormal movements, autonomic dysfunction,
hypoventilation, seizures

Decreased level of
consciousness/coma Weeks to months

Time

B oo

Inflammatory changes

Figure 4. Stages and clinical course of anti-NMDAR encephalitis. This graphic
representation of the full-fledged syndrome of anti-NMDAR encephalitis in teenagers
and young adults shows the predominance of psychiatric symptoms at the initial
phase of the disease. These symptoms are usually accompanied or followed by
neurologic alterations (e.g., abnormal movements, seizures, dysautonomia, coma)
that eventually improve or resolve, and lead to a prolonged phase of recovery with
prominent involvement of executive functions, memory, and attention. Inflammatory
changes in CSF or brain MRI predominate in the early stage of the disease. From

Triggers of the disease

Like other autoimmune diseases, anti-NMDAR encephalitis involves
a breakdown in immunologic self-tolerance. Two primary triggers
have been identified. First, as noted up to 50% of young female
patients have an ovarian teratoma that contains nervous system

expressing NMDAR, which is hypothesized to initiate the immune
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response. This is supported by histological studies showing extensive
inflammatory infiltrates in teratomas from patients with anti-NMDAR
encephalitis, compared with teratomas from individuals not affected
by the disease.®® Recent studies that prospectively followed patients
from the time of diagnosis of HSE showed that about 25% developed
neurological relapses caused by autoimmune mechanisms. These
relapses, frequently preceded by the development of NMDAR and
other neuronal antibodies, almost always occurred within three

months after successful treatment of the viral infection.®

Neuropathological findings

Pathological studies on autoimmune encephalitis are scarce, mainly
due to the partial or complete recovery of most patients; however,
when available the findings are remarkably different from those
reported in patients with cytotoxic T cell-mediated mechanisms,
including paraneoplastic syndromes with onconeuronal antibodies

and non-cancer-related encephalitis with GAD65 or AK5 antibodies.

In these latter disorders biopsy and autopsy studies usually show
frequent and extensive infiltrates of T cells, often in close apposition
to neurons or forming neuronophagic clusters of T cells that lead to

irreversible neuronal loss accompanied by astrogliosis.’”5®

In contrast, brain biopsy studies of patients with anti-NMDAR
encephalitis are often normal or show only mild inflammatory
changes.®® Autopsy studies show inflammatory infiltrates
predominantly composed of B cells and plasma cells, with infrequent
perivascular and parenchymal CD3+/CD8- T cells in basal ganglia,

amygdala, and hippocampus (Figure 5A-M).?” In contrast with T cell-
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mediated disorders, these infiltrates are almost never in close
apposition to neurons or forming neuronophagic clusters. Moreover,
these autopsy studies show microglial activation and a significant
decrease of NMDAR immunoreactivity in the areas of the brain

examined, mainly hippocampus (Figure 5N-P).%”

White matter alteration in anti-NMDAR encephalitis

Conventional magnetic resonance imaging (MRI) scans show non-
specific changes in only 40% of patients, such as increased intensity
in cortical/subcortical regions in T2 and fluid-attenuated inversion
recovery (FLAIR) sequences, or transient contrast enhancement in
these regions and the meninges.*®® The MRI may also reveal myelin

changes that do not correspond well with the clinical presentation.®®

Previous studies have attempted to explain this clinical-radiological
discrepancy (severe protracted symptoms but mild or transient MRI
changes) using more complex multimodal MRI techniques. In
particular, diffusion tensor imaging (DTI) studies demonstrate that
patients have extensive white matter changes in deep white matter
tracts and superficial intracortical white matter that appear to
correlate with disease severity.**’° In fact, oligodendrocytes, which
are responsible for axonal myelin sheath’s synthesis in the white
matter of the central nervous system, have been shown to express

NMDAR.”
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Figure 5. Neuropathology of untreated NMDAR-encephalitis. Topographic
distribution of inflammation in the brain shows a prominent involvement of basal
ganglia and amygdala (A), and hippocampus (B) while pons and medulla oblongata
(C, D) display only scattered T cells and plasma cells (A-D; red: CD79a+plasma
cells; blue: CD3+T cells). The inflammatory infiltrates were characterized by
perivascular CD3+T cells (E) and CD79a+plasmablasts/plasma cells (F).
Parenchymal lymphocytes were dominantly composed of CD3+T cells and
CD79+plasmablasts/plasma cells (G, H). Plasma cells were IgG1 positive (I) and
1gG4 negative (J). Double immunostaining revealed that perivascular T cell
inflammation was composed of equal CD3+CD8-(red) and CD3+CD8+(brown) cells
(K). Parenchymal lymphocytes were dominantly composed of CD3+CD8-T cells (red)
(L) and CD79+plasmablasts/plasma cells (blue) (M). HLA-DR staining revealed
pronounced microglial activation (N). Immunohistochemical staining of the
hippocampus showed a significant decrease of NMDAR-expression compared to an
age-matched control (O, P). Scale bars: 25 um. From®”
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These receptors are activated following glutamate release in spiking
axons. This activation induces oligodendroglial surface expression of
glucose transporter GLUT1 in myelin compartments, resulting in
increased cytosolic glucose and subsequent lactate release to
provide axons metabolic support (Figure 6). Conditional knock out of
NMDARs in oligodendrocytes have also been shown to alter the rate

of myelin growth due to reduced expression of GLUT1.”
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Figure 6. Schematic depiction of oligodendroglial NMDAR signaling. Model in
which axonal electrical activity in developing white matter tracts constitutes a
glutamatergic signal for the surrounding oligodendrocytes (1). After myelination,
NMDARs associated with the internodal/paranodal membrane respond to axonal
glutamate release as a surrogate marker for increased axonal electrical activity and
energy needs, causing (2) the incorporation of additional glucose transporters into
oligodendrocytes and the adaptation of glucose uptake (feed-forward regulation).
Glycolysis products (3) are initially used for ATP and lipid synthesis (4). Later, mature
oligodendrocytes release lactate (or pyruvate) to fuel the axonal compartment (5) for
mitochondrial ATP production (6). Regulation of oligodendroglial glucose uptake by
axonal energy needs could help prevent abnormal accumulation of lactate. From
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Treatment and long recovery process

Anti-NMDAR encephalitis, while severe and potentially lethal, has
become more effectively treatable due to advances in recent years.
The primary treatment strategy involves immunotherapy and, when
applicable, the removal of an associated tumor. First-line treatments
aim to decrease inflammation with corticosteroids, and remove the
autoantibodies using intravenous immunoglobulins (IVIg), plasma
exchange, or a combination of both. If these fail, second-line
treatments that target the antibody-producing B cells such as

rituximab or cyclophosphamide are useful.®

Despite the severity of the disease, most patients respond to
immunotherapy. In a study of 577 patients with anti-NMDAR
encephalitis, 53% showed clinical improvement within four weeks of
diagnosis, and 81% experienced substantial recovery by the last
follow-up.”? However, after recovery from the acute phase patients
often endure a prolonged recovery process, dominated by residual
behavioral and cognitive deficits that can persist for many months, or
become irreversible. A systematic review of 54 patients highlighted
that the most significant challenges were in memory, particularly
delayed verbal memory, and executive functioning.”® These lingering
symptoms are often under-recognized, likely because they are
overshadowed by the dramatic recovery from more acute symptoms
such as seizures, abnormal movements, or decreased level of
consciousness. A recent study demonstrated that the cognitive and
psychiatric symptoms in the post-acute stage of the disease often
resemble those of schizophrenia,’ but it remains unclear the best

approach to treatment.
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This slow clinical recovery could be due to persistent immune
activation against NMDAR within the CNS, severe impairment of
synaptic function and long-term plasticity, limited penetration of
current immunotherapies through the blood-brain barrier (BBB), or a
combination of these factors. In this sense, anti-NMDAR encephalitis
is similar to antibody-mediated neuromuscular junction diseases
(myasthenia gravis or LEMS) in which despite the effectiveness of
immunotherapy, patients often require additional treatments.® These
adjuvant therapies aim to counteract or compensate for the
disruptions caused by autoantibodies, such as using

acetylcholinesterase inhibitors in myasthenia gravis.

In anti-NMDAR encephalitis emerging research also suggests
potential adjuvant treatments. For instance, in studies with cultured
neurons and passive transfer models using patients’ CSF NMDAR
antibodies in mice, the administration of a soluble form of ephrin-B2,
an agonist of the ephrin-B2 receptor that clusters and retains
NMDARs at the synapse, antagonized and reversed all antibody-
mediated effects.”” While promising, this treatment was
administered intraventricularly, and currently, no ephrin-B2 agonists
can cross the BBB. Another important development involves 24(S)-
hydroxycholesterol, a brain-derived cholesterol metabolite that acts
as a potent and selective positive allosteric modulator (PAM) of
NMDARs.”® In hippocampal slices, 24S-HC enhanced the induction
of long-term potentiation (LTP) and reversed LTP deficits caused by
ketamine (a non-competitive antagonist of NMDARs). Synthetic
analogues of 24S-HC, like SGE-301, have shown similar mechanisms

of action.”® In rats, the administration of SGE-301 reverted memory
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deficits caused by phencyclidine, another non-competitive
antagonist of NMDARs. Moreover, application of SGE-301 to cultures
of neurons exposed to CSF of patients with anti-NMDAR encephalitis
prevented the antibody-mediated dysfunction of NMDARs.”” An
advantage of this compound is that it is optimized for systemic
delivery, offering potential as a complementary treatment for anti-

NMDAR encephalitis in the post-acute stage of the disease.
Anti-mGluR5 encephalitis

The clinical syndrome, currently known to be associated with
mGLluR5 antibodies, was initially described by lan Carr in 1982, who
gave it the name of Ophelia syndrome.”® The patient was a young
woman with Hodgkin’s lymphoma who developed prominent
neuropsychiatric symptoms with severe memory loss. Dr. Carr, father
of the patient, considered that the disease was humorally mediated,

probably by a “tumor-secreted neurotransmitter-like molecule”.

It was not until the antibodies and target antigen were identified that
the disorder was properly characterized. This was first demonstrated
with the study of two patients with features similar to those reported
by Dr. Carr (neuropsychiatric symptoms, memory impairment, and
Hodgkin’s lymphoma), along with antibodies in serum and CSF that
reacted with rat brain and cultured hippocampal neurons.
Subsequent immunoprecipitation studies with neuronal proteins and
mass spectrometry revealed that the antigen was mGluR5.”® Results
from this study led to the development of a diagnostic test consisting

in a cell-based assay that expresses mGLluR5 receptors.
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mGIluR5 structure and function

mGluR5, one of the various metabotropic G protein-coupled
receptors (GPCR) for the neurotransmitter glutamate (Figure 7), is
involved in several neuronal processes and, consequently, in
multiple CNS disorders. There are eight types of glutamate
metabotropic receptors: group I, consisting of mGluR1 and mGluR5,
mainly activates phospholipase C; group Il, with mGluR2 and
mGLlUR3 and group Ill, comprising mGluR6, mGluR7 and mGluR8,
typically inhibit adenylate cyclase.®® These receptors are obligatory
dimers, each monomer possesses a large extracellular domain that
mediates dimerization by forming an intermolecular disulfide bridge.
The extracellular domain is composed of the venus flytrap domain
(VFT), which contains the binding site for glutamate, and a cysteine-
rich domain (CRD) that links the VFT to the 7-transmembrane domain

(7TM), which activates G proteins.®?’

Figure 7. mGluR5 structure. 3D structures of the closed (A) or open (B)
conformations of mGluR5. Orthosteric ligands are represented in red. VFTs are
colored in green, CRDs in blue, and 7TMs in magenta. From?®’
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The mGLluR5 receptor, which is predominantly expressed post-
synaptically in the cortex, striatum, hippocampus, caudate, nucleus
accumbens, astrocytes, glia and peripheral sensory neurons,®? plays
animportant role in synaptic plasticity and neurodevelopment, and is
involved in mechanisms of pain and memory formation. It has been
linked to disorders such as psychosis, schizophrenia, anxiety,
depression, addiction, and pain disorders. Regarding signal
transduction, mGluR5 couples to Gaqg/11, activating phospholipase
C, which then generates inositol-1,4,5-triphosphate (IP3) and
diacylglycerol (DAG), leading to intracellular calcium (iCa?")
mobilization. Downstream effects involve the phosphorylation of
ERK1/2 and p38 MAPK, activating transcription factors implicated in

long-term depression (LTD).82

Itis known that activation of mGluR5 modulates the function of other
glutamate receptors, in particular the ionotropic NMDA and AMPA
receptors. For instance, mGluR5 activation increases NMDAR open
channel probability while inhibiting NMDAR-mediated adenylate
cyclase activation.®? Moreover, mGluR5 partners with mGIluR1 in the
hippocampus, contributing to LTD. GluR5 also co-localizes in the
synapse with several different GPCRs and anchoring proteins like

Homer.®

Clinical features

Anti-mGluR5 encephalitis is a very rare disease, with less than 20
patients reported worldwide to date.®® The largest cohort published
comprised eleven patients with a median age of 29 years, ranging
from 6 to 75.% Six patients had tumor associations: five with

Hodgkin’s lymphoma and one with SCLC. Common prodromal
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symptoms included headache, upper respiratory tract infection and
fever. Main clinical features were psychiatric manifestations
including behavioral or personality/mood changes, irritability,
agitation, anxiety, depression or psychosis. Almost all (91%) the
patients exhibited altered cognition, with deficits in memory,
visuospatial, and executive functions. Some patients presented with
movement disorders, including tremor, orofacial dyskinesias or
dystonia. All patients had CSF pleocytosis, and in those with paired
serum/CSF samples, mGluR5 antibodies were identified in both

samples.

Eight patients received first line immunotherapy (corticosteroids,
plasma exchange, or IVIg) or second line immunotherapy (rituximab).
At the last follow-up, all patients had complete or partial
improvement of the neurologic symptoms, similar to the responses
seen in other antibody-mediated encephalitis like anti - NMDAR

encephalitis.
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Mechanisms underlying antibody-mediated
encephalitis: cellular and animal models

Until anti-NMDAR encephalitis was first described in 2007, most
neuronal autoantibodies identified had been primarily associated
with PNS and were directed against intracellular antigens. Initial
investigations using cellular, or animal models did not demonstrate
the pathogenicity of these autoantibodies; thus, their detection was
regarded as a biomarker of PNS or the associated tumor. However,
the discovery of anti-NMDAR encephalitis shifted this paradigm. A
distinctive feature of this encephalitis was that the antibodies
reacted with live neurons (therefore, with accessible surface
epitopes), and the associated symptoms, despite being severe,
substantially improved with immunotherapy. These observations,
coupled with the resemblance of the clinical features with those
caused by genetic or pharmacologically mediated reduction of
NMDAR function, led to the hypothesis that these antibodies were

directly pathogenic.

As indicated, there are currently 19 disorders of the CNS in which the
associated antibodies target neuronal cell-surface proteins,
including excitatory receptors, inhibitory receptors, and other
proteins involved in synaptic function. In all these disorders the
pathogenic antibodies are of IgG class, whereas the role and
significance of variably present IgA and IgM antibodies are unclear. In
addition to the immunoglobulin class, it is important to consider the

IgG subclass. Many of the antibodies associated with autoimmune
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encephalitis are 1gG1 (with or without IgG3 or 1gG2) and less
frequently IgG4.%° Each disorder typically associates with specific IgG
subclasses, reflecting distinct disease mechanisms (Figure 8). For
example, 1gG1 and IgG3 have two arms with the same epitope
specificity,® which facilitates crosslinking and internalization of
antigens, as seen for instance in the encephalitis associated with
NMDAR, AMPAR, GABAaR, and GluK2R antibodies.?*®° Another
mechanism that has been identified for IgG1 antibodies is the
functional blocking of the target antigen, as in the case of GABAbR
antibodies.?® Although 1gG1 antibodies can activate complement,
this mechanism is rarely observed in autoimmune encephalitis.®” In
contrast, 1gG4 antibodies cannot induce crosslinking and
internalization of the antigen; instead, they cause inhibition of
protein-protein interactions, as seen for example in the case of LGI1,
CASPR2 and IgLONS5 antibodies.”* 1gG4 antibodies are unable to

activate complement.

The potential role of complement-mediated neuronal injury in
antibody-mediated encephalitis is unclear. Although experiments
with cultured neurons suggest a pathogenic role for complement in
the presence of IgG1 antibodies, tissue samples from patients do not
show deposits of complement, except for a few cases with anti-LGI1
encephalitis. This paradigm is different from anti-aquaporin 4
neuromyelitis optica, in which patients often develop irreversible
deficits and autopsy studies show evidence of complement-

mediated astrocytic injury.®*%
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Figure 8. Proposed mechanisms of functional interaction of autoantibodies with
neuronal cell-surface proteins. Based on experimental models, the presence of
antibodies in the brain may lead to neuronal dysfunction by different mechanisms,
including functional blocking of the target antigen (GABAbR antibodies), receptor
crosslinking and internalization (NMDAR antibodies), and disruption of protein—
protein interactions (LGI1 leading to a decrease of Kv1.1 and AMPAR). These
mechanisms depend on the type of antigen and subclass of IgG; whereas IgG1
antibodies frequently crosslink and internalize the target antigen, 1gG4 antibodies
alter protein—protein interactions. From??

Effects of patients’ antibodies in cultured neurons

The initial step to confirm the pathogenic effects of patients’
autoantibodies involved assessing whether they can induce
alterations in cultured neurons. To this end, the hippocampi of rat
embryos are dissected, and the dissociated neurons are cultured and
exposed to patients’ antibodies. These primary cultures of rat
hippocampal neurons, capable of establishing functional synapses,
have proven to be exceptionally useful for identifying both functional
and structural synaptic changes mediated by the autoantibodies
associated to various forms of autoimmune encephalitis. Typically,
these experiments are conducted when the cultures are 2-3 weeks
old and involve exposing them to patients’ serum (diluted ~1:100) or

CSF (diluted 1:2) for several hours or days. This experimental model
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is also employed to evaluate monoclonal antibodies derived from
patients’ B cells or plasma cells. The assessment may include
measuring antibody binding to extracellular epitopes of neuronal
receptors or cell surface proteins, quantifying the antibody-mediated
changes in the levels of these receptors or proteins at synaptic and
extrasynaptic sites, visualizing the internalized antigen-antibody
complexes, and performing electrophysiological assessments of the
effects of the antibodies on synaptic function and excitability using
whole-cell patch clamp studies. A summary of all known antibody

effects in vitro can be found in Table 4.

Among all antibody-mediated encephalitis, the pathogenicity of
NMDAR antibodies was the first to be demonstrated in cellular
models. Early studies incubating rat hippocampal neurons with
patients’ antibodies showed a selective and reversible reduction in
the surface content of NMDAR clusters, correlating with patients’
antibody titers.®® This reduction occurred through antibody-mediated
internalization of surface NMDARs, a mechanism specific to patient
antibodies, as Fab fragments (one-arm or monovalent antibody
fragments) were able to bind to NMDARs but did not reduce their
surface levels.’® However, subsequent crosslinking with anti-Fab
antibodies replicated the effect observed with intact patient

antibodies (Figure 9).



Table 4. Target antigens, epitope regions, and antibody effects in vitro.

Antibody effects on neurons®

Antigen Structural properties Epitope targets
. Alter surface dynamics and crosslink and internalize NMDAR.%8 Disrupt
lonotropic receptor, heterotetramer composed of the interaction of NMDAR with ephrin B2 and dopamine receptors.”>%
NMDAR two GluN1 subumtz)(o:rllgaltcgé) andtwo GluN2 (a- GluN1 Decreased synaptic NMDAR-mediated currents.®® Reduced NMDAR
’ currents and GLUT1 expression in oligodendrocytes.'® *
lonotropic receptor. Most are heterotetramers Mostly GluA2, Inducg r.eceptor internalization and a reduction of syn.aptlc GluA2-
AMPAR composed on GluA1-4 subunits but also GlUAT containing AMPAR followed by compensatory ryanodine receptor-
P dependent incorporation of synaptic non-GluA2 AMPAR.""
Gluk2R lonotropic receptor. Hetero- or homotetramer, Gluk2 Induce internalization of GLUK2.%°
resulting from the combination of GluK1-5
lonotropic receptor. Heteropentamer resultin Main targets af,
GABAAR P . P o p . g and B3, but also Alter surface diffusion and induce internalization of GABAaR.'®
from combination of 19 different subunits .
y subunit
GABAGR Metabotropic receptor. Heterodimer composed of GABA Do not induce receptor internalization. Preliminary data suggests
8 two subunits (GABAg1 and GABAg>) B2 antibodies directly block the function of receptor.*®
mGLUR1 Metabotropic receptor. Homodimer and mGLUR1 Induce internalization of mGLuR1."% In cultures rodent Purkinje cells,
intragroup heterodimer (mGLluR1 and mGLluR5) prevent induction of long-term depression.'4
Metabotropic receptor. Homodimer and intra- and Antibodies do not modify the levels of receptors, other potential
mGluR2 ) ) mGluR2 . . 105
intergroup heterodimer (MGLluR2 and mGluR4) pathogenic mechanisms are unknown.
Metabotropic receptor. Homodimer and . o 84
mGluR5 intragroup heterodimer (mGIUR1 and mMGLURS) mGLluR5 Induce internalization of mGLluR5.
. . N-terminus; . s . . . .
Metabotropic receptor. Homo- and heterodimers . In HEK transfected cells, patients’ antibodies decrease the intensity of
D2R residues 20-29 . . . 106
(D2/D2 and D1/D2) and 23-37 fluorescent immunolabelling, suggesting a decrease of receptors.
In spinal motor neurons, antibodies decrease glycinergic synaptic
GWR lonotropic receptor. Heteropentameric composed N-terminus; currents after 15 min, suggesting a direct antagonistic effect.'® On HEK,
y of 3 or 4 al subunits and 2 or 1 8 subunits residues 29-62 antibodies influenced glycine’s potency, suggesting that antibodies affect
transitions between open/closed/desensitized stages of the channel.'%®
ressilr;a ;?(;céc;gzz:zpsr(;t:;n t::tlln:aerat?;iglpt\&zz Patients’ antibodies cause a decrease of Kv potassium channels and
P y. P . P ynap . ) EPTP and LRR AMPAR;,*? leading to presynaptic effects (increase excitability with
LGIM Organizes a trans-synaptic complex that includes

presynaptic Kv1.1 potassium channel and
postsynaptic AMPAR.

domains

reduced pair pulse facilitation), and postsynaptic effects (impairment of
LTP).1%®




CASPR2

Transmembrane axonal protein. In myelinated
nerves, interacts with TAG-1. Organizes and
concentrates VGKC at juxtaparanodes. In the CNS
expressed at the axon initial segment. Found
mainly in inhibitory presynaptic, but also
excitatory postsynaptic compartment.

Multiple-target
epitopes in the
extracellular
domain including
onein the
discoidin domain

Antibodies interfere in the binding of CASPR2 to contactin-2 (or TAG-1).""°
In one study, antibodies did not affect the surface expression levels of
CASPR2,""° whereas in another study they did, along with a decrease of
AMPAR clusters and mEPSC amplitudes.™’

DPPX

Membrane glycoprotein that tunes up the voltage-
gated A-type Kv4.2 channels by remodeling
channel gaiting.

DPPX, antibodies
do not recognize
Kv4.2

Antibodies cause a decrease of DPPX clusters and Kv4.2 protein.™'2
Antibodies increased neuronal excitability in preparation of myenteric
neurons.'"3

Neurexin-3a

Synaptic cell-adhesion protein located at the
presynaptic region that interacts with the
postsynaptic ligand LRRTM2.

Neurexin-3aq,

antibodies do

not react with
LRRTM2

Antibodies cause a decrease of Neurexin-3a and the total number of
synapses.'*

Synaptic glycosylated protein attached to the
plasma membrane through a GPl anchor. Belongs

Immunoglobulin-

Antibodies cause an irreversible reduction of ISLONS5 clusters,''® disrupt

IgLON5S . . . like domain 2 of the cytoskeletal organizations resulting in dystrophic neurites and axonal
to the immunoglobulin superfamily of cell- e . . L . 117
. IgLONS swelling,''® and interfere with protein interactions.
adhesion molecules.

Named brain-specific receptor-Llike protein A. Type Antibodies did not alter total or synaptic SEZ6L2 or AMPAR clusters
SEZ6L2 o . SEZ6L2 .

1 transmembrane protein; interacts with AMPAR. (unknown mechanism)."®

Amino acids 128
Glycosylated protein highly expressed in Purkinje and 308; and
DNER (or Tr) cells. Mediates neuron-glia interactions through 302-675. Unknown mechanism.
Notch signaling. Glycosylation is
needed

Composed' ofs gubumts (at, 02 B, v, 8). Qonverts In a small-cell cancer line, antibodies decreased K*-induced Ca?* influx.

the electrical signal of the action potentialto an . . . . 24
P/Q-type . . PR . In HEK-expressing VGCC, antibodies caused a reduction of Ca

increase of intracellular Ca®* to initiate al subunit . .

VGCC . . . currents.'"® In cultures of rat cerebellar neurons, antibodies caused a

neurotransmitter release. Expressed in Purkinje L . 120

. . . significant downregulation of P/Q-type VGCC.
cells and at presynaptic neuromuscular junction.
N-BAR domain protein enriched in presynaptic L . . .
Amphiphysin ending. Involved in clathrin-mediated SH3 domain In cultured neurons and brain slices antibodies altered the function of

endocytosis.

inhibitory synapses by disturbing vesicular endocytosis.'?'

2Unless indicated, all studies were done with cultured neurons and quantified the cell surface and synaptic density of the antigen (actual number of clusters of
receptor or protein). *Description forms part of this thesis.
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Given the role of NMDARs as ionotropic channels, significant
attention has focused on changes in NMDAR-mediated currents
following autoantibody exposure. Interestingly, prolonged (~12-24
hour) exposure of cultured hippocampal neurons to patients’ CSF
resulted in reduced NMDAR-mediated currents,®® though short
(minutes) exposure did not show significant effects on individual
channel function.?” Collectively, these findings suggest that patients’
antibodies cause hypofunction of NMDARs primarily through
depletion of their surface expression rather than directly modifying
the functional properties of the channels. Patients’ antibodies did not
affect other synaptic proteins, the number of synapses, dendritic

spines, dendritic complexity, or neuronal survival.

The dynamics of antibody-mediated internalization of receptors were
explored in cultured neurons exposed to patients’ IgG for durations
ranging from 15 minutes to 48 hours. A noticeable decrease in
NMDAR density was observed as early as 2 hours post-exposure, with
the most significant effects noted at 12 hours and no further
reduction with longer exposures.®” Additionally, when neurons were
pre-treated with a functional blocker of NMDAR (AP5), the pathogenic
effect of patients’ antibodies was unchanged, overall indicating that
the internalization induced by the antibodies was independent of

receptor functionality.®’
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Figure 9. Mechanism of antibody-mediated NMDAR internalization. (A)
Hippocampal neurons immunostained for surface and internal (total) N-methyl-D-
aspartate receptor (NMDAR) clusters (top row, stained with commercial NR1subunit
antibody), surface NMDAR clusters only (middle row, stained with patients’
cerebrospinal fluid [CSF]) and their co-localization (bottom row, surface NMDAR
clusters in yellow). Treatment with patients’IgG for 1 day decreases surface and total
NMDAR cluster density compared with control IgG. Treatment with patient Fab
fragments does not affect surface or total NMDAR cluster density, whereas treatment
with divalent patient Fab fragments (Fab fragments and anti-Fab secondary
antibodies) decreases surface and total NMDAR cluster density to an extent similar
to patients’ IgG. (B) Effects of patients’ IgG, Fab fragments, and divalent Fab
fragments on surface and total NMDAR cluster density. (n=30 cells, four independent
experiments; two samples from patients, two samples from control patients with
unrelated neurological disorders with noimmune system involvement). All values are
mean * SE. *=significant difference (one-way ANOVA test followed by Bonferroni’s
multiple comparison test, p<0-00071). (C) Graphic representation of the effect of
each treatment on surface receptor clusters. From'??

The lateral mobility of NMDARs is a critical regulator of their function
at the neuronal surface.'?*'?® Since the redistribution of receptors at
the subcellular level is implicated in the pathology of NMDAR
encephalitis, extensive research has been conducted to precisely
characterize the effect of autoantibodies on NMDAR surface
trafficking. These studies have shown that the antibodies cause

changes in NMDAR surface diffusion.®®'?* Notably, single-particle



68|General introduction

tracking experiments have revealed that short exposure to patients’
NMDAR antibodies increases the mobility of synaptic NMDARs,
indicated by an increase in both mean square displacement and
diffusion coefficients of GluN2A-containing NMDARs.® It is believed
that this increase in receptor mobility is, at least partially, induced by
antibody-mediated disruption of GluN1 interaction with EphrinB2
receptors in the postsynaptic compartment.®® This hypothesis is
supported by the finding that autoantibody application reduces the
association of NMDAR with EphrinB2 receptors, and that activation of
EphrinB2 receptors, which strengthens its interaction with GluN1,
impedes antibody-mediated synaptic displacement.®® However,
continuous autoantibody exposure promotes a converse
immobilization of extrasynaptically localized GluN2B-containing
receptors, consistent with other studies demonstrating antibody-
mediated crosslinking of NMDARs at extrasynaptic sites.’” These
findings, combined with previous results, support a molecular model
of the disease in which NMDAR antibodies disrupt synaptically
anchored protein-protein interactions, leading to receptor
displacement from postsynaptic compartments.®%12” Subsequently,
the enrichment of NMDARs in extrasynaptic areas results in the
formation of immobilized macro-clusters of crosslinked receptors,
which are then internalized from the neuronal surface.'” This
process ultimately drives a functional reduction in NMDAR-mediated
currents at synaptic compartments, despite a lack of direct antibody-

mediated modification of channel function.
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These pioneering studies served as a model to assess the
pathogenicity of antibodies in other antibody-mediated encephalitis.
In the case of anti-mGluR5 encephalitis, patients’ antibodies have
shown pathogenicity in hippocampal cultured neurons. Neurons
exposed to patients’ IgG had a reduction of total and synaptic cell-
surface mGIluR5 (Figure 10).2* Removal of autoantibodies from the
culture medium led to full receptor density recovery within seven
days, suggesting that the antibodies might cross-link and internalize
the receptors, similar to what it is observed in anti-NMDAR

encephalitis.
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Figure 10: Patient’s antibodies cause a specific decrease of density of cell-
surface mGIluR5 clusters in cultured neurons. Representative confocal images
(from 40 dendrites per condition) showing a decrease of density of cell-surface
metabotropic glutamate receptor5 (mGluR5) clusters in neurons treated for 24 hours
with patient’s immunoglobulin G (IgG) compared with neurons treated with control
1gG (A). Quantification analysis oftotal mGluR5 clusters after 24 hours of treatment is
shown in panel (C). Specific decrease of mGIluR5 protein, but not a-amino-3-
hydroxy-5-methyl-4- isoxazolepropionic acid receptor (AMPAR) protein, is also
demonstrated using immunoblot of biotinylated neuronal membrane fractions from
neurons treated for 24 hours with patient’s IgG compared to control IgG (B). These
effects were reversible, and baseline levels of total (A, right column, 7 days recovery)
and synaptic (D) neuronal cell-surface mGluR5 clusters (from analysis of 20
dendrites per condition per time point) were progressively restored over 96 hoursto 7
days. Statistical analyses by 2-way analysis of variance; mean and SEM are plotted.
Scale bar =10 um. **p < 0.05, ***p < 0.0001. PSD95 = postsynaptic density protein
95; R=recovery; T = treatment. From®
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Passive cerebroventricular transfer of antibodies to mice

In our experience, the demonstration of antigen-specific antibody
effects in cultured neurons usually indicates similar pathogenic
effects in animal models of passive transfer of patients’ antibodies,
typically accompanied by impairments in memory and behavior. To
confirm that an autoimmune encephalitis is antibody-mediated, the
following criteria must be demonstrated in an animal model: (1)
infusion of patients’ antibodies, but not controls, causes neurological
symptoms in animals, (2) the infused antibodies specifically react
with the target neural antigen, (3) the antibodies alter the structure or
function of the target antigen, leading to synaptic or neural
dysfunction, (4) the induced neurological symptoms correlate with

the structural and functional effects of the antibodies.'®

The most common approach for testing whether antibodies from
patients with autoimmune encephalitis cause symptoms involves
infusing the antibodies into the cerebroventricular system of mice.??
In this passive transfer model, patients’ antibodies or human-derived
monoclonal antibodies are infused into the ventricular system.
During this period, animals are evaluated for memory impairment,
behavioral changes, or signs of seizures, and assessments are made
to determine the reversibility of any alterations after the infusion has
stopped. Mice are euthanized at various time points to assess the
binding of antibodies to brain tissue and to identify antibody-
mediated functional and molecular alterations. This method has
been applied in several models of antibody-mediated encephalitis,

and a summary of the findings is presented in Table 5.
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The first and most extensively studied model of passive transfer
focuses on anti-NMDAR encephalitis. Planaguma et al. developed
this model using bilateral catheters implanted in the lateral ventricles
of mice and connected to subcutaneous osmotic pumps, which
continuously infused either patients’ or controls’ undiluted CSF into

the mice for 14 days (Figure 11).'*

During and after the infusion, several behavioral tasks were
conducted to evaluate memory (novel object recognition), anhedonia
(sucrose preference test), depressive-like behaviors (tail suspension
and forced swimming tests), anxiety (black and white and elevated
plus maze tests), aggressive behavior (resident-intruder test) and
locomotor activity, along with examining potential associations with

brain antibody binding and NMDAR levels.

The infusion of patients’ CSF, but not control CSF, induced
progressive memory deficits, along with anhedonic and depressive-
like behaviors, without affecting locomotor activity. The most
prominent effects were observed in the novel object recognition task,
which was severely impaired on day 18 (4 days after the infusion
ceased) but began to recover over the following week.'* Brain tissue
studies revealed a progressive accumulation of human IgG, peaking
on day 18 and primarily located in the hippocampus. Further analysis
confirmed these antibodies as anti-NMDAR. Additionally, analysis of
NMDAR clusters in the hippocampus showed a progressive reduction
in the density of cell-surface and synaptic NMDAR, without affecting
the density of AMPAR or PSD95."?° These changes occurred in parallel
with the aforementioned memory and behavioral alterations and

gradually improved after day 18, with reversion of symptoms,
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reduction of brain-bound antibodies, and restoration of normal levels
of cell-surface and synaptic NMDAR."'®® Pathological examinations
found no evidence of inflammatory infiltrates or complement
deposits, providing strong evidence that antibodies from patients
with anti-NMDAR encephalitis alter memory and behavior through

the reduction of cell-surface NMDAR.
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Figure 11. Patients NMDAR antibodies decrease the levels of NMDAR resulting in
impairment of memory, behavior, and hippocampal plasticity. (A)
Subcutaneously placed osmotic pumps filled with patients’ CSF are connected to
cannulas inserted in the lateral ventricles. The osmotic pumps deliver a continuous
infusion of patients’ CSF antibodies for 14 days. During the infusion period and until
day 25, animals undergo regular memory and behavioral tests (B), and subgroups of
representative animals are sacrificed at different time points to determine the
presence of antibodies in the brain (C) and the effect of the antibodies on the levels
of NMDARs (D) and hippocampal LTP (E). Note that compared with control CSF (grey
line in B), patients’ CSF (blue line in B) caused a progressive and robust decrease of
memory (novel object location) and anhedonia (sucrose preference) until day 18
(four days after the pumps stopped the infusion of patients’ antibodies), followed by
recovery of deficits. Panel C demonstrates the presence of human IgG in the
hippocampus of a representative animal infused with control CSF (top) and patients’
CSF (bottom); in both examples, the hippocampus corresponds to day 18. Panel D
shows the density of NMDARs in the corresponding hippocampal areas (small
squares) of (C). Note that the presence of patients’ antibodies in hippocampus (C,
bottom) is accompanied by a substantial reduction of clusters of NMDARs (D,
bottom). Panel E shows that the reduction of NMDAR clusters is accompanied by a
severe impairment of hippocampal LTP (the blue line corresponds to an animal
infused with patients’ CSF, and the grey line to an animal infused with control CSF).
As occurred with memory and behavior, the changes in the levels of NMDARs and
plasticity progressively reversed after the infusion of antibodies was stopped (not
shown). One or more asterisks indicate that the findings are statistically significant.
Scale barin C, 200 um. From??
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Table 5. Animal models using transfer of human antibodies against neuronal cell surface proteins.

Antigen

Approach

Results: behavioral, molecular and/or
electrophysiological

Comments

NMDAR

Cerebroventricular
infusion/injection of
patients’ antibodies or
human monoclonal
antibodies to mice

Infusion of patients’ CSF antibodies caused memory loss,
anhedonia, depressive-like behavior, psychotic-like behavior
along with decreased levels of NMDAR clusters and interacting
protein (ephrin B2 receptor, dopamine receptors). Antibodies
impaired long-term synaptic potentiation (LTP). All effects were
reversible.”>%12

Findings in animal tissue were
similar to those obtained with
cultured neurons. A model using
human monoclonal antibody
showed the same results.®

AMPAR

Cerebroventricular
infusion/injection of
patients’ antibodies to
mice

Injection of patients’

Infusion of patients’ GlUA2 IgG antibodies caused a reduction
of memory and learning along with internalization and
reduction of GluA2-containing AMPARs followed by a

compensatory incorporation of non-GluA2 AMPARs. Antibodies
impaired LTP. Effects were reversible.'

Findings in animal tissue were
similar to those obtained with
cultured neurons.

mGIluR1

antibodies into the
subarachnoid space of
mice

Antibodies caused progressive ataxia with wide gait and severe

difficulty walking. The effect was reversible.* In another study,

in-vivo application to the flocculus evoked disturbances in the
performance of compensatory eye movements.'*

Reversibility of the antibody-
induced ataxia was confirmed by
other authors.'®

mGluR5*

Cerebroventricular
infusion of patients’
antibodies to mice

Infusion of patients’ mGluR5 antibodies caused a reduction of
memory and increased anxiety along with a reduction of
mGLluURS5 in the hippocampus. Effects were reversible.

Findings in animal tissue were
similar to those obtained with
cultured neurons.

GlyR

Exposure of zebrafish
larvae to patients’
antibodies

A lesion of the skin covering the fourth ventricle of the larvae
permitted diffusion of antibodies into the ventricular space.
Larvae exposed to patients’ antibodies showed severely
impaired escape responses, decreased GlyR in the lateral

region of the spinal cord.™®

Reversibility of effects was not
determined




LGI1

Cerebroventricular
infusion of patients’
antibodies to mice

Antibodies caused severe memory loss along with a decrease
of synaptic Kv1.1 and AMPAR, and LTP impairment. Patch-
clamp of DG granule cells and CA1 pyramidal neurons showed
neuronal hyperexcitability with increased glutamatergic
transmission. All effects were reversible.

Memory and LTP impairment were
confirmed in another study using
patient-derived monoclonal
antibodies.’*®

CASPR2

Systemic or intracerebral
infusion/injections of
patients’ antibodies to

mice

Cerebroventricular infusion of patients’ antibodies caused
memory impairment along with hippocampal reduction of
surface CASPR2 clusters and decreased CASPR2/TAG1
colocalization, and decreased levels of Kv1.1 and GluA1. All
effects were reversible. '

Other authors using systemic
injections in mice reported
delayed-onset of mechanical
hypersensitivity."” Another study
injecting patients’ antibodies to
the visual cortex of mice reported
reduction of MEPSC
amplitudes.™

P/Q-type
VGCC

Injection of patients’
antibodies into the
subarachnoid space of
mice

Mice injected with IgG from patients with LEMS and PCD and

VGCC antibodies developed reversible ataxia and memory loss.

Mice injected with IgG from patients with LEMS without ataxia
did not develop cerebellar symptoms.'38

In another study, rabbit polyclonal
VGCC antibodies against the DIl
domain of the mouse a1 channel
caused cerebellar symptoms in
mice.'®

Amphiphysin

Systemic or intracerebral
injections of patients’
antibodies to rodents

Intraperitoneal injections of patients’ antibodies to a rat model
of EAE caused muscle stiffness and spasms.' Intrathecal
injection of human IgG antibodies produced anxiety behavior,
and stiffness and muscle spasms in rats.™' Antibodies were
internalized into neurons and colocalized with presynaptic
vesicular proteins.’

Neurons from amphiphysin
deficient mice did not internalize
patients’ IgG. GABAergic
synapses were more vulnerable
than glutamatergic synapses to
antibody-mediated vesicular
endocytosis. "

*Model developed as a consequence of this thesis.
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Active immunization models

While passive transfer models established the pathogenicity of
human antibodies in antibody-mediated encephalitis, they do not
fully represent the complexity of these diseases, lacking deeper
insights into their immunopathology. This limitation highlights the
need for active immunization models that more accurately replicate

the human disease.

The first animal model of a CNS disease developed by active
immunization was the Experimental Autoimmune Encephalomyelitis
(EAE) model, which tried to reproduce Multiple Sclerosis (MS).
Initiated in the 1930s, Thomas Rivers and colleagues provided the
first evidence that immune cells can attack the brain. Their simple
experiments established what is now known as the EAE model. These
experiments involved intramuscular injections of brain extracts from
rabbits into Rhesus macaques, causing in most animals paralysis in
association with CNS immune infiltration and demyelinating
lesions.™ The researchers also noted that the disease-inducing
capacity of the brain extracts was proportionate to their myelin
content, providing the first hint that myelin was involved in disease

induction.

The success of these experiments required multiple injections (up to
85 per animal) over a period of a year. However, when the process
was modified by Elvin Kabat combining brain extracts with a new
adjuvant developed by Jules Freund, the model could be induced by

143

just a single injection.’* It took another decade before researchers

recognized some of the similarities between EAE and MS.™
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Currently, EAE is the most commonly used model for the study of
demyelinating disorders and other types of inflammatory
demyelination. Rather than using brain extracts, EAE is now typically
induced by the subcutaneous injection of Myelin Oligodendrocyte
Glycoprotein (MOG) protein or peptides mixed with Freund’s adjuvant
in rodents.”® It is argued that pathophysiologically EAE more closely
resembles MOG-antibody associated disease (MOGAD) than MS, due
to its non-relapsing remitting course and the use of MOG as the
autoimmune trigger. The typical clinical course of EAE involves
ascending flaccid paralysis, characterized by widespread
neuroinflammation, demyelination plaques, and neuronal damage in
the spinal cord. Advances in research have led to various types of the
EAE model, each reflecting aspects of the human disease pathology
and informing the development of potential therapeutic
interventions. Interestingly, the mechanism involved varies
depending on the type of immunization. For example, the use of MOG
peptides primes an immune response mediated by CD4 T cells (B cell
independent) whereas the use of MOG protein results in an EAE that

requires the participation of B cells.™®

For autoimmune encephalitis, the models of passive transfer of
patients’ antibodies have been extremely useful to demonstrate that
the antibodies have direct pathogenic effects on the structure and
function of the target antigen, but these models have limitations
related to the absence of immune activation and inflammatory
changes, as well as the preferential diffusion of the infused
antibodies to structures surrounding the ventricular system. In
contrast, active immunization models facilitate the assessment of
the effects of antibodies synthesized by the animal, alongside the

mechanisms mediated by effects inflammatory and T cell responses.
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These models should aim to replicate all symptoms of the human
disease, ensuring that antibodies target the same antigenic regions,
belong to the same IgG subclass, and cause molecular and
electrophysiological alterations similar to those mediated by
patients’ antibodies. Furthermore, the participation of the T-cell
immune response should be similar to that of the human disease
(characterized in autopsy studies as mild), and the main clinical and
immunopathological alterations should be potentially reversible with

treatment.

Active immunization models also offer the possibility to obtain a
more prolonged follow-up (weeks or months) of the clinical and
biological alterations when compared with passive transfer models,
in which antibody effects only last for a few days (~14 days),

therefore, facilitating the testing of potential new therapies.

In the past five years, some researchers have attempted to develop
models of anti-NMDAR encephalitis through active immunization.
However, these models only partially met the required criteria (Table
6). One of these models, employing NMDAR proteo-liposomes,
elicited a fulminant encephalitis (with frequent mortality) that
manifested with some of the acute phase symptoms of NMDAR
encephalitis, but lacked a comprehensive exploration of antibody-
mediated molecular mechanisms.’™ A subsequent study used a
peptide from the GLluN1 amino terminal domain (ATD) combined with
Freund’s complete adjuvant (FCA), showing that animals developed
anxiety and memory impairment along with B and plasma cell
148

infiltration in leptomeningeal and circumventricular regions.

However, the study did not address the molecular effects of the
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antibodies. A similar study expanded this approach with a longer
GluN13s6.385s peptide and FCA, replicating memory deficits and
synaptic changes, but without examining inflammatory brain
infiltrates.' In contrast, another study used immunization with a mix
of peptides that resulted in antibody synthesis but failed to induce
memory and other behavioural alterations.'® In another study, the
authors compared different immunization protocols, including two
previously reported,’#®' revealing major differences in the
phenotype of mice immunized with different protocols, but not
addressing key features related to the pathogenicity of mouse
antibodies or alterations in synaptic plasticity.’® Another recent
study immunized juvenile mice with the GluN1 3s6.335 peptide and FCA,
which produced only memory alterations and antibodies in serum,
but did not explore antibodies in CSF, molecular antibody effects, or
immune brain infiltrates.”® Lastly, a recently published model
immunized wild-type and ApoE-/- mice with a long fragment of the
GluN1 ATD and FCA.™® This study examined antibodies only in
serum, noted memory alterations and anxiety, reduced NMDAR

levels, but did not examine the immunobiology.

A common finding across these models is that the immune
responses are predominantly driven by B cells, with absent to
moderate brain infiltration by T cells. All models showed the
development of NMDAR antibodies supporting the concept that
NMDAR autoimmunity is sufficient to cause the multiple symptoms
of the disease. However, none of the models provided a
comprehensive assessment of animal behavior, explored the
neurobiology and immunobiology, or examined the prolonged clinical

course.



Table 6: Animal models of anti-NMDAR encephalitis developed by active immunization.

Features Pan et al. Jones et al. Wagnon et Ding et al. LI::::la He et al. Yu et al. Maudes et al.
2019'%° 20197 al. 2020 20214 20231'54 2023152 202358 2024*
L . mix of proteo- 15aa 30aa 15and 30aa extracellular .
c c GluN1 immunogen . . . . 30aa . 30aa peptide
=) peptides liposomes peptide peptide . peptide segment
EE peptides
E N
- Adjuvant FCA none FCA FCA FCA FCA FCA AddaVax
% Reduc.ed_NMDAR n/a n/a n/a v v n/a v v
o density in brain
o -
2 GluN bc.)und.to brain n/a n/a n/a n/a n/a n/a n/a v
o antibodies
3 o N
%) Changeslln‘ brain n/a n/a n/a n/a n/a v n/a v
plasticity
. serum and serum and serum
_ Antibody presence serum serum CSF CSF and CSF serum serum serum and CSF
@ Pathogenicity of NMDAR Ca? NMDAR NMDAR NMDAR density
= I n/a . . n/a n/a . s
o antibodies in vitro density | currents | density | density | and Ca?'currents |
3
S B a'nd plasvma cgll n/a v v n/a v n/a n/a v
E infiltrates in brain
T cell |nf|lFrates in n/a v x n/a v n/a n/a rare
brain
Memory n/a v v v v v v v
= Psychosis predisposition n/a n/a n/a n/a n/a n/a v
-g Abnormal movements n/a v x x x v
% % Hyperactivity n/a v X x x x x
= £ Depression n/a n/a v v v n/a x v
S § Anxiety n/a v v v v x v predisposition
Tg @ Seizures n/a spontaneous threshold! | threshold! n/a threshold | n/a threshold |
E Reversibility n/a high mortality n/a n/a n/a n/a n/a v
O . e
Clinical s'taged « < « < < < « v
evolution

* Model developed as a consequence of this thesis
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Based on the concepts previously described, antibody-mediated
encephalitis represents a rapidly expanding group of neurologic
disorders whose cause and treatment were unknown until recently.
Understanding the pathogenic mechanisms of patients’ antibodies
provides insight into how autoimmunity can affect brain function,
leading to reversible symptoms that range from minor alterations to

psychotic behavior and severe neurological symptoms.

Anti-mGLluR5 encephalitis is a very rare disease. The pathogenic role
of antibodies from anti-mGluR5 encephalitis patients has been
suggested by the response of patients’ symptoms to immunotherapy
and further supported by studies showing that the antibodies bind to
the cell surface of cultured neurons, causing a depletion of mGluR5
levels. However, these antibody-mediated alterations and their
potential effect on behavior have not been explored in animals. This
thesis addresses these questions using a mouse model of

cerebroventricular transfer of patients’ IgG.

Anti-NMDAR encephalitis is considered the most common antibody
mediated autoimmune encephalitis. An intriguing feature of this
disease is the dissociation between the severity of the symptoms in
most patients and the low frequency of MRI abnormalities using
standard clinical imaging sequences. However, studies with
advanced imaging show extensive changes in white matter integrity in
most patients. Given that oligodendrocytes also express NMDAR, we
postulated that the function of NMDAR in oligodendrocytes might

also be impaired in patients’ with anti-NMDAR encephalitis.
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Although anti-NMDAR encephalitis is a treatable disease, it often
takes several months or more than one year for patients to return to
most of their normal activities. Therefore, novel therapeutic
strategies aimed to speed improvement are of great interest. Given
that most symptoms in anti-NMDAR encephalitis are associated with
NMDAR hypofunction, it is reasonable to hypothesize that a potent
and selective PAM (i.e., SGE-301) of this receptor could potentially
prevent and reverse the pathogenic effects of patients’ antibodies.
However, the mechanisms of action of this PAM remain unclear.
Since patients’ antibodies cause alterations in the surface dynamics
of NMDAR, we hypothesized that SGE-301 could modulate NMDAR

membrane dynamics.

Finally, even though passive transfer models with patients’ antibodies
have been instrumental in establishing the pathogenicity of the
antibodies, they do not provide further insights into the
immunopathology of the disease. Recently, additional approaches to
model the disease based on active immunization of mice with
NMDAR have resulted in different phenotypes, ranging from fulminant
encephalitis to milder symptoms depending on the model. However,
there is an unmet need for models that can offer a more
comprehensive assessment of the neurobiology and immunobiology
of the disease, alongside a clinical course long enough to facilitate

the evaluation of potential therapies on all these paradigms.
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Therefore, we postulated that immunization with a GlUN1 peptide
would develop a model of anti-NMDAR encephalitis allowing the
assessment of clinical, neurobiological and immunobiological
alterations over an extended period of time. Moreover, this novel
mouse model of anti-NMDAR encephalitis would provide the
opportunity to assess the efficacy of novel treatments such as SGE-
301, and to compare these treatments with the currently used B-cell

depleting immunotherapy (anti-CD20).
Therefore, considering all the above, | hypothesized that:

1. Cerebroventricular infusion of patients’ mGluR5 antibodies to
mice should model the alterations observed in patients with anti-
mGLluR5 encephalitis.

2. Oligodendrocyte function is likely to be impaired by exposure to
antibodies from patients with anti-NMDAR encephalitis.

3. Treatment with a positive allosteric modulator of NMDAR, such as
the oxysterol derivative SGE-301, is likely to prevent and restore
the antibody-mediated alterations observed in mouse models of
passive transfer of patients’ NMDAR antibodies.

4. Positive allosteric modulators of NMDARs, like SGE-301, probably
modifies the surface dynamics of NMDARs.

5. Active immunization of mice with a peptide from the main
immunogenic region of GLUN1 adapted to prime B cell responses,
should result in the clinical, neurobiological and
immunobiological manifestations of anti-NMDAR encephalitis.

6. Treatment with anti-CD20 immunotherapy and SGE-301 should
reverse the clinical and underlying biological alterations
associated to the anti-NMDAR encephalitis caused by active

immunization of mice.
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The indicated hypotheses will be tested in the following objectives:

1. Determine the pathogenicity of anti-mGluR5 patients’
antibodies in a mouse model of cerebroventricularinfusion.

2. Investigate the effect of antibodies from patients with anti-
NMDAR encephalitis on cultures of oligodendrocytes,
evaluating the activity of oligodendrocyte NMDARs and the
expression of glucose transporter GLUT1.

3. Assess whether SGE-301, a positive allosteric modulator of
NMDAR, prevents and restores the pathological effect of
antibodies from patients with anti-NMDAR encephalitis in a
passive cerebroventricular transfer mouse model.

4. Elucidate the effects of SGE-301 on the cell surface dynamics
of NMDAR.

5. Develop an animal model of anti-NMDAR encephalitis in
order to characterize the neurobiology, immunobiology,
clinical phenotype, and reversibility of the disease with two
types of treatments, an anti-CD20 (frequently used to treat
the human disease), and a novel therapeutic approach with a

positive allosteric modulator of the NMDAR (SGE301).
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The general methods used in this thesis are briefly summarized
below and can be found in more detail in the enclosed publications.
Additional methods of particular interest for each individual project

are described in the corresponding manuscript.

Determination of the presence of autoantibodies in serum
and CSF samples

Serum and CSF samples from patients with anti-NMDAR and anti-
mGLluR5 encephalitis, and from healthy participants (controls), were
used in these projects. Patients were clinically identified in our
Institution (FCRB-IDIBAPS, Hospital Clinic de Barcelona) according
to criteria developed by Dr. Graus and Dr. Dalmau (Graus et al.
Lancet, 2016). The presence of autoantibodies was determined with
rat brain immunohistochemistry and cell-based assays. These tests
together with immunocytochemistry with Llive neurons were

commonly used in all projects of this thesis.
Immunohistochemistry on rat brain tissue

Immunohistochemistry on rat brain tissue with human serum or CSF
samples represents our first level of antibody screening for patients
with suspicion of autoimmune encephalitis. This technique, adapted
to cell surface proteins, is highly sensitive to detect antibodies in
serum and CSF, providing distinct patterns of immunostaining

characteristic of each autoantibody.

Immunohistochemistry is performed with non-perfused rat brain. In
brief, animals are sacrificed, and the brain removed, split sagitally,
fixed by immersion in 4% paraformaldehyde for 1 hour at 4°C, and

cryoprotected with 40% sucrose for 48 hours. The tissue is then
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embedded in freezing compound, snap-frozen in isopentane chilled
with liquid nitrogen, and cut into 7 pm sections using a cryostat.
Sections of tissue are then sequentially incubated with patients’ or
controls serum (dilution range, 1:100 to 1:500) or CSF (1:2 to 1:5), the
appropriate secondary antibody (mouse anti-human), and the
reactivity developed with a standard method of avidin-biotin

peroxidase and diaminobenzidine.
Cell-based assay

To confirm the specificity of the reactivity of patients’ antibodies (e.g.,
NMDAR or mGluR5), we use cell-based assays (CBA). Briefly, HEK293
cells are seeded in plates containing poly-D-lysine coated coverslips,
and 24 hours later, when the confluency is approximately 80%, cells
are transfected using lipofectamine 2000 with the desired plasmid
(e.g., GLUN1/GluN2b or mGluR5). One day after transfection, cells are
incubated with patients’ serum or CSF either before (live CBA) or after
fixation with 4% paraformaldehyde (fixed CBA). A commercial
antibody specific for the antigen is used as control for the
transfection. Reactivity is developed with anti-human Alexa Fluor 488
and the appropriate fluorescent secondary antibody for the

commercial antibody and observed under a fluorescent microscope.

Immunohistochemistry of cultured Llive hippocampal

neurons

To determine whether any reactivity identified with tissue
immunostaining is directed against neuronal surface antigens, we
use immunolabeling of cultured live hippocampal neurons. Briefly,

hippocampi are isolated from rat embryos at embryonic day 18,
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dissociated with trypsin and seeded in plates with poly-L-lysine
coated coverslips. Neurons are cultured in neurobasal medium for
15-21 days at 37°C, 5% CO,, and 95% humidity. For
immunocytochemistry, neurons in coverslips are incubated with
serum or CSF for 1 hour, fixed with 4% paraformaldehyde, developed
with an anti-human Alexa Fluor 488 secondary antibody, and

observed under a fluorescent microscope.

Determination of antibody effects in cultured neurons

Confocal microscopy

The potential effect of patients’ antibodies on cultured neurons is
assessed measuring the alteration of the target antigen at the
synaptic and extrasynaptic sites, using confocal microscopy. In brief,
hippocampal neurons are isolated and cultured as described above.
Neurons at 14-17 days in vitro are exposed to patients’ CSF or serum
for 12 hours. The effect of patients’ antibodies on specific receptors
or synaptic proteins is then assessed with a specific commercial
antibody against the receptor of interest (e.g., anti-GluN1 or anti-
mGLluR5) and a synaptic marker, typically PSD95. Then, clusters of
total cell-surface and synaptic receptor (determined as co-localizing
with PSD95) are quantified with confocal microscopy (Zeiss LSM710)

using the software Imaris (Bitplane).

Single-particle tracking by Photoactivated Localization
Microscopy (PALM)

The effect of the NMDAR PAM SGE-301 on the surface dynamics of
NMDAR was assessed by PALM. For PALM experiments neurons are
transfected at 10 days in vitro with Homer-GFP and GluN1-mEos3.2

using calcium phosphate transfection. Afterwards, neurons are



86|General methods

treated with SGE-301 or vehicle for 12 hours. Live neurons are imaged
in an open chamber (Ludin chamber, Life Imaging Services) at 37°C.
Transfected cells are detected with Homer-GFP signal, and GluN1-
mEos3.2 is photoactivated using a 405nm laser. The resulting single-
molecule fluorescence is excited with a 561nm laser. Surface GluN1-
mEos is tracked for 200 frames using Metamorph software. Detection
and reconnection of trajectories is done with PALM Tracer plugin for
Metamorph. Homer-GFP is utilized as a synaptic marker to

discriminate synaptic and extrasynaptic NMDAR trajectories.

Studies with mice

For all our animal experiments we use C57BL6/) mice (Charles River)
housed in our animal facility (Unitat d’Experimentacié Animal de
Medicina, Centres Cientifics i Tecnologics, Universidad de
Barcelona) at a controlled temperature (21 = 1°C) and humidity (55 +
10%) with illumination at 12-h cycles, and food and water ad libitum.
Experiments are performed during the light phase, and animals are
habituated to the room for 30 min before each experiment. All
procedures are performed following standard ethical guidelines
(European Communities Directive 2010/63/EU), approved by the
local ethical committee (CEEA-316/22), and reported in accordance

with the ARRIVE guidelines.

Cerebroventricular infusion of patients’ antibodies to mice

To develop a mouse model for anti-mGLluR5 encephalitis and study a
potential treatment for the behavioral and synaptic effects of anti-
NMDAR encephalitis patients’ antibodies, we have used

cerebroventricular infusion of patients’ antibodies in mice.
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In brief, bilateral intraventricular catheters connected to two osmotic
minipumps subcutaneously placed on the back of male C57BL6/)
ten-week-old mice. Each pump contains 100 pl of patients’ CSF or
purified IgG and infuse patients’ antibodies for 14 days at a constant

flow rate of 0.25 ml/h.

Development of a mouse model of anti-NMDAR encephalitis
by active immunization

To immunize mice against NMDAR, female C57BL6/J, eight-week-old
mice were subcutaneously injected with 200 pg of the GluN1 356 - 386
peptide or saline and AddaVax adjuvant on days 1 and 28. All animals
received 100 ng of Bordetella pertussis toxin intraperitoneally at the
time of immunization and 48 hours later. To assess different
treatments, a subset of mice received 250 pg of anti-CD20
intravenously on day 35. Another subset of mice received from day 47
untii end of the study, 10 mg/kg of SGE-301 or vehicle

intraperitoneally.

Characterization of animal models

The models and effect of different treatments in mice were assessed
using a battery of behavioral tests, hippocampal electrophysiological
studies, and confocal microscopy. The effect of active immunization
and immunotherapy were also studied by flow cytometry studies of

spleen and immune cell brain infiltrates.
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Memory and behavior
Test Assessment Basis
Animals with good
memory tend to
Novel Object

Location (NOL) test

Locomotor Activity
(LA)

Prepulse Inhibition
of the acoustic
startle response
(PPI)

Black and White
(BW) test

Tail Suspension Test
(TST)

Visuospatial memory

Horizontal and
vertical activity

Psychotic-like
behaviour

Anxiety-like
behaviour

Depressive-like
behaviour

spend more time
exploring an object
in a novel rather than
in a familiar location
Ability to move in all
planes
Healthy animals do
not startle when an
intense acoustic
stimulus is preceded
by a less intense one
This test measures
the conflict between
the innate
exploratory
behaviour and
natural aversion to
brightly illuminated
areas, animals with
higher anxiety will
explore less
Healthy animals will

try to escape from an

aversive stimulus
such as being hung
from the tail

Table 7: Behavioral tests used for the study of the animal models in this thesis.
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Hippocampal electrophysiological studies

In all animal models, the assessment of functional effects on long-
term plasticity was performed in acute hippocampal slices obtained
from mice at different time points by recording field excitatory
postsynaptic potentials after proper stimulation of the Schaffer

collateral-CA1 pathway.

Immunohistochemistry and confocal microscopy

To study the effects of patients’ antibodies, immunization or
treatments on the brain, mice were sacrificed, and the brain was
extracted and processed as described for rat brain tissue
immunohistochemistry. The presence of antibodies bound to tissue
and specific target binding was assessed by human or mouse I1gG
immunolabelling and immunoprecipitation with A/G agarose beads
from fresh brain tissue. In addition, the effects of antibodies were
assessed with confocal microscopy including quantification of the
clusters of the target antigens using primary antibodies against the
specific receptor of interest (e.g., mGluR5, NMDAR) and PSD95 as a

synaptic marker.

Flow cytometry studies

The effectiveness of the immunization and immunotherapy were
assessed by flow cytometry studies of spleen and immune cell brain
infiltrates. Briefly, brain and spleen were homogenized, filtered and

separated by Ficoll or Percoll gradients.
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Cells were collected and stained with fluorophore-conjugated
antibodies to mark for different immune phenotypes (Table 8). Data

was acquired in a Cytek Aurora cytometer.

Marker Fluorophore Cell type
CD11b eFluor450 Macrophages and microglia
CD45 APC Leukocyte

CD3 Alexa Fluor 488 Tcell

CD4 PE-Cyanine 5.5 T-helper

CcD8 Brilliant Ultra Violet 737 T-cytotoxic
CD19 PE-Cyanine 5 B cell
CD27 Super Bright 702 Memory B cell

IgD Super Bright 600 Naive B cells
CD138 PE Plasma cell

Table 8: Cell markers used for flow cytometry studies in this thesis.
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Contribution report

Below please find my comments on the publications of Estibaliz
Maudes as part of the group of reports that comprise her doctoral
thesis entitled “Cellular and animal models of antibody-mediated
encephalitis: from pathogenesis to novel therapeutics”. The
comments include my assessment on her participation as well as the

journalimpact factor.

Paper |. Human metabotropic glutamate receptor 5 antibodies alter

receptor levels and behavior in mice.

Estibaliz Maudes, Francesco Mannara, Anna Garcia-Serra, Marija
Radosevic, Araceli Mellado, Ana Beatriz Serafim, Jesus Planaguma,

Lidia Sabater, Josep Dalmau, Marianna Spatola.
Annals of Neurology. 2022; 92: 81-86.

Impact factor according to Journal of Citation Reports (JCR) in 2021:
11.274 (D1).

PhD candidate contribution: The PhD candidate participated in
animal surgery and behavior tests. She performed mice sacrifices
and the removal of mouse brains. She did all tissue processing for
immunohistochemistry and confocal analysis of mGluR5 clusters.
She participated in statistical analysis. She prepared the figures and

wrote the original and revised versions of the manuscript.

This article is not expected to be included in any other doctoral

thesis.
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Paper Il. NMDA receptor antibodies in autoimmune encephalopathy

alter oligodendrocyte function.

Carlos Matute, Alicia Palma, Maria Pilar Serrano-Regal, Estibaliz
Maudes, Saikat Barman, Maria Victoria Sanchez-Gémez, Maria

Domercq, Niels Goebels, Josep Dalmau.

Annals of Neurology. 2020, 87(5), 670-676.

Impactfactor JCR2020:10.422 (D1).

PhD candidate contribution: The PhD candidate participated in the
conceptual and experimental design of the study. She selected and
tested for antibodies all human samples used in the study. She
performed the immunoabsorption of patients’ samples. She
participated in the statistical analysis and initial drafting of the

manuscript and revised the final manuscript for intellectual content.

This article is not expected to be included in any other thesis.

Paper lll. Allosteric modulation of NMDA receptors prevents the

antibody effects of patients with anti-NMDAR encephalitis.

Francesco Mannara, Marija Radosevic, Jesus Planaguma, David Soto,
Esther Aguilar, Anna Garcia-Serra, Estibaliz Maudes, Marta Pedrefio,
Steven Paul, James Doherty, Michael Quirk, Jing Dai, Xavier Gasull,

Mike Lewis, Josep Dalmau.
Brain. 2020, 143(9), 2709-2720.

Impact Factor JCR 2020: 13.501 (D1).
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PhD candidate contribution: The PhD candidate participated in the
following experiments: animal behavior tests, administration of
treatment, removal of mouse brain and tissue processing for
immunohistochemistry. She performed the immunoabsorption of

patients’ CSF. She revised the manuscript for intellectual content.
This article was included in the PhD thesis of Anna Garcia-Serra.

Paper 1V. Allosteric modulation of NMDARs reverses patients’

autoantibody effects in mice.

Marija Radosevic, Jesus Planaguma, Francesco Mannara, Araceli
Mellado, Esther Aguilar, Lidia Sabater, Jon Landa, Anna Garcia-Serra,

Estibaliz Maudes, Xavier Gasull, Mike Lewis, Josep Dalmau.

Neurology: Neuroimmunology & Neuroinflammation. 2022, 9(1),

e1122.
Impact factorJCR2022: 8.8 (D1).

PhD candidate contribution: The PhD candidate participated in the
following experiments: animal behavior tests, administration of
treatment, removal of mouse brain and tissue processing for
immunohistochemistry. She revised the manuscript for intellectual

content.

This article is not expected to be included in any other doctoral

thesis.
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Paper V. Positive allosteric modulation of NMDARs prevents the

altered surface dynamics caused by patients’ antibodies.

Estibaliz Maudes, Zoé Jamet, Laura Marmolejo, Josep Dalmau,

Laurent Groc.

Neurology: Neuroimmunology & Neuroinflammation. 2024, 11(4),

€200261.
Impactfactor JCR2022:8.8 (D1).

PhD candidate contribution: The PhD candidate participated in the
experimental design of the study. She performed all hippocampal
neuron treatments with patients’ samples and/or drug and all single-
particle tracking experiments. She analyzed the data, performed the
statistics, drafted the manuscript, including figures, and wrote the

original and revised version of the manuscript.

This article is not expected to be included in any other thesis.

Paper VI. Neuro-immunobiology in a mouse model of anti-NMDAR

encephalitis and assessment of treatment approaches.

Estibaliz Maudes, Jesus Planaguma, Laura Marmolejo, Marija
Radosevic, Ana Beatriz Serafim, Esther Aguilar, Carlos Sindreu, Jon
Landa, Anna Garcia-Serra, Francesco Mannara, Marina Cunquero,
Anna Smith, Chiara Milano, Paula Peixoto-Moledo, Mar Guasp,
Raquel Ruiz-Garcia, Sarah M. Gray, Marianna Spatola, Pablo Loza-

Alvarez, Lidia Sabater, Carlos Matute, Josep Dalmau.
Submitted to Brain. 2024.

ImpactfactorJCR2022:14.5 (D1).
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PhD candidate contribution: The PhD candidate participated in the
conceptual and experimental design of the study and performed
most of the experiments including the development of the model,
behavioral assessment, treatment administration, obtaining and
processing all tissue samples, immunohistochemical studies,
immuno-precipitation, and flow cytometry studies. She performed
the statistical analyses, drafted the manuscript, and supplemental
material, and wrote the original and revised versions of the

manuscript.

This article is expected to be included in the thesis of Laura

Marmolejo and Ana Beatriz Serafim.

Thesis director and tutor Thesis co-director

C_\ NG VAN

—

Josep Dalmau, MD, PhD Carlos Matute, PhD
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Paperl

Human metabotropic glutamate receptor 5 antibodies alter
receptor levels and behaviors in mice

Estibaliz Maudes, Francesco Mannara, Anna Garcia-Serra, Marija
Radosevic, Araceli Mellado, Ana Beatriz Serafim, Jesus Planaguma,
Lidia Sabater, Josep Dalmau,' Marianna Spatola’

T These authors share seniority

Annals of Neurology 2022; 92: 81-86

IFJCR2021:11.27 (D1)
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Human Metabotropic
Glutamate Receptor
5 Antibodies Alter Receptor
Levels and Behavior in Mice

Estibaliz Maudes, MSc @'
Francesco Mannara, PhD,’
Anna Garcia-Serra, PhD,"
Marija Radosevic, PhD,’
Araceli Mellado, BS,’
Ana Beatriz Serafim, BS,’
Jesus Planaguma, PhD,’
Lidia Sabater, PhD @,
Josep Dalmau, MD, PhD 12341 5nd
Marianna Spatola, MD, PhD 1.5t

Ophelia syndrome or encephalitis with antibodies
against the metabotropic glutamate receptor 5 (mGIuR5)
manifests with behavioral changes, memory deficits, and
anxiety. To study the antibody pathogenicity, mice
received continuous cerebroventricular infusion of patients’
or controls’ immunoglobulin G (IgG) for 14 days, followed
by a 15-day washout. The effects on hippocampal mGIuR5
clusters were determined by confocal microscopy. Animals
infused with patients’ IgG, but not controls’ 1gG, showed
memory impairment, increased anxiety, and decreased
neuronal surface mGIuRS clusters. After antibody clear-
ance, both behavioral and molecular changes reversed to
baseline conditions. These findings support the pathoge-
nicity of these antibodies in anti-mGIuR5 encephalitis.

ANN NEUROL 2022;92:81-86

Antibodies targeting the metabotropic glutamate recep-
tor 5 (mGluR5) have been identified in patients with
Anti-mGluR5  encephalitis

manifests with memory deficits, anxiety, seizures, and

. .1
autoimmune  encephalitis.

behavioral changes, and is often associated with Hodgkin
lymphoma (Ophelia syndrome).'

A pathogenic role of these antibodies has been suggested
by the response of patients’ symptoms to immunotherapy'
and further supported by studies showing that the antibodies
bind to the cell surface of cultured neurons and cause a deple-
tion of the levels of mGIuR5."> However, these antibody-
mediated alterations and their potential effect on behavior have

not been explored in animals. Here, we addressed these

BRIEF COMMUNICATION

W) Check for updates

questions in a mouse model of cerebroventricular transfer of

patients’ immunoglobulin G (IgG).

Materials and Methods

Purification of IgG from Serum of Patients or
Controls

IgG was purified from pooled serum of 2 reported patients with
anti-mGluR5 encephalitis (Cases #1 and #6 in Spatola et al®) or
healthy blood donors (controls) using protein A/G agarose beads col-
umns (#20423; Pierce, Rockford, IL), normalized to a concentration
of 2 ug/pl, and kept at —80 °C until use.” The reactivity of purified
IgG with mGluR5 was confirmed by rat brain tissue showing a char-
acteristic pattern of immunostaining' and by cell-based assay with

human embryonic kidney 293 cells transfected with mGIuR5.”

Animal Surgery
Cerebroventricular infusion (14 days duration) of purified IgG

(from patients or controls) was performed as reported.” Briefly, male
C57BL6/] mice (Charles River, Wilmington, MA), aged 8 to
10 weeks, had bilateral catheters (#3280PD-2.0/SP; Plastics One,
Roanoke, VA) inserted into the lateral ventricles. Catheters were
then connected through a polyethylene tube (#C314CT, Plastics
One) to subcutaneously implanted osmotic pumps filled with puri-
fied IgG (#1002; Alzet, Cupertino, CA; volume = 100 pl, flow
rate = 0.25 pl/h).

Behavioral Testing

To assess whether patients’ IgG altered behavior in mice, a panel of
standardized behavioral tests was applied by investigators blinded to
the experimental conditions, as reportcitd.4’5 These tests assessed mem-
ory (Novel Object Location), anxiety (Black&White, Open Field),
locomotor activity, weight, and food/water intake. The timing of the
studies (explained below) in relation to IgG infusion is shown in

Figure 1A.
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FIGURE 1: Infusion of patients’ immunoglobulin G (IgG) with metabotropic glutamate receptor 5 antibodies causes reversible memory
impairment and increased anxiety in mice. (A) Schedule of behavioral tests and brain tissue studies in relation to IgG infusion. At day
0, catheters and osmotic pumps were placed and infusion of patients’ or controls’ IgG was started. Infusion lasted for 14 days. Memory
(Novel Object Location [NOL]), anxiety (Black&White [B&W] and Open Field [OF]), and locomotor activity (Loc) were assessed at the
indicated days postsurgery. (B) Memory assessment by NOL index in mice treated with patients’ (black squares and line) or controls’ IgG
(gray dots and line). A higher NOL index indicates better object recognition memory. **#p < 0.001. (C) Anxiety assessment by B&W test
performed 14 days after surgery. The number of entries into the bright/white compartment of the arena during a 5-minute period in
mice treated with patients’ (dark gray box plot) or controls’ (white box plot) IgG is shown. Fewer entries to the white sector indicate more
anxiety. Box plots represent the median, 25th percentile, and 75th percentile; whiskers represent minimum to maximum values.
*p < 0.05. (D) On day 24, 10 days after IgG infusion had stopped, anxiety was assessed using the OF test, to reduce learning effects. Time
spent in the external section of the arena over a 10-minute period in mice treated with patients’ (dark gray box plot) or controls’ (white
box plot) IgG is shown. Greater time spent in the external section indicates increased anxiety. Box plots represent the median, 25th
percentile, and 75th percentile; whiskers represent minimum to maximum values. No statistically significant difference was observed
between the groups. (E) Locomotor activity assessment by movement counts over a 10-minute period in mice treated with patients’
(black squares and line) or controls’ (gray dots and line) IgG. Values indicate mean values across animals at each time point, and error bars
represent standard error of the mean. For each behavioral test, 12 animals were assessed per treatment group (patients’ IgG and
controls’ IgG). Statistical analysis was assessed by 2-way analysis of variance (B, E) and unpaired ttest (C, D), with an o error of 0.05.

Brain Tissue Immunohistochemistry and sucrose, embedded with freezing media (#4583; Tissue-Tek,
Immunofluorescence Torrance, CA), and snap-frozen with methyl butane cooled in
On day 12 or 29, subsets of mice were euthanized, and the brains liquid nitrogen.4 To determine whether the infused mGluRS anti-
removed, fixed in 4% paraformaldehyde, cryoprotected with 40% bodies were able to bind to mice brain tissue, Spm-thick brain
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FIGURE 2: Patients’ immunoglobulin G (IgG) bind to mice brain and associate with a reversible decrease in total cell surface and
synaptic metabotropic glutamate receptor 5 (mGIuRS) clusters. (A) Human IgG immunolabeling of representative hippocampal sections,
showing strong immunostaining in the brain of a mouse treated with patients’ IgG (left panel) and absence of staining in the brain of a
mouse treated with controls’ IgG (right panel) on day 12. Scale bar = 400 um. (B) Hippocampal section from a representative mouse
infused with patients’ IgG demonstrating the immunostaining of mGIuR5 (red), PSD95 (green), and the merged reactivities (orange).
Squares in the panel labeled “Subregion analysis” indicate the hippocampal subregions (CA1, CA3, and dentate gyrus [DG]) that were used
for confocal microscopy quantification of PSD95, and total and synaptic mGIuRS5 clusters in each animal. Scale bar = 200 pm. (C) Three-
dimensional projections of a hippocampal area (DG subregion) showing a representative analysis of total mGIuR5 (red) and PSD95 (green)
clusters and merged projections (orange). Synaptic mGIuR5 clusters (gray) are defined as mGIuR5 clusters that colocalize with PSD95.
Scale bar = 2 pm. (D-F) Quantification analyses of hippocampal cell surface mGIuR5 (total surface, D; synaptic, F) and PSD95 (E) cluster
density (clusters/pm) in mice treated with patients’ or controls’ IgG. Analyses were performed in the whole hippocampus (D, E) and in the
CA1, CA3, and DG hippocampal subregions (F). Box plots represent the median, 25th percentile, and 75th percentile; whiskers indicate
minimum and maximum values. For each time point (12 and 29 days), 5 mice infused with patients’ IgG and 5 with controls’ IgG were
examined. Statistical analysis was assessed by linear model of mixed effects with an « error of 0.05. *p < 0.05, **p < 0.01.
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sections were immunostained with biotinylated goat anti-human
IgG (#109-035-088; Jackson ImmunoResearch, West Grove,
PA), as reported.”

On day 12 or 29, the effects of patients’ antibodies on
hippocampal mGIuR5 clusters (total cell surface and synaptic)
were examined using immunofluorescence and confocal micros-
copy. Synaptic mGluR5 was defined by the colocalization of
mGluR5 with the synaptic marker PSD95. Quantification of
surface mGluR5 clusters was performed in the entire hippocam-
pus and several hippocampal subregions (CA1, CA3, and dentate
gyrus [DG]). Primary antibodies included human serum anti-
mGluR5 and rabbit polyclonal antibody against PSD95
(#18258; Abcam, Cambridge, MA), and secondary antibodies
included Alexa Fluor 594 goat anti-human IgG and Alexa Fluor
488 goat anti-rabbit IgG (#A11014, #A11008; Molecular Pro-
bes, Eugene, OR).>*

Statistical Analyses

Differences in mGluR5 cluster densities between mice treated
with patients’ or controls’ IgG were analyzed using a linear
model of mixed effects. Behavioral tests were analyzed using
independent ¢ tests or 2-way analysis of variance with Bonferroni
correction, as appropriate. The alpha level used to determine sig-
nificance was p < 0.05. Statistical tests and graphs were per-
formed using Prism (v7; GraphPad Software, San Diego, CA)
and R studio (v4.0.0).

Ethical Approval

The use of patients’ samples for research purposes and animal
procedures (which complied with European 2010/63/UE and
Spanish RD 53/2013 regulations) were approved by the local
ethical committee of the University of Barcelona, Spain.

Results

Patients’ IgG Caused Severe Memory Loss and
Increased Anxiety

Mice infused with patients’ IgG, but not controls’ IgG,
developed visuospatial memory impairment, as indicated
by a decrease of the Novel Object Location index (see
Fig 1B). The memory impairment became significant on
day 10 (during IgG infusion), and reversed to values simi-
lar to those of controls by day 25 (11 days after the infu-
sion was stopped; see Fig 1B).

On day 14, mice infused with patients’ IgG, com-
pared to those infused with controls’ IgG, showed signifi-
cantly fewer entries into the white sector of the arena in
the Black&White paradigm (see Fig 1C), indicating
increased levels of anxiety. To avoid learning effects, we
used a different anxiety test (Open Field) on day 24, which
showed anxiety levels similar to those of control mice (see
Fig 1D). No significant differences between experimental
groups were noted in measures of locomotor activity (see
Fig 1E), weight, and food/water intake (not shown).

84

Patients’ IgG Bound to Mouse Brain and Caused
a Decrease of mGIuR5 Cluster Density

On day 12, brains of mice infused with patients’ IgG, but
not controls’ IgG, showed intense antihuman IgG immu-
nostaining in the hippocampus (Fig 2A), reflecting the
presence of patients’ antibodies bound to brain tissue.
This staining was no longer seen in the subset of mice
sacrificed 15 days after the IgG infusion had stopped (day
29, data not shown). Moreover, on day 12, hippocampi
from animals infused with patients’ IgG had a significant
decrease of total and synaptic mGluR5 clusters, mainly in
the subregions CA3 and DG, without affecting PSD95
cluster density (see Fig 2B—F). These effects were revers-
ible, and on day 29 (15 days after the IgG infusion had
stopped) the total and synaptic mGIuR5 cluster densities
had recovered to levels similar to those of controls (see Fig
2D-F).

Discussion

Our study demonstrates that the infusion of IgG from
patients with anti-mGIuR5 encephalitis into the
cerebroventricular system of mice caused memory loss and
increased anxiety in association with a significant reduc-
tion of the levels of mGIuRS5 in the hippocampus. These
effects were reversible upon removal of the antibodies, in
keeping with the improvement of patients after antibody-
depleting treatments.' Thus, together with results from
our previous study showing that patients’ antibodies cau-
sed a reduction of mGluR5 clusters in cultured neurons,’
the current findings provide robust evidence of the anti-
body pathogenicity linking memory and anxiety alter-
ations with a reduction of mGluR5 levels.

The current animal model has been widely validated
for the study of antibody pathogenicity in other disorders
such as N-methyl-D-aspartate receptor (NMDAR),
leucine-rich  glioma-inactivated 1 (LGI1), a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic  acid  receptor
(AMPA receptor), or contactin-associated protein 2
(CASPR2) antibody-associated encephalitis.“®” Thus, it
has the advantage of providing the direct effects of the
antibodies on the corresponding target in the brain, with-
out requiring opening the blood-brain barrier with lipo-
polysaccharide, which by itself causes inflammation and
behavioral alterations. Limitations include that the anti-
body effects predominate around the areas of infusion
(hippocampus, frontal regions), and are not accompanied
by inflammatory infiltrates.* Because mGluR5 antibodies
associate with a characteristic syndrome across different
patients, but antibodies in all autoimmune encephalitis are
polyclonal, the use of pooled IgG, instead of IgG from a
single case or patient-derived monoclonal antibodies, has
the advantage of better representing the repertoire of

Volume 92, No. 1

850807 SUOWLLIOD 3AIER.D 8|qedl|dde aus Aq pausenob ae sejonie O SN JO Sa|n. 10} Ariq1T8ulUO AB|IA UO (SUOTPUCD-PpUe-SWBH W00 A 1M Afeiq 1 Ul |Uo//:Sdny) SUORIPUOD pue swie | 8u1 8ss *[¢Z0z/90/0z] Uo AriqiTauluo (1M ‘(ouleAnde ) egnopesy Aq Z9£9z Bue/z00T 0T/I0p/w00 A8 im Aeiq 1 euljuo//Sdny Wo.j pepeojumod ‘T ‘ZZ0Z ‘6vZ8TEST



pathogenic antibodies of the disease, allowing generaliza-
tion of the findings.

mGIuR5 is involved in various neuronal processes,
including memory formation® and anxiety responses.” In
rodents, pharmacological potentiation of mGluR5 with
positive allosteric modulators (PAMs) is associated with
better learning and memory,'>'" whereas genetic deletion
of mGIuR5 results in impaired spatial learning.'*> These
findings are in line with the immune-depletion of
mGIuR5 of the current model resulting in memory
impairment, whereas restoration of mGIuR5 levels upon
clearance of patients’ antibodies led to memory recovery.

The role of mGIuR5 in memory acquisition is
thought to be largely mediated by the potentiation of
NMDAR responses.'>'* Whether the effects of mGluR5
antibodies on memory are also dependent on NMDAR
modulation is unknown. Future in vitro and animal stud-
ies should address whether mGIuR5 antibodies also affect
NMDAR responses and whether pharmacologic modula-
tion of mGluR5 (or NMDAR) by PAMs is able to rescue
the molecular effects and memory impairment, as recently
reported in a model of NMDAR antibody effects.'

Here, in addition to memory impairment, mice
intrathecally exposed to patients’ IgG showed increased
anxiety, which is in agreement with the clinical phenotype
of anti-mGluR5 encephalitis." The role of mGIuR5 in
anxiety responses is not completely understood. For exam-
ple, pharmacological modulation of mGIuR5 by negative
allosteric modulators results in reduced levels of anxiety in
mice.'® However, genetic deletion of mGIuR5 in older
mice, but not in young ones, is associated with increased
anxiety.'” These contrasting results might be at least par-
tially explained by the remarkable variability in the effects
of mGluR5 on anxiety circuits based on receptor location,

719 15 our model, we focused on the

cell type, and age.
antibody effects on the hippocampus, which is involved in
both memory and stress response, and is clinically and
radiologically involved in anti-mGluR5 encephalitis.

Future studies including mGluR5 positron emission
tomography in humans’ should explore whether other
brain regions relevant to anxiety, such as the amygdala or
the ventromedial prefrontal cortex, are also altered. More-
over, experimental models will help to determine whether
the effect of patients’ antibodies on mGluR5 differ
depending on brain regions (eg, hippocampus vs amyg-
dala)'® and how the antibody-mediated changes in
mGluR5 contribute to generate anxiety.
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N-Methyl-D-Aspartate Receptor
Antibodies in Autoimmune
Encephalopathy Alter
Oligodendrocyte Function

Carlos Matute, PhD ©@," Ana Palma, MSc,! Maria Paz Serrano-Regal, MSc,’
Estibaliz Maudes, MSc,? Sumanta Barman, MSc,® Maria Victoria Sanchez-Gémez, PhD,’
Maria Domercq, PhD," Norbert Goebels, MD,® and Josep Dalmau, MD, PhD 245

Objective: Antibodies against neuronal N-methyl-D-aspartate receptors (NMDARs) in patients with anti-NMDAR
encephalitis alter neuronal synaptic function and plasticity, but the effects on other cells of the nervous system are
unknown.

Methods: Cerebrospinal fluid (CSF) of patients with anti-NMDAR encephalitis (preabsorbed or not with GluN1) and a
human NMDAR-specific monoclonal antibody (SSM5) derived from plasma cells of a patient, along the corresponding
controls, were used in the studies. To evaluate the activity of oligodendrocyte NMDARs and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors in vitro after exposure to patients’ CSF antibodies or SSM5, we
used a functional assay based on cytosolic Ca®* imaging. Expression of the glucose transporter (GLUT1) in oligoden-
drocytes was assessed by immunocytochemistry.

Results: NMDAR agonist responses were robustly reduced after preincubation of oligodendrocytes with patients’ CSF
or SSM5 but remained largely unaltered with the corresponding controls. These effects were NMDAR specific, as
patients’ CSF did not alter responses to AMPA receptor agonists and was abrogated by preabsorption of CSF with
HEK cells expressing GIuN1 subunit. Patients’ CSF also reduced oligodendrocyte expression of glucose transporter
GLUT1 induced by NMDAR activity.

Interpretation: Antibodies from patients with anti-NMDAR encephalitis specifically alter the function of NMDARs in
oligodendrocytes, causing a decrease of expression of GLUT1. Considering that normal GLUT1 expression in oligoden-
drocytes and myelin is needed to metabolically support axonal function, the findings suggest a link between antibody-
mediated dysfunction of NMDARs in oligodendrocytes and the white matter alterations reported in patients with this
disorder.

ANN NEUROL 2020;87:670-676

ecent studies have identified a group of human disor-
ders in which synaptic receptors are directly targeted
by autoantibodies.' In particular, autoantibodies to the
GluN1 subunit of the N-methyl-D-aspartate receptor
(NMDAR) cause receptor internalization and reduced sur-
face expression in neurons, leading to encephalitis

symptoms that include psychosis, cognitive decline, sei-
zures, and coma.” An intriguing feature of this disease is
the dissociation between the severity of symptoms of most
patients and the low frequency (~32%) of magnetic reso-
nance imaging (MRI) abnormalities using standard clinical

sequences.” Yet studies with diffusion tensor imaging

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.25699
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(DTI) and superficial white matter mean diffusivity show
extensive changes in white matter integrity in most
patients.4’5

Oligodendrocytes make myelin and support axons
metabolically with lactate.® Like neurons, oligodendro-
cytes express NMDARs, which plays a critical role in sup-
plying lactate to axons to sustain proper propagation of
action potentials.” Thus, stimulation of NMDARs by glu-
tamate released from axons results in a translocation of the
glucose transporter GLUT1 into the oligodendrocyte
plasma membrane and myelin compartment, enhancing
glucose uptake and glycolytic support of fast spiking
axons.

Here, we tested the hypothesis that the function of
NMDARs in oligodendrocytes may also be impaired in
patients with anti-NMDAR encephalitis. We provide
proof-of-principle evidence that the activity of those recep-
tors is robustly reduced in patients with anti-NMDAR
encephalitis and that these changes affect the expression of
GLUTTI.

Patients and Methods

Patients, Control Cerebrospinal Fluid Samples,
and Monoclonal Antibodies

The 7 patients included in the study were selected from a
previously reported cohort of cases with antd-NMDAR
encephalitis.” All 7 patients fulfilled criteria of anti-
NMDAR encephalitis,8 and their random selection was
based on the amount of cerebrospinal fluid (CSF) avail-
able for the current studies. The median age was 16 years
(range = 10-25 years), and 4 were female. In all cases, the
CSF was obtained during the acute stage of the disease,
and all were negative for glial autoantibodies such as
aquaporin-4, myelin oligodendrocyte glycoprotein, and
glial fibrillary acidic protein. By the time of diagnosis
(in all cases within 4 weeks of disease onset), 6 patients
had normal clinical MRI studies, and 1 had a 0.2mm
abnormality on  fluid-attenuated  inversion-recovery
(FLAIR)/T2 sequences in the right temporal lobe.
NMDAR antibody titers were determined by serial dilu-
tions of CSF using a cell-based assay (median = 1/160,
range = 1/20-1/640). For controls, we used the CSF of
3 patients with noninflammatory mild cognitive decline
and 4 patients with normal pressure hydrocephalus who
were negative for NMDAR antibodies. The effect of the
same patients’ CSF antibodies (and lack of effect of con-
trol CSF) had been previously reported in investigations
using cultured neurons and cerebroventricular transfer of
CSF antibodies to mice, resulting in robust NMDAR
internalization, impairment of hippocampal long-term
potentiation, and memory deficits.” In all instances, the
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CSF samples had been dialyzed against phosphate-
buffered saline and the exclusion of other antibodies con-
firmed with tissue immunohistochemistry and NMDAR
immunoabsorption experiments.9

Pooled CSF from the 3 patients with the highest
NMDAR antibody titers (all >1:80) was immunoabsorbed
with HEK293T cells expressing the GluN1 subunit of the
NMDAR or cells not expressing this subunit, as previ-
ously reported.10 A recombinant monoclonal human anti-
body (SSM5) derived from intrathecal plasma cells of a
patient with anti-NMDAR encephalitis and a control
isotype against an irrelevant antigen (12D7) were used in
some assays. The high specificity of SSM5 and its effects
on mice behavior and synaptic NMDARs (which were
similar to those caused by pooled CSF from patients) and
the lack of effect of 12D7 have been previously
reported."!

Animal Ethics Statement

This study was carried out in accordance with the recom-
mendations and approval of the internal animal ethics
committee of the University of the Basque Country
(UPV/EHU), in accordance with the European Commu-
nities Council Directive. Rats of both sexes were used for

all experiments.

Oligodendrocyte Culture

Highly enriched cultures of oligodendrocytes were pre-
pared from mixed glial cultures obtained from newborn
Sprague—Dawley rat forebrain cortices as previously
described.'? Briefly, after detaching from mixed cultures,
oligodendrocyte progenitor cells were seeded onto poly-D-
lysine-coated coverslips and cultured at 37°C and 5%
CO; in SATO differentiation medium containing the fol-
lowing: 1mg/ml bovine serum albumin, 100pg/ml trans-
ferrin, 16pg/ml putrescine, 40ng/ml thyroxine, 30ng/ml
tri-iodothyronine, 60ng/ml progesterone, 40ng/ml sodium
selenite, 63pg/ml N-acetyl-cysteine, Spg/ml insulin (all
from Sigma-Aldrich, St Louis, MO); and 2mM L-
glutamine plus 10ng/ml CNTF and 1ng/ml NT3 (both
from PeproTech, Rocky Hill, NJ) to induce oligodendro-
cyte maturation for 6 days. At this stage, the majority of
cells expressed myelin basic protein, a marker of mature
oligodendrocytes (Fig 1A).

Cytosolic Ca®* Imaging

Oligodendrocytes were incubated with each individual
patient or control CSF sample (diluted 1:50) at 37°C for
4 hours, and the effect on NMDA-mediated cytosolic
[Ca®*] was measured as rf:ported.13 In brief, after incuba-
tion with patient or control CSF, oligodendrocytes were
loaded with Fluo-4 AM (1mM; Molecular Probes;
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FIGURE 1: Functional assay of N-methyl-D-aspartate (NMDA)
receptor (NMDAR) responses in oligodendrocyte cultures
derived from the rat forebrain. (A) Myelin basic protein
staining showing the typical branched appearance of
oligodendrocytes in these cultures. Bar = 30pm.
(B) Recordings of Ca®* responses following application of
NMDA plus glycine (both at 100puM; arrow) using Fluo-4.
Responses are blocked in the presence of NMDAR
antagonists CGP39551 (1uM) and AP5 (100pM; NMDA +
CGP + AP5) and MK801 (50uM; NMDA + MK801). In all
instances, data represent the average + standard error of
the mean of values obtained from at least 2 to 3 different
cultures and analyzed using one-way analysis of variance with
Tukey post-test (NMDA alone vs NMDA plus antagonists,
p < 0.001).

Invitrogen, Barcelona, Spain) in incubation buffer for
30 minutes at 37°C followed by 20 minutes wash to allow
de-esterification. Oligodendrocytes were then exposed to
NMDA applied together with glycine (both at 100pM),
and the Ca®" images were acquired through a 40X objec-
tive by an inverted LCS SP8 confocal microscope (Leica,
Wetzlar, Germany) at an acquisition rate of
1 frame/10 seconds during 5 minutes. For data analysis, a
homogeneous population of 15 to 25 cells per coverslip
was selected in the field of view, and oligodendrocyte
somata were selected as region of interest. Background
values were always subtracted and data expressed as
F/FO = standard error of the mean (SEM; %), in which F
represents the fluorescence value for a given time point
and FO represents the mean of the resting fluorescence
level. For each individual patients’ CSF or control CSF,
this experiment was repeated 3 times in oligodendrocyte
cultures grown in identical conditions.
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To confirm that the effects were related to
NMDAR-specific antibodies, we ran similar experiments
where oligodendrocytes were incubated with the indicated
pooled patients’ CSF preabsorbed with HEK293 cells
expressing or not expressing GluN1 or with the monoclo-
nal human anti-GluN1 (SSM5) or the corresponding
isotype control (12D7) as reported.Il

Immunofluorescence Staining

Cultured oligodendrocytes were processed for immuno-
staining as described previously.'* Briefly, cells were fixed
in 4% paraformaldehyde in phosphate-buffered saline and
incubated with mouse antimyelin basic protein antibodies
(1:500; BioLegend, San Diego, CA) or anti-GLUT
1 (1:250; Santa Cruz Biotechnology, Dallas, TX) followed
by goat antimouse IgG Alexa Fluor-488 (1:400; Invi-
trogen) secondary antibody. Both 4',6-diamidino-
2-phenylindole (DAPI) and calcein-AM (Molecular Pro-
bes) staining were used to identify nuclei and cells, respec-
tively. Cells were visualized with a laser scanning confocal
microscope (LCS SP8) at the Analytic and High-
Resolution Microscopy Facility in the Achucarro Basque

Center for Neuroscience.

Statistical Analysis

CSF samples from each of the patients and controls (n = 7
each) were used to treat 3 different cultures at identical
conditions. To analyze NMDA responses, calcium record-
ings were obtained from 15 to 25 cells for each sample
and culture, and the mean of the responses for each sam-
ple was used for analysis. Data obtained with a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
responses and with human monoclonal antibodies and
isotype control were analyzed in a similar way. Statistical
analysis for comparisons between multiple experimental
groups was made using l-way analysis of variance
(ANOVA) with Tukey post hoc test. For comparisons
among individual control and patients’ CSF samples
(n = 7 each), we normalized by the naive response to min-
imize the potential variability on NMDA response
between cultures and analyzed the data using 2-tailed Stu-
dent # test. To analyze GLUT1 expression, fluorescence
intensity was recorded from 15 to 20 cells for each sample
and culture. The mean of 3 different cultures was
obtained for each condition. Statistical analysis was made
using one-way ANOVA with Tukey post hoc test. All data
are shown as mean = SEM. In all cases, statistical analyses
were performed using Prism version 5.0 (GraphPad Soft-
ware, San Diego, CA). Differences were considered statis-
tically significant where p < 0.05.
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FIGURE 2: Specific N-methyl-D-aspartate (NMDA) receptor (NMDAR) responses in oligodendrocytes (OLs) in response to agonist
application after incubation with patient and control cerebrospinal fluid (CSF). (A) Recordings of the basal Ca®* responses in
naive OLs (black trace, naive) were not significantly modified after incubation with CSF from control subjects (green trace, mean
value of 7 control CSF samples in 3 different experiments) but were significantly reduced following exposure to patients’ CSF
(magenta trace, mean value of 7 patients’ CSF samples in 3 different experiments); p < 0.001, one-way analysis of variance
(ANOVA) with Tukey post-test. (B) Histogram depicting the area under the curve displayed by the recordings in (A). Note that
the values after preincubation with CSFs from patients are lower than in control naive OLs or after preincubation with control
CSF; *p < 0.05, one-way ANOVA with Tukey post-test. (C) Graph showing the effects of each individual CSF from controls or
patients on the NMDAR responses in naive OLs (100%); ****p < 0.001, unpaired 2-tailed Student t test. (D) The a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor responses are similar in OLs not preincubated with CSF (naive,
black) and those preincubated with control CSF (green) or patients’ CSF (magenta). (E) Preabsorption of pooled patients’ CSF in
HEK cells transfected with GluN1 (green), but not with HEK cells mock transfected (magenta), results in NMDA responses similar
to those of naive (black) OLs (naive vs patients’ CSF + HEK/mock, p < 0.001; patients’ CSF + HEK/GIuN1 vs patients’ CSF + HEK/
mock, p < 0.001; one-way ANOVA with Tukey post-test). (F) Pretreatment of OLs with the human monoclonal NMDAR antibody
SSM5, but not isotype control 12D7, abolishes the NMDA response (naive vs SSM5, p < 0.001; 12D7 isotype vs SSM5, p < 0.001;
one-way ANOVA with Tukey post-test). In all graphs, data of each sample represent the average =+ standard error of the mean of
values obtained from 3 different cultures. n.s. = not significant.
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Results

NMDARSs are highly permeable to Ca** upon activation by
their endogenous ligands. Because of that, we set an assay
to evaluate whether patients’ antibodies were able to alter
NMDAR function using Fluo-4, a calcium indicator that
exhibits an increased fluorescence upon binding Ca**, and
time-lapse fluorescence microscopy. Cultured oligodendro-
cytes exposed to NMDA applied together with glycine
induced a robust and fast increase in cytosolic Ca** with a
peak amplitude of 159 £ 4% compared with resting levels
(100%) that progressively decreased to baseline by around
5 to 10 minutes of stimulation (see Fig 1B). To assess the
specificity of the responses triggered by NMDA and gly-
cine, we used CGP39551 (IpM) and AP5 (100pM),
2 potent, selective and competitive NMDAR antagonists,
as well as MK801 (50pM), a noncompetitive antagonist
that binds to a site located within the NMDAR-associated
ion channel and thus prevents Ca®* flux. In all instances,
the responses to NMDA and glycine were abolished in the
presence of these antagonists (see Fig 1B).

The profile and amplitude of agonist responses were
not significantly altered by preincubation of oligodendro-
cytes for 4 hours with CSF obtained from controls (peak
response = 140 &= 7% vs 154 &= 13% for naive oligoden-
drocytes; Fig 2A). Instead, after preincubation with CSF
from patients with anti-NMDAR encephalitis, the cyto-
solic Ca®* responses to NMDA plus glycine exhibited a
sharp reduction (maximal amplitude = 111 £ 5%), indic-
ative of a strong reduction in the number of receptors
being available to the agonists in the oligodendrocyte
plasma membrane (see Fig 2A).

To further analyze the changes in the responses dur-
ing the whole period of recording, we calculated the area
under the curve to compare the levels of Ca™ accumulated
over the time window examined. This analysis revealed that
CSF from healthy donors on average did not significantly
alter Ca®* cytosolic load over time after incubation with the
agonists (336 £ 87% vs 355 £ 91% in naive cells). In
contrast, CSF from patients with anti-NMDAR encephali-
tis nearly abolished the response (106 £ 30% vs agonists
alone or control CSF, p <0.05, in both instances; see
Fig 2B). An individual analysis of the effects of CSF from
patients showed different levels of NMDAR remaining
functionality ranging from 15 to 47% (see Fig 2C),
whereas CSF from controls had little or no effect (>76% or
higher functionality preserved). The intensity of effects of
patients’ CSF antibodies correlated with CSF antibody
titers in 6 of 7 patients (data not shown).

As AMPA receptors (AMPARYs) are highly expressed
in oligodendrocytes,'” we tested whether activation of
these receptors with AMPA applied together with
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FIGURE 3: Effects of patients’ cerebrospinal fluid (CSF) on
the GLUT1 expression (magenta) in oligodendrocytes (green)
after N-methyl-D-aspartate receptor (NMDA) receptor
(NMDAR) activation. (A) First row (naive) shows minimal
expression of GLUT1 (magenta) by oligodendrocytes (green)
without NMDAR activation. Second row shows that the
application of NMDA induces extensive expression of
GLUT1. This NMDA-induced expression of GLUT1 is not
affected if oligodendrocytes are preincubated with controls’
CSF (third row) but is dramatically reduced if
oligodendrocytes are preincubated with patients’ CSF
(fourth row). (B) Quantitation of results described in (A);
*p < 0.05; #p < 0.05 using one-way analysis of variance with
Tukey post-test. Oligodendrocytes are counterstained with
calcein (green). Data represent the average + standard error
of the mean of values obtained from oligodendrocytes in
2 coverslips from 3 different cultures.

cyclothiazide (both at 100pM) was affected by patients’
CSE. Contrary to the robust effect of patients’ CSF on the
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NMDAR-mediated responses, no effects were observed on
the profile of AMPAR-mediated responses (see Fig 2D),
strongly suggesting the specific blockade of NMDARs by
patients” CSF.

The specificity of the changes in NMDAR-mediated
responses caused by patients’ CSF antibodies was further
assessed with 2 different approaches. First, we used pooled
patients’ CSF samples preabsorbed with HEK293 cells
expressing GluN1 or with cells not expressing this subunit
(mock transfected cells). These experiments showed that
the effect of patients’ CSF antibodies were abrogated when
CSF samples were preabsorbed with HEK293 cells
expressing GluN1 but not with samples preabsorbed with
HEK293 mock transfected cells (see Fig 2E). Second, we
assessed the changes in oligodendrocyte NMDAR-
mediated responses using a previously reported monoclo-
nal human GluN1 antibody (SSM5) and the
corresponding isotype control (12D7)."' We found that
pretreatment of oligodendrocytes with SSM5, but not
12D7, efficiendy blocked the NMDAR-mediated
responses (see Fig 2F). Taken together, these 2 sets of
experiments provide robust evidence that the reduction of
NMDAR-mediated responses in oligodendrocytes is medi-
ated by patients’ GluN1 antibodies.

NMDAR activity in oligodendrocytes mediates the
translocation of GLUT1 to the membrane and myelin
compartment, a feature that has structural consequences for
the white matter.” Therefore, having shown that patients’
CSF antibodies impaired NMDAR activation, we next
determined whether they affected the NMDAR-dependent
peripheral expression of GLUT1. These studies showed
that the levels of GLUT1 were substantially reduced in sec-
ondary and tertiary processes of oligodendrocytes pretreated
with patientss CSF antibodies but not controls’ CSF
(Fig 3). Overall, these findings provide a potential link
between anti-NMDAR encephalitis and white matter alter-
ations described in patients with this disorder.

Discussion

In this study, we show that treatment of oligodendrocytes
with CSF from patients with anti-NMDAR encephalitis
or a recombinant monoclonal antibody derived from
plasma cells of a patient, but not the corresponding con-
trols, decreased receptor activation by NMDA. These
pathogenic effects were abrogated when patients’ CSF was
preabsorbed in NMDAR-expressing HEK293 cells, con-
firming the pathogenic role of the antibodies. Moreover,
patients’ CSF antibodies did not alter AMPAR function,
suggesting a specific impairment in NMDAR activation.
These antibody-mediated effects were associated with a
reduced expression of GLUT1 in the distal processes of
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oligodendrocytes. Because expression of GLUT1 is impor-
tant for axonal function, the findings suggest a novel path-
ogenic mechanism beyond the reported antibody effects
on neuronal synaptic receptors and plasticity.

In oligodendrocytes, NMDARs control the supply
of energy substrates to support the proper function of
axons via GLUT1 translocation to the oligodendrocyte
membrane.” Studies have shown that the amplitude of the
action potentials in axons during high-frequency stimula-
tion decreases in the absence of NMDAR in oligodendro-
cytes and recovers more slowly when returning at low
frequency stimuli.” Prolonged loss of NMDAR function
in oligodendroglia leads to axonal pathology and neu-
roinflammation in white matter tracts, resulting in neuro-
logical symptoms and motor dysfunction.” Although
astrocytes can also support axonal function by releasing
lactate in the white matter,'® the direct oligodendrocyte—
axon interaction is needed to adjust energy demands and
prevent long-term structural damage.”

In a series of 577 patients with anti-NMDAR
encephalitis, 67% had normal clinical MRI studies, and
for the most part the other patients had mild or transient
cortical-subcortical FLAIR abnormalities.” The high fre-
quency of normal findings using standard MRI sequences
was also indicated in a systematic review of the literature
that included 1,167 patients, showing that 62% had nor-
mal MRI. Moreover, among the 38% of patients with
abnormal findings, the subcortical white matter was as fre-
quently involved as the gray matter.'” In contrast, when a
cohort of 24 patients was examined using MRI DTI
sequences, all patients had widespread changes in white
matter integrity that correlated with disease severity. Inter-
estingly, 17 (71%) of these patients had normal standard
clinical MRIs."® In another study of 46 patients with anti-
NMDAR encephalitis (36 recovered and 10 unrecovered
from the disease), the unrecovered patients showed wide-
spread superficial white matter damage compared with the
recovered patients and healthy controls who had normal
findings.* Thus, anti-NMDAR encephalitis is associated
with characteristic alterations of functional connectivity
and widespread changes of white matter integrity, despite
normal findings in routine clinical MRI."®

Based on the current findings and previously
reported clinical and pathological studies in which cellular
inflammatory infiltrates are usually mild without clear
involvement of the white matter,'” we postulate that the
indicated MRI white matter changes may be directly
mediated by NMDAR antibodies. The white matter
effects, along with the previously reported impairment of
synaptic function and plasticity,”*” would help explain
the dissociation between symptom severity and frequently
normal MRI clinical sequences (despite almost constant
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DTI changes). A future task is to determine whether
patients’ antibodies alter white matter integrity in an exis-
ting animal model of passive transfer of antibodies,”'
examining changes in expression of GLUT1, how these
changes correlate with white matter abnormalities (using
rodent MRI studies), and the degree of reversibility of
these alterations. These studies are important because
there are currently no biomarkers of the course of the dis-
ease””; therefore, a better understanding of the white mat-
ter changes during the disease may lead to a potentially
useful biomarker.

Acknowledgment

This study was supported by Biomedical Research Net-
working  Center on  Neurodegenerative  Diseases
(CB06/05/0076; C.M.) and by grants from the Ministry
of Economy and Competitiveness (SAF2016-75292-R;
C.M.), Basque Government (IT702-13 and PIBA2016;
C.M. and M.D., respectively), Forschungskommission of
Heinrich Heine University Diisseldorf, Germany (N.G.),
Instituto de Salud Carlos III/FEDER (FIS 17/00234 and
PIE 16/00014; J.D.), CIBERER CB15/00010 (J.D.), La
Caixa Foundation Health Research Award (J.D.), AGAUR
Generalitat de Catalunya (J.D.), Safra Foundation, and
Fundacié CELLEX (J.D.). A.P. and M.P.S.-R. hold fel-
lowships from the University of the Basque Country and
the Ministty of Economy and Competitiveness,
respectively.

We thank S. Marcos for her expert assistance with
tissue culture, Dr L. Escobar for her support with Leica
TCS STED SP8 laser scanning confocal microscope, Dr
J. Ballesteros, F. Soria, and T. Armangué for advice in sta-
tistics analysis, and the Animal Facility (SGlker) of the
University of the Basque Country (UPV/EHU).

Author Contributions

C.M. and ].D. contributed to the conception and design
of the study. All authors contributed to the acquisition
and analysis of data. C.M. and ].D. contributed to
drafting the text and preparing the figures.

Potential Conflicts of Interest

J.D.: royalties, Athena Diagnostics, Euroimmun; research
project, SAGE Therapeutics.

References

1. Dalmau J, Geis C, Graus F. Autoantibodies to synaptic receptors and
neuronal cell surface proteins in autoimmune diseases of the central
nervous system. Physiol Rev 2017;97:839-887.

676

20.

21.

22.

. Dalmau J, Gleichman AJ, Hughes EG, et al. Anti-NMDA-receptor

encephalitis: case series and analysis of the effects of antibodies.
Lancet Neurol 2008;7:1091-1098.

. Titulaer MJ, McCracken L, Gabilondo |, et al. Late-onset anti-NMDA

receptor encephalitis. Neurology 2013;81:1058-1063.

. Phillips OR, Joshi SH, Narr KL, et al. Superficial white matter damage

in anti-NMDA receptor encephalitis. J Neurol Neurosurg Psychiatry
2018;89:518-525.

. Peer M, Priiss H, Ben-Dayan |, et al. Functional connectivity of large-

scale brain networks in patients with anti-NMDA receptor encephali-
tis: an observational study. Lancet Psychiatry 2017;4:768-774.

. Nave KA, Werner HB. Myelination of the nervous system: mecha-

nisms and functions. Annu Rev Cell Dev Biol 2014;30:503-533.

. Saab AS, Tzvetavona ID, Trevisiol A, et al. Oligodendroglial NMDA

receptors regulate glucose import and axonal energy metabolism.
Neuron 2016;91:119-132.

. Graus F, Titulaer MJ, Balu R, et al. A clinical approach to diagnosis

of autoimmune encephalitis. Lancet Neurol 2016;15:391-404.

. Planaguma J, Haselmann H, Mannara F, et al. Ephrin-B2 prevents N-

methyl-D-aspartate receptor antibody effects on memory and neuro-
plasticity. Ann Neurol 2016;80:388-400.

. Hoftberger R, Sepulveda M, Armangue T, et al. Antibodies to MOG

and AQP4 in adults with neuromyelitis optica and suspected limited
forms of the disease. Mult Scler 2015;21:866-874.

. Malviya M, Barman S, Golombeck KS, et al. NMDAR encephalitis:

passive transfer from man to mouse by a recombinant antibody. Ann
Clin Trans| Neurol 2017;4:768-783.

. Sanchez-Gémez MV, Serrano MP, Alberdi E, et al. Isolation, expan-

sion, and maturation of oligodendrocyte lineage cells obtained from
rat neonatal brain and optic nerve. Methods Mol Biol 2018;1791:
95-113.

. Ruiz A, Alberdi E, Matute C. Cgp37157, an inhibitor of the mitochon-

drial na+/ca2+ exchanger, protects neurons from excitotoxicity by
blocking voltage-gated ca2+ channels. Cell Death Dis 2014;5:e1156.

. Arellano RO, Sanchez-Gémez MV, Alberdi E, et al. Axon-to-glia inter-

action regulates GABAA receptor expression in oligodendrocytes.
Mol Pharmacol 2016;89:63-74.

. Butt AM, Fern RF, Matute C. Neurotransmitter signaling in white

matter. Glia 2014;62:1762-1779.

. Brown AM, Ransom BR. Astrocyte glycogen and brain energy metab-

olism. Glia 2007;55:1263-1271.

. Bacchi S, Franke K, Wewegama D, et al. Magnetic resonance imag-

ing and positron emission tomography in anti-NMDA receptor
encephalitis: a systematic review. J Clin Neurosci 2018;52:54-59.

. Finke C, Kopp UA, Scheel M, et al. Functional and structural brain

changes in anti-N-methyl-D-aspartate receptor encephalitis. Ann
Neurol 2013;74:284-296.

. Dalmau J, Tizin E, Wu HY, et al. Paraneoplastic anti-N-methyl-D-

aspartate receptor encephalitis associated with ovarian teratoma.
Ann Neurol 2007;61:25-36.

Moscato EH, Peng X, Jain A, et al. Acute mechanisms underlying
antibody effects in anti-N-methyl-D-aspartate receptor encephalitis.
Ann Neurol 2014;76:108-119.

Planaguma J, Leypoldt F, Mannara F, et al. Human N-methyl D-
aspartate receptor antibodies alter memory and behaviour in mice.
Brain 2015;138:94-109.

Dalmau J, Armangué T, Planaguma J, et al. An update on anti-
NMDA receptor encephalitis for neurologists and psychiatrists:
mechanisms and models. Lancet Neurol 2019;18:1045-1057.

Volume 87, No. 5

85UB017 SUOWWOD BAIIE8.D 3(gedldde ayy Aq peusenob ale ssjone YO ‘8sn JO Sa|nJ 10} A2eiq1T 8UIUO 8|1 UO (SUO I IPUOD-PUE-SWLBIALI0D" A8 | AReq Ul UO//:SdnL) SUOBIPUOD pue ss | 8} 88S *[7202/90/02] Uo ARiqiTauljuo AB|1m ‘ezusides e ewoy 1a AIseAluN AQ 66952 Ue/200T 0T/I0p/L00 A8 | Im Afelq el uo//Sdny wWoiy pepeojumod ‘G ‘0202 ‘6vZ8TEST






Publications |117

Paperlll

Allosteric modulation of NMDA receptors prevents the antibody

effects of patients with anti-NMDAR encephalitis.

Francesco Mannara, Marija Radosevic, Jesus Planaguma, David Soto,
Esther Aguilar, Anna Garcia-Serra, Estibaliz Maudes, Marta Pedrefio,
Steven Paul, James Doherty, Michael Quirk, Jing Dai, Xavier Gasull,

Mike Lewis, Josep Dalmau.

Brain. 2020, 143(9), 2709-2720.

IF JCR 2020: 13.501 (D1).



118 |Publications



doi:10.1093/brain/awaa 195 BRAIN 2020: 143; 2709-2720 | 2709

A JOURNAL OF NEUROLOGY

Allosteric modulation of NMDA receptors
prevents the antibody effects of patients
with anti-NMDAR encephalitis
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Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is an immune-mediated disease characterized by a complex
neuropsychiatric syndrome in association with an antibody-mediated decrease of NMDAR. About 85% of patients respond to im-
munotherapy (and removal of an associated tumour if it applies), but it often takes several months or more than 1 year for patients
to recover. There are no complementary treatments, beyond immunotherapy, to accelerate this recovery. Previous studies showed
that SGE-301, a synthetic analogue of 24(S)-hydroxycholesterol, which is a potent and selective positive allosteric modulator of
NMDAR, reverted the memory deficit caused by phencyclidine (a non-competitive antagonist of NMDAR), and prevented the
NMDAR dysfunction caused by patients’ NMDAR antibodies in cultured neurons. An advantage of SGE-301 is that it is optimized
for systemic delivery such that plasma and brain exposures are sufficient to modulate NMDAR activity. Here, we used SGE-301 to
confirm that in cultured neurons it prevented the antibody-mediated reduction of receptors, and then we applied it to a previously
reported mouse model of passive cerebroventricular transfer of patient’s CSF antibodies. Four groups were established: mice receiv-
ing continuous (14-day) infusion of patients’ or controls’ CSF, treated with daily subcutaneous administration of SGE-301 or ve-
hicle (no drug). The effects on memory were examined with the novel object location test at different time points, and the effects
on synaptic levels of NMDAR (assessed with confocal microscopy) and plasticity (long-term potentiation) were examined in the
hippocampus on Day 18, which in this model corresponds to the last day of maximal clinical and synaptic alterations. As expected,
mice infused with patient’s CSF antibodies, but not those infused with controls’ CSF, and treated with vehicle developed severe
memory deficit without locomotor alteration, accompanied by a decrease of NMDAR clusters and impairment of long-term po-
tentiation. All antibody-mediated pathogenic effects (memory, synaptic NMDAR, long-term potentiation) were prevented in the
animals treated with SGE-301, despite this compound not antagonizing antibody binding. Additional investigations on the poten-
tial mechanisms related to these SGE-301 effects showed that (i) in cultured neurons SGE-301 prolonged the decay time of
NMDAR-dependent spontaneous excitatory postsynaptic currents suggesting a prolonged open time of the channel; and (ii) it sig-
nificantly decreased, without fully preventing, the internalization of antibody-bound receptors suggesting that additional, yet un-
clear mechanisms, contribute in keeping unchanged the surface NMDAR density. Overall, these findings suggest that SGE-301, or
similar NMDAR modulators, could potentially serve as complementary treatment for anti-NMDAR encephalitis and deserve future
investigations.
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Introduction

Anti-NMDA receptor (NMDAR) encephalitis is an immune-
mediated disease characterized by a complex neuropsychi-
atric syndrome and the presence of CSF antibodies against
the GIuN1 subunit of NMDARSs (Dalmau et al., 2008). The
disorder can be triggered by systemic tumours, usually a
teratoma of the ovary, and less frequently by herpes simplex
encephalitis (Armangue et al., 2018), but in many cases no
trigger is identified. At disease onset patients develop psych-
osis, insomnia, abnormal movements, seizures, decreased
level of consciousness, dysautonomia, or coma, which in
about 85% of cases respond to immunotherapy and removal
of the tumour when it applies (Titulaer et al., 2013; Viaccoz
et al., 2014). However, it often takes several months or
more than 1 year for patients to return to most of their
activities. During the process of recovery the clinical features
are different from those of the acute stage, including impair-
ment of attention, memory, executive functions, or behav-
iour (Dalmau et al., 2011; Finke et al., 2012; Peer et al.,
2017). The reasons for this slow clinical recovery are unclear
but may include a persisting immune activation against
NMDAR within the CNS, a severe impairment of synaptic
function and long-term plasticity, a limited blood-brain bar-
rier penetration of current immunotherapies, or a combin-
ation of these factors. Studies examining the effects of
patients NMDAR antibodies in cultured neurons (Hughes
et al., 2010; Mikasova et al., 2012) or mice (Planaguma
et al., 2015, 2016) have shown that they mediate a broad
loss of surface NMDARSs, regardless of synaptic localization
or subunit composition (Warikoo et al., 2018), leading to
impairment of synaptic plasticity and memory (Planaguma
et al., 2015, 2016).

In some respects, the treatment paradigm of anti-NMDAR
encephalitis resembles that of antibody-mediated diseases of
the neuromuscular junction, such as myasthenia gravis or
the Lambert-Eaton myasthenic syndrome (LEMS), where
despite evidence that several immunotherapies are effective,
most patients need additional treatment for a faster or sus-
tained improvement. These treatments are addressed to com-
pensate or overcome the mechanisms altered by the
autoantibodies, for example, acetylcholinesterase inhibitors

(pyridostigmine) in myasthenia gravis, or the presynaptic po-
tassium channel blocker (3,4-diaminopyridine) in LEMS
(Newsom-Davis, 2003; Wirtz et al., 2010). In studies using
cultured neurons (Mikasova et al., 2012; Planaguma et al.,
2016) or passive transfer of patient’s CSF NMDAR antibod-
ies to mice (Planaguma et al., 2016), a soluble form of eph-
rin-B2 (an agonist of the ephrin-B2 receptor that clusters
and retains NMDARs at the synapse) was able to antagon-
ize all antibody-mediated effects including NMDAR intern-
alization and impairments of long-term plasticity and
visuospatial memory. As a proof-of-principle, this finding
showed that interfering with the antibody-mediated mecha-
nisms could potentially be used as a complementary treat-
ment with immunotherapy (Mikasova et al, 2012);
however, ephrin-B2 was administered intraventricularly and
there are no available ephrin-B2 agonists that cross the
blood-brain barrier.

There is evidence that a major brain-derived cholesterol
metabolite, 24(S)-hydroxycholesterol [24(S)-HC], is a very
potent, direct, and selective positive allosteric modulator
(PAM) of NMDARs (Paul et al., 2013). In hippocampal sli-
ces, application of 24(S)-HC enhanced the ability of sub-
threshold stimuli to induce long-term potentiation (LTP),
and reversed the LTP deficits caused by the NMDAR chan-
nel blocker, ketamine. Several synthetic analogues of 24(S)-
HC such as A>®-3B-oxy-nor-cholenyl-dimethylcarbinol
(SGE-201) or SGE-301 shared similar mechanisms of action
(Paul et al., 2013). In rats, the administration of SGE-301
reverted the memory deficit caused by phencyclidine, a non-
competitive  NMDAR antagonist (Paul et al, 2013).
Moreover, application of SGE-301 to cultures of neurons
exposed to CSF antibodies from patients with anti-NMDAR
encephalitis prevented the antibody-mediated dysfunction of
NMDARs (Warikoo et al., 2018). An advantage of this
compound is that it is optimized for systemic delivery such
that plasma and brain exposures are sufficient to modulate
activity in preclinical models of NMDAR hypofunction
(Paul et al., 2013). These findings led us to investigate
whether SGE-301 was able to prevent the antibody-mediated
reduction of NMDAR and memory impairment observed in
a previously reported model of cerebroventricular transfer of
patient’s CSF antibodies.
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Materials and methods

Animals, surgery, and patients’ CSF

Seventy-six male C57BL/6] mice (Charles River), 8-10 weeks
old (25-30 g) were used for the studies including, memory and
locomotor activity (7 =47 mice), confocal immunohistochemis-
try assessment of levels of NMDAR and other synaptic proteins,
and electrophysiological studies (7 =29 mice). Animal care, an-
aesthesia, insertion of bilateral ventricular catheters
(PlasticsOne, model 3280PD-2.0; coordinates: 0.2 mm posterior
and + 1.00 mm lateral from bregma, depth 2.2 mm), and con-
nection of each catheter to a subcutaneous osmotic pump for
continuous infusion of CSF (Alzet; volume 100 pl, flow rate
0.25 pl/h for 14 days) have been reported (Planaguma et al.,
2015). The CSF infused was pooled from samples of 10 patients
with high titre IgG GluN1 antibodies (all > 1:320), and 10
patients with normal pressure hydrocephalus without NMDAR
antibodies (control samples).

The presence of NMDAR antibodies in patient’s CSF (and ab-
sence in controls’ CSF) was examined with three different tech-
niques: brain tissue immunohistochemistry, HEK293T cells
expressing NMDAR, and cultured neurons, as reported (Ances
et al., 2005; Dalmau et al., 2008). Patients’ and controls’ CSF
were then pooled in two different samples and filtered (Amicon
Ultracel 30K, Sigma-Aldrich), dialysed against phosphate-buf-
fered saline (PBS), and normalized to a physiological concentra-
tion of 2 mg IgG/dl (Planaguma ef al., 2016). The absence of
other antibodies in pooled patient’s CSF was confirmed using
an aliquot immunoabsorbed with HEK293T expressing GluN1,
showing: (i) abrogation of reactivity with mouse brain and
HEK293T cells expressing NMDARs; and (ii) abrogation of
NMDAR internalization (Supplementary Fig. 1).

Written informed consent was obtained from all patients. The
study was approved by the local institutional review board
(Hospital Clinic, HCB/2018/0192), and animal studies were
approved by the Local Ethical Committee of the University of
Barcelona following European (2010/63/UE) and Spanish (RD 53/
2013) regulations about the use and care of experimental animals.

Preparation and treatment with
SGE-301

SGE-301 is a potent allosteric modulator of NMDAR that has
been characterized previously (Paul et al., 2013). For the current
studies, we adopted a subcutaneous administration paradigm
(versus intraperitoneal) to minimize interaction with the centrally
fixed osmotic minipumps. Therefore, we ran plasma and brain
pharmacokinetic studies to measure exposures of SGE-301 pre-
sent at the time of i vivo testing. The method of determination
of plasma and brain concentration of SGE-301 is described in the
Supplementary material. At 1 h, we achieved 1954 +157 ng/ml
plasma and 523+86 ng/g brain exposures. At 4 h, we achieved
985+173 ng/ml plasma and 1350+120 ng/g brain exposures
(Supplementary Fig. 2). These exposures are similar to those
reported after intraperitoneal administration (Paul ez al., 2013).
For studies with cultured neurons, lyophilized SGE-301 was
weighted and dissolved in dimethyl sulphoxide (DMSO) to a
stock concentration of 10 mM; the solution was then sonicated
for 1 h at 40°C and used at a working concentration of 10 uM.
For studies using mice, lyophilized SGE-301 was weighed and
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dissolved in a solution of 30% 2-hydroxypropyl-B-cyclodextrin
(HPBCD, Sigma-Aldrich) in distilled water. The solution was
then vortexed for 5 min, sonicated for 40 min, and stirred for 2
h at 50°C. After adjusting the pH to 5.5-7.0, working aliquots
were prepared and kept frozen at —20°C. A similar solution of
30% HPBCD in distilled water, but without drug, served as
control (vehicle). Aliquots with or without drug were thawed
and vortexed for 2 min before use.

Experimental design

Four experimental groups were established including mice
infused with patients’ or controls’ CSF along with subcutaneous
administration of SGE-301 (10 mg/kg) or vehicle (Fig. 1A). The
administration of SGE-301 began on Day 1 (coinciding with Day
1 of infusion of CSF) until Day 18 (4 days after the infusion of
CSF had stopped), which was the last day with maximal memory
deficits and reduction of NMDAR synaptic clusters observed in
this model (Planaguma et al., 2015). The selected animal tasks
(novel object location; locomotor activity) and the timing of the
tasks (Fig. 1B) were based on previous experience with this
model, showing that patient’s CSF NMDAR antibodies caused a
progressive decrease of visuospatial memory until Day 18, subse-
quently followed by progressive recovery several days after the
antibody infusion stopped (Planaguma et al., 20135). In contrast,
patient antibodies did not significantly alter the locomotor activ-
ity (included here as control, and to ensure that animals did not
have motor limitations in exploring the objects). All tasks were
performed by researchers blinded to experimental conditions.

Immunohistochemistry and confocal
microscopy

Techniques related to immunolabelling of live cultures of disso-
ciated rodent hippocampal neurons, immunoabsorption of pa-
tient samples with GluNT1-expressing HEK cells, brain tissue
processing, and quantitative brain tissue immunoperoxidase
staining, have previously been reported (Planaguma et al.,
2015). To determine the effects of patient antibodies in cultured
rat hippocampal neurons, 17-day iz vitro cultures were exposed
to patient or controls’ CSF (diluted 1:100) along with 10 uM
SGE-301 or vehicle for 24 or 48 h, and the cell surface clusters
of NMDAR, PSD95, phospho-S295-PSD95, and the co-localiza-
tion of NMDAR/PSD9S5 (representing synaptic NMDAR) were
quantified with specific biomarkers and confocal microscopy
(Supplementary material). Determination of antibody-bound
internalized NMDAR was carried out as previously reported
(Moscato et al., 2014) (Supplementary material).

To determine the effects of patient antibodies on the number
of clusters of NMDAR and PSD95, non-permeabilized 5-pm
thick brain sections (obtained on Day 18, Fig. 1B) were blocked
with 5% goat serum, and serially incubated with a human CSF
NMDAR-antibody sample (1:20, used as primary antibody) for
2 h at room temperature and the secondary Alexa Fluor® 488
goat anti-human IgG (1:1000, A-11013, ThermoFisher) for 1 h
at room temperature. Tissue sections were then permeabilized
with 0.3% Triton™ X-100 for 10 min at room temperature,
and serially incubated with rabbit polyclonal anti-PSD95
(1:250, ab18258 Abcam) overnight at 4°C, and the correspond-
ing secondary Alexa Fluor® 5§94 goat anti-rabbit IgG (1:1000,
A-11012, ThermoFisher) for 1 h at room temperature. Slides
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Figure | Experimental design. (A) Four experimental groups of mice were used, including mice treated with continuous cerebroventricular
infusion of control or patients’ CSF for |14 days along with daily subcutaneous injection of vehicle (30% HPBCD) or SGE-301 (10 mg/kg diluted in
vehicle) for 18 days. (B) Timing of memory and locomotor tasks. Novel object location (NOL) and locomotor activity (LA) tests were begun be-
fore the surgical implantation of ventricular catheters and osmotic pumps. The same tests were applied on Days 3—4, 1011, 18-19 and 25-26
after surgery. The effects of antibodies from patients on the levels of NMDARSs and synaptic plasticity were examined on subsets of mice sacri-
ficed on Day 18, which is the date of maximal effects reported in this model (Planaguma et al.,, 2015).

were then mounted with ProLong™ Gold antifade reagent for
4 min, containing 6-diamidino-2-phenylindole dihydrochloride
(DAPI, P36935; ThermoFisher) and results scanned with Zeiss
LSM710 confocal microscope (Carl Zeiss) with EC-Plan
NEOFLUAR CS 100 x/1.3 NA oil objective. For each animal,
five identical image stacks in three hippocampal areas (CAl,
CA3 and dentate gyrus; total 15 image stacks) were acquired as
reported (Planaguma et al., 2015). Each z-stack comprised 50
optical images that were deconvolved with AutoQuantX3
(Bitplane, Oxford Instruments). The mean density of clusters of
NMDAR or PSD95 was obtained using a spot detection algo-
rithm from Imaris suite 7.6.4 (Bitplane), and the cluster density
expressed as spots/mm>. The clusters of NMDAR that co-local-
ized with PSD95 were defined as synaptic. For each experimen-
tal group, the mean cluster densities of NMDAR or PSD95
were normalized with the corresponding values in control ani-
mals (infused with controls’ CSF and treated with vehicle).

To determine the levels of synaptic phospho-S295-PSD95 in
brain tissue, 5-um thick brain sections permeabilized as above
and blocked with 5% goat serum and 1% bovine serum albumin
(BSA) were incubated with rabbit anti-phospho-5295-PSD95
(1:200, ab76108, Abcam) and mouse anti-PSD95 (diluted 1:200,
124 011, Synaptic Systems) for 1 h. Slides were then washed and
incubated with Alexa Fluor® 488 goat anti-rabbit IgG and Alexa
Fluor® 594 goat anti-mouse IgG (both diluted 1:500, A-11034,
A-11032, ThermoFisher). Results were scanned as above, and
the cluster density of phospho-S295-PSD95 and PSD95 was
determined with Imaris (Bitplane) software.

Electrophysiological studies

Preparation of acute hippocampal slices on Day 18 (Fig. 1B)
and field potential recordings and analysis were performed as
reported (Planaguma et al., 2016) (Supplementary material).

To determine the effects of chronic exposure to SGE-301 on
NMDAR currents we treated 18 days in vitro (div) cultures of

hippocampal neurons with controls’ CSF (diluted 1:100) or con-
trols’ CSF + SGE-301 (10 uM) for 48 h prior to whole-cell
patch clamp recordings of spontaneous NMDAR-mediated exci-
tatory postsynaptic currents (SEPSCs) (Supplementary material).

Memory and locomotor activity
tasks

Visuospatial memory was assessed with the novel object loca-
tion discrimination index, and the locomotor activity was auto-
matically  determined using locomotor activity boxes
(11 x 21 x 18 c¢m, Imetronic) for 1 h (Planaguma et al., 2015)
(Supplementary material).

Statistical analysis

Data from behavioural studies (novel object location and loco-
motor activity) were analysed using repeated-measures two-way
ANOVA. Human IgG intensities from different brain regions
and confocal cluster densities of NMDAR and PSD95 on cul-
tured neurons and brain tissue were analysed using one-way
ANOVA. Density levels of phospho-S295-PSD95 in cultured
neurons and brain tissue were assessed with unpaired #-test. The
electrophysiological data were assessed by one-way ANOVA
(LTP and paired-pulse facilitation: PP2/PP1 ratios) and unpaired
t-test (paired-pulse facilitation: analysis of increase of PP2 slope
compared with PP1 in each of the experimental groups inde-
pendent of each other). A P-value < 0.05 was considered sig-
nificant. All ANOVA tests included post hoc analyses with
Bonferroni correction for multiple testing. Analysis of NMDAR-
mediated spontaneous EPSCs in cultures of neurons chronically
exposed to SGE-301 was performed with Student’s #tests.
Statistical analyses were performed with GraphPad Prism v.6
(La Jolla, CA, USA).
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Figure 2 Treatment with SGE-301 prevents the reduction of NMDARs caused by patients’ antibodies in cultured neurons.
(A) Representative dendrites of hippocampal neurons immunostained for surface NMDAR (green) and PSD95 (red) after 24 h treatment with
patients’ CSF or controls’ CSF, each with either vehicle or SGE-301. Synaptic NMDARs are defined as those that co-localize with PSD95 (white
channel). Scale bars = 10 um. (B) Quantification of the density of surface and synaptic NMDAR. Cultures co-treated with patients’ CSF antibod-
ies and vehicle showed a significant decrease of total cell surface and synaptic NMDARSs without affecting the density of PSD95. In contrast, cul-
tures co-treated with the same patients’ CSF and SGE-301 did not show reduction of NMDARs. No effects on total cell surface NMDARs were
noted in neurons treated with CSF from controls with vehicle or SGE-301, although the presence of SGE-301 was associated with a mild reduc-
tion of synaptic NMDARs. The density of PSD95 was not affected by any of these conditions. n = 15 dendrites per condition, three independent
experiments. Box plots show the median, and 25th and 75th percentiles; whiskers indicate the minimum and maximum values. Significance of
treatment effect was assessed by one-way ANOVA (P < 0.0001 for NMDAR, synaptic NMDAR) with Bonferroni post hoc correction: *P < 0.05;
P < 0.000 1. Additional information is available in Supplementary Table |.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and its Supplementary
material.

Results

Treatment with SGE-301 prevents
the pathogenic effects of antibodies
in cultured neurons

We and others have previously reported that NMDAR anti-
bodies of patients cause a reduction of the clusters of synap-
tic and extrasynaptic NMDARs in cultured neurons
(Hughes et al., 2010; Mikasova et al., 2012), and in an ani-
mal model of cerebroventricular infusion of patients’ CSF
(Planaguma et al., 2015). Here, we first used cultured neu-
rons to determine whether the antibody effects were

prevented by SGE-301. As expected, neurons treated with
patients’ CSF and vehicle showed a significant decrease of
total cell surface and synaptic NMDAR clusters compared
CSF and vehicle.
However, neurons treated with the same patients’ CSF anti-
bodies along with SGE-301, instead of vehicle, showed no
significant change of the levels of total cell surface or synap-
tic NMDARs (Fig. 2). To determine whether this was due to
abrogation of receptor internalization, we quantified the
clusters of antibody-bound internalized NMDAR (Moscato
et al., 2014) showing that treatment with SGE-301 signifi-
cantly reduced the levels of internalized antibody-bound
receptors, but did not completely abolish the internalization
(Supplementary Fig. 3). Overall, these findings show that
SGE-301 prevents the antibody-mediated decrease of cell-
surface NMDAR, and suggest that this treatment effect is
due to a reduction of internalized antibody-bound receptors
along with additional, yet unclear mechanisms, which over-
all keep the clusters of surface receptors similar to control
levels.

with neurons treated with controls’
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Figure 3 Treatment with SGE-301 prevents the reduction of NMDARs caused by patients’ antibodies in hippocampus.
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Neurons treated for 24 h with controls’ CSF and SGE-301
showed a mild decrease of synaptic NMDAR clusters. To
explore the cause of this decrease of synaptic NMDAR we
examined the effects of a longer (48 h) neuronal exposure to
SGE-301, which demonstrated a decrease of synaptic and
extrasynaptic NMDAR clusters (Supplementary Fig. 4A).
Considering that phosphorylation of Ser295 enhances the
accumulation of PSD95 and that Ser295 phosphorylation is
suppressed by chronic NMDAR activation (Kim et al.,
2007), we determined whether SGE-301 changed the levels
of phospho-5295-PSD95. This experiment showed a reduc-
tion of phospho-S295-PSD95 without significant decrease of
total PSD95 (Supplementary Fig. 4B). A similar reduction of
phospho-5295-PSD95 was obtained when cultured neurons
were incubated with bicuculline, as reported (Kim et al.,
2007), and used here as control (Supplementary Fig. 4C).
These findings indicate that prolonged neuronal exposure to
SGE-301 leads to a reduction of NMDARs accompanied by
a decrease of phospho-S295-PSD935, suggesting the presence
of compensatory changes to the positive modulation of
NMDAR.

To determine the effects of chronic exposure to SGE-301
on NMDAR currents we treated hippocampal neuronal cul-
tures with controls’ CSF (diluted 1:100) or controls’ CSF +
SGE-301 (10 pM) for 48 h prior to whole-cell patch clamp
recordings of NMDAR-mediated spontaneous EPSCs.
Recordings revealed that SGE-301 did not modify the ampli-
tude or frequency of spontaneous EPSC (Supplementary Fig.
5) but significantly slowed the decay phase of the spontan-
eous EPSC, as shown by a longer decay time constant
(262.0+37.3 ms versus 368.6+49.8 ms; P < 0.05;
Supplementary Fig. 5B). These findings suggest that SGE-301
enhances NMDAR-mediated EPSCs by slowing their decay
phase, most probably by increasing the channel’s open time
and thus decreasing NMDAR’s deactivation time.

Treatment with SGE-301 prevents
the antibody-mediated reduction of
NMDAR in mice

We next assessed whether SGE-301 antagonized the anti-
body effects in the hippocampus of mice infused with
patients” CSF antibodies. Fifteen hippocampal areas with 50
optical z-sections per area, representing 750 optical sections
per animal (five animals per experimental group), were
investigated (Fig. 3A). Animals infused with patients’ CSF

Figure 3 Continued
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and treated with vehicle showed a significant decrease of the
density of total and synaptic NMDAR clusters compared
with animals infused with controls’ CSF and treated with ve-
hicle or SGE-301. Similarly, as observed with cultured neu-
rons, the pathogenic effect of patients’ CSF antibodies was
prevented in the group of animals that received the same
patients’ CSF but were treated with SGE-301 instead of ve-
hicle (Fig. 3B and C). To assess whether the treatment effect
of SGE-301 was due to a direct interference with patient’s
antibody binding to NMDARs, we determined the intensity
of human IgG bound to hippocampus in mice representative
of the four experimental groups. This study showed that
SGE-301 did not modify the intensity of patients’ CSF IgG
present in hippocampus suggesting that the drug did not
block the binding of the antibody to NMDARs
(Supplementary Fig. 6).

An additional finding of these studies was that in control
conditions (e.g. animals not infused with antibodies) chronic
administration of SGE-301 caused a decrease of total cell
surface and synaptic NMDAR clusters as well as a decrease
of PSD95, as shown by comparison of the groups of animals
treated with controls’ CSF with or without SGE-301
(Fig. 3C). Moreover, the hippocampus of mice infused with
controls’ CSF and chronically treated with SGE-301 had a
significant decrease of Ser295 phosphorylated PSD95 and
total PSD95 compared with animals not treated with SGE-
301 (Supplementary Fig. 7). Overall, these studies showed
that subcutaneous administration of SGE-301 prevented the
antibody-mediated reduction of synaptic and extrasynaptic
clusters of NMDARs, and that in control conditions (ani-
mals not infused with NMDAR antibodies) SGE-301 led to
a decrease of levels of NMDAR and PSD95 suggesting, as
with the experiments with neurons, the presence of compen-
satory mechanisms to the positive modulatory effect of SGE-
301 on NMDAR:s.

Treatment with SGE-301 prevents
the impairment of LTP caused by
NMDAR antibodies of patients

Acute brain slices from mice infused with patient or controls’
CSF treated with SGE-301 or vehicle, were used to record
field excitatory postsynaptic potentials (fEPSPs) in the CA1
region of the hippocampus (Fig. 4A). Animals infused with
patients’ CSF showed a significant reduction of LTP com-
pared with animals infused with controls’ CSF, as shown by

images [merge: PSD95 (red)/NMDAR (green)] were postprocessed and used to calculate the density of clusters (density = spots/um?). Scale bar
= 2 um. (C) Quantification of the density of total (left) and synaptic (right) NMDAR clusters, and total PSD95 at Day 18 in a pooled analysis of
hippocampal areas (CAIl, CA3, and dentate gyrus). Mean density of clusters in animals treated with controls’ CSF + vehicle was defined as
100%. For each condition, five animals were examined (15 hippocampal areas per animal). Box plots show the median, and 25th and 75th per-
centile; whiskers indicate the minimum or maximum values. Significance of treatment effect was assessed by one-way ANOVA (P = 0.0001) and
post hoc analysis with Bonferroni correction; ***P < 0.001; ****P < 0.0001. Additional information is available in Supplementary Table I.
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Figure 4 Treatment with SGE-301 prevents the impairment of LTP caused by NMDAR antibodies from patients. (A) The
Schaffer collateral pathway (SC, red) was stimulated (Stim) and field potentials were recorded (Rec) in the CAl region of the hippocampus. LTP
was induced by TBS. CA = cornu ammonis; DG = dentate gyrus. (B) Example traces of individual recordings showing baseline fEPSPs before LTP
induction (black traces) and after LTP (red traces). Slope and peak amplitude of fEPSPs are increased after TBS in mice infused with controls’ CSF
and treated with vehicle or SGE-301, and are strongly impaired in animals infused with patients’ CSF and treated with vehicle. In mice infused
with patients’ CSF and treated with SGE-301 the increase of slope is improved. Note that initial peak amplitude of fEPSP may vary within individ-
ual recordings. (C) Time course of fEPSP recordings demonstrating robust changes in fEPSP slope in the animals infused with controls’ CSF
treated with vehicle (n = 8 recordings from seven animals, light green), or treated with SGE-301 (n = 10 recordings from seven animals, dark
green), which was stable throughout the recording period after TBS (arrow). In animals infused with patients’ CSF and treated with vehicle (n = 6
recordings from five animals, pink) the induction of LTP was markedly impaired. In contrast, animals infused with the same patients’ CSF and
treated with SGE-301 (n = 7 recordings from six animals, blue) show resolved effects on synaptic plasticity after LTP induction. The fEPSP values
of all animals for each of the groups are presented as mean + standard error of the mean (SEM). (D) Quantification of fEPSP slope change show-
ing a significant reduction of fEPSP slope in animals infused with patients’ CSF and treated with vehicle compared with the other groups of ani-
mals. Note that animals infused with patients’ CSF and treated with SGE-301 did not show reduction of fEPSP slope. The number of recordings
and animals used are the same as those indicated in C. Box plots show the median, 25th and 75th percentiles; whiskers indicate minimum and
maximum values. Significance was assessed by one-way ANOVA (P < 0.01) and Bonferroni post hoc correction test was applied: *P < 0.05;

*P < 0.01. Additional information is available in Supplementary Table I.

analysis of fEPSP slope change (Fig. 4B and C). Quantitative
analysis showing median changes in slope values during the
stable period post-theta-burst stimulation (TBS) (from
Minutes 15 to 60, of 60 min after TBS) showed a reduced
potentiation of fEPSP in mice infused with patients’ CSF
compared with those infused with controls’ CSF (Fig. 4D).
Treatment with SGE-301 prevented patients’ CSF antibody-
mediated impairment of LTP (Fig. 4C and D). Compared
with these findings, animals infused with controls’ CSF, with

or without treatment with SGE-301, did not show impair-
ment of LTP, although the control group treated with SGE-
301 showed a non-significant reduction of fEPSP slope
change (Fig. 4C). This finding probably reflects the
decreased density of NMDAR clusters noted in the confocal
analysis of effects of SGE-301 in animals infused with con-
trols’ CSF (Fig. 3C).

In contrast to the severe reduction of hippocampal LTP,
short-term plasticity was not affected in animals infused
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with patients’ CSF antibodies, as expected from the experi-
ence with previous studies (Planaguma ef al., 2016). Indeed,
fEPSP recordings following a standard paired-pulse protocol
showed significant facilitation consistent with increased pre-
synaptic release probability (Supplementary Fig. 8A and B).
This effect was similar in the four experimental groups
(Supplementary Fig. 8C). Overall, these studies showed a se-
vere impairment of postsynaptic, but not presynaptic, plasti-
city after TBS in animals infused with CSF from patients,
but not in animals infused with the same patients’ CSF and
simultaneously treated with SGE-301.

Treatment with SGE-301 prevents
memory loss caused by NMDAR
antibodies from patients

Mice infused with patients’ CSF and treated with daily sub-
cutaneous administration of vehicle developed a progressive
decrease of the novel object location index, with maximal
deficit on Days 10 and 18 (4 days after stopping the anti-
body infusion), followed by progressive memory improve-
ment until reaching the baseline pre-infusion level on Day
25 (Fig. 5, pink line) (Planaguma et al., 2015). In contrast,
mice infused with the same patients’ CSF but treated with
daily subcutaneous injections of SGE-301 instead of vehicle,
showed no alteration of the novel object location index
(Fig. 5, blue line); these findings were similar to those of
mice infused with controls” CSF treated with SGE-301 or ve-
hicle (Fig. 5, light and dark green lines). The total time of ex-
ploration of the two objects (not moved + novel location)
was similar in animals of the four experimental groups
(Supplementary Fig. 9A). The locomotor activity was also
similar in the four groups of animals (Supplementary Fig.
9B-D). Overall, these findings showed that daily subcutane-
ous administration of SGE-301 prevented the hippocampal
memory impairment caused by NMDAR antibodies from
patients in this animal model.

Discussion

In this proof-of-concept study we show that a synthetic ana-
logue (SGE-301) of the brain-derived cholesterol metabolite
24(S)-HC prevented the pathogenic effects of antibodies
from patients with anti-NMDAR encephalitis in hippocam-
pal neuronal cultures and in a previously reported model of
cerebroventricular transfer of antibodies (Planaguma et al.,
2015, 2016). These findings and the good brain concentra-
tion after subcutaneous dosing suggest that oxysterol-based
NMDAR PAMs could serve as potential treatments for anti-
NMDAR encephalitis.

Like steroids, oxysterols are well recognized signalling
molecules that interact with membrane-bound as well as sol-
uble intracellular receptors (Radhakrishnan et al., 2007). In
particular, 24-hydroxylated oxysterol, such as 24 (S)-HC
and the synthetic analogues, SGE-201 and SGE-301, are
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Figure 5 SGE-301 prevented the visuospatial memory def-
icits caused by NMDAR antibodies from patients. Mice
infused with patients’ CSF antibodies and treated with vehicle (pink
line) showed a significant reduction of the novel object location
index. This memory deficit was prevented in the group of mice
infused with the same patients’ CSF antibodies but treated with
SGE-301 (blue line). No significant memory changes were noted in
the groups of mice infused with controls’ CSF and treated with ve-
hicle (light green line) or SGE-301 (dark green line). Number of ani-
mals: controls’ CSF + vehicle = | I; patients’ CSF + vehicle = 10;
controls’ CSF + SGE-301 = 12; patients’ CSF + SGE-301 = 10. A
higher index represents better visuospatial memory. Data are pre-
sented as mean + SEM. Significance of assessment was performed
by repeated-measures two-way ANOVA (P < 0.0001) with
Bonferroni post hoc correction. Patient’s CSF + vehicle versus con-
trols’ CSF + vehicle: ***P < 0.0001, ***P < 0.001. Patient CSF +
vehicle versus patients’ CSF + SGE-301: **%p < 0.001. Additional
information is available in Supplementary Table 1.

known for a striking selectivity for NMDARs (Paul et al.,
2013; Linsenbardt et al., 2014). The enzyme involved in syn-
thesis of 24(S)-HC (cholesterol 24-hydroxylase; CYP46A1)
is expressed predominantly in the endoplasmic reticulum of
neurons and dendrites (Ramirez et al., 2008) and its defi-
ciency causes severe impairment of hippocampal LTP and
memory in mice (Kotti et al., 2006). Using slices of hippo-
campus of rats, previous studies showed that application of
24(S)-HC or synthetic oxysterols (SGE-201 or SGE-301)
reversed the LTP inhibition caused by ketamine (a non-com-
petitive antagonist of NMDAR) (Paul et al., 2013). In rats,
the impairment of memory and active social interactions
caused by phencyclidine (PCP), a non-competitive antagonist
of NMDARs, were significantly improved by SGE-301 (Paul
et al., 2013). These findings, together with results from our
studies, suggest that SGE-301 prevents the NMDAR hypo-
function caused by pharmacological antagonists as well as
by immune-mediated mechanisms.

Studies with chimeric GluN-GluK subunits suggest that
GluN transmembrane domains are critical for oxysterol
modulation (Wilding et al., 2016), which would be consist-
ent with the lipophilic nature of these modulators. SGE-301
increases channel open probability, potentiating NMDAR
function, and appears to bind to a site independent of other
allosteric modulators of NMDAR function (Paul et al,
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2013; Wilding et al., 2016). In a previous study in which
cultured rat hippocampal neurons were exposed for 48 h to
patients’ CSF NMDAR antibodies or controls’ CSF and dur-
ing the last 24 h each condition was treated with SGE-301
or vehicle, those that were treated with SGE-301 showed
increased NMDAR function compared with those treated
with vehicle (Warikoo et al., 2018). Similar to our observed
prolonged spontaneous EPSCs duration after SGE-301
(Supplementary Fig. 5), the authors found an increase of
NMDAR function in the neurons exposed to controls’ CSF
and treated with SGE-301, which was attributed to an in-
crease in open probability of NMDAR (Warikoo et al.,
2018). These findings led to the suggestion that SGE-301
does not interfere directly with the patient’s antibody-medi-
ated internalization of NMDARs (Warikoo et al., 2018).
However, the authors did not consider that the maximal
antibody-mediated reduction of NMDARs in cultured neu-
rons occurs within the first 12-24 h of incubation (before
SGE-301 was applied); afterwards, the clusters of NMDARs
remain decreased for as long as the antibodies are present in
the media (Moscato et al., 2014; Ladepeche et al., 2018).
Our current data show that when CSF antibodies from
patients were co-applied with SGE-301 to cultures of neu-
rons, the expected antibody-mediated effects were prevented
and the NMDAR clusters were not decreased. Similar find-
ings occurred in the animal model, showing that the density
of total cell surface and synaptic NMDAR clusters in mice
infused with patients’ CSF and treated with SGE-301 was
not significantly different from that of control mice (infused
with controls’ CSF and treated with vehicle). In contrast,
animals infused with CSF from patients but not treated with
SGE-301 showed the expected significant reduction of
NMDARs. This reduction of NMDAR was associated with
severe impairment of LTP and visuospatial memory, which
were prevented when animals were simultaneously treated
with SGE-301.

We noted that mice infused with controls’ CSF and treated
with SGE-301 compared with mice infused with the same
controls’ CSF and treated with vehicle, showed a decrease of
total cell surface and synaptic NMDAR clusters. A similar
effect was noted in neuronal cultures treated for 48 h with
controls’ CSF and SGE-301. We postulated that this finding
represents a compensatory mechanism to the chronic PAM
activity of SGE-301. Studies have shown that phosphoryl-
ation of Ser295 enhances the accumulation of PSD95 and
that phospho-S295-PSD95 is suppressed by chronic
NMDAR activation (Kim et al., 2007). In line with these
studies, we found that mice infused with controls’ CSF and
chronically treated with SGE-301 had lower amounts of
phospho-S295-PSD95 and PSD95 compared with mice
treated with vehicle. Neuronal cultures treated for 48 h with
SGE-301 showed an effect in the same direction, including a
reduction of phospho-S295-PSD95 that was more intense
than that of total PSD9S5. Similar mechanisms induced by
the chronic PAM effect of SGE-301 may be involved in the
change, although not significant, in fEPSP slope after
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induction of LTP in control animals treated with SGE-301
compared with those treated with vehicle.

Data from this and a previous study (Planaguma et al.,
2016) show that antibodies from patients do not affect
paired-pulse facilitation, suggesting that presynaptic neuro-
transmitter release is unaffected in all experimental groups
and that postsynaptic mechanisms are responsible for the de-
crease of LTP in animals treated with patients’ CSF. In an-
other report wusing hippocampal neuronal cultures,
antibodies from patients specifically decreased NMDAR-
mediated currents (along with a specific reduction of
NMDAR clusters) without affecting AMPA receptor-medi-
ated currents (Hughes et al,, 2010). These studies, along
with the selective SGE-301 PAM effect on NMDAR (Paul
et al., 2013), suggest that the impairment of LTP (and its
prevention by SGE-301) in animals infused with patients’
CSF is via modulation of NMDAR.

The exact molecular mechanisms by which SGE-301
prevents the effects of patient antibodies are unknown.
We found that SGE-301 does not block the binding of
antibodies from patients to hippocampus, suggesting sev-
eral alternative mechanisms, such as interference with
antibody-induced internalization of receptors, increase of
recruitment of NMDARs, or both. In preliminary studies
with cultured neurons treated with antibodies from
patients, we found that SGE-301 significantly decreased
(without fully preventing) antibody-mediated NMDAR in-
ternalization, suggesting that in this setting, a recruitment
of NMDAR:s to the cell surface and synapse may be facili-
tated by the drug.

Our study design does not allow for the assessment of
whether SGE-301 reverses the antibody-mediated decrease
of NMDAR and associated memory deficit because animals
infused with antibodies from patients were simultaneously
treated with SGE-301, and they did not develop any of those
alterations. Although previous studies showed that applica-
tion of SGE-301 to neuronal cultures exposed to patient
antibodies for 24 h accelerated the recovery from the anti-
body effects (Warikoo et al., 2018), it is unclear if SGE-301
would fully reverse symptoms already established and if so,
how long it would take to recovery. It is also unclear
whether SGE-301 would be effective for symptoms other
than memory impairment; future animal models reproducing
the entire repertoire of symptoms in the acute and chronic
stage of the disease would facilitate these studies. Finally,
there is evidence that SGE-301 and similar PAMs potentiate
the NMDAR responses for many minutes beyond their pres-
ence in the media, a feature attributed to their strong lipo-
philicity or potential intracellular accumulation (Paul ef al.,
2013; Warikoo et al., 2018). Therefore, a dosing less fre-
quent than that used in our model (e.g. every other day in-
stead of daily dosing) may result in the same beneficial
effects.

The experience with current treatment approaches to
anti-NMDAR encephalitis and the outcome of most
patients emphasizes the importance of our findings.
During the acute stage of anti-NMDAR encephalitis,
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patients often require intensive immunotherapy, anti-epi-
leptics, psychoactive medications, and intensive care sup-
port, along with tumour removal if this applies (Titulaer
et al., 2013). This stage is usually followed by a pro-
tracted process of recovery in which symptoms of the
acute phase (psychosis, seizures, abnormal movements,
decreased level of consciousness) are no longer present,
and the patient is at home or in a rehabilitation centre
showing other symptoms such as deficit of memory, atten-
tion, cognition, abnormal behaviour, or executive dys-
function (Finke et al., 2012, 2013; Titulaer et al., 2013).
Our model, in which the local transfer of human
NMDAR antibodies into the mouse cerebroventricular
system predominantly affects hippocampal NMDAR
(Planaguma et al., 2015), provides a proof-of-principle
that targeting the antibody-related mechanisms as comple-
mentary treatment for anti-NMDAR encephalitis may
mitigate or shorten the process of recovery. In preliminary
studies, SAGE-718 (a PAM closely related to SGE-301
designed for oral bioavailability and once daily dosing)
showed a good tolerability profile in healthy volunteers in
a double-blind, placebo-controlled phase 1 single ascend-
ing dose study (Koenig et al., 2019) and is currently being
used in a trial for Huntington’s disease (which, at early
stages, appears to associate with reduced NMDAR func-
tion). The tasks for the future are to better understand the
underlying mechanisms by which SGE-301 prevents pa-
tient antibody effects, assess the ability of this compound
to reverse established symptoms, and determine its opti-
mal dosing and frequency of treatment.
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Determination of plasma and brain concentration of SGE-301

SGE-301 was measured using liquid-liquid extraction and quantified by LC-MS/MS. Brain
tissue was first diluted and homogenized at a ratio of 3 mL of PBS to 1 g of tissue. Five
microliters of internal standard in methanol solution was added to 50 pL of plasma or brain
homogenate sample. Calibrators and assay quality controls were made by spiking SGE-301 into
control mouse plasma or brain homogenate and preparing them as samples. One hundred fifty-
five microliters of sample was then mixed with 200 pL of deionized water and extracted with 1
mL of methyl-t-butyl ether. The organic layer was separated from the water layer and
evaporated to dryness under nitrogen at 50°C for 15 minutes. The dry residue was reconstituted
in 100 pL of 50% acetonitrile + 0.1% formic acid in deionized water. Five microliters of
reconstituted sample was injected on an ACE 3 Phenyl-300 50 x 1 mm HPLC column. Gradient
elution was performed using an Eksigent LC200 HPLC system running a water:acetonitrile

gradient from 50% acetonitrile to 95% acetonitrile over 2.3 minutes at 100 pL/min.

Analyte detection was performed using a Sciex AP14000 mass spectrometer running selected
reaction monitoring of the analyte and internal standard in positive ion mode using a TurboV
electrospray ion source. Sample concentrations were determined using the peak area ratio of
analyte to internal standard and the least squares linear regression equation from the standard
curve. Assay acceptance criteria for each LC-MS/MS run were +/- 20% accuracy compared to

the nominal spiked concentration and +/- 20% CV.

Immunofluorescence and confocal studies with cultured live neurons

Primary hippocampal neurons were obtained from day 18 embryos of Wistar rats, as
reported (Hughes et al., 2010). Dissociated neurons were seeded on coverslips and grown
in Corning® 35 mm x 10 mm dishes (Sigma-Aldrich, St Louis , MI, US) containing 1 ml
of Neurobasal medium + B-27 Supplement (ThermoFisher, Waltham, MA, US).

Seventeen-day in vitro cultures were then treated with patients’ or controls’ CSF (final



dilution 1:25 in the indicated media) along with SGE-301 (10 uM) or vehicle (control) for
24 hours at 37°C. After washing with PBS, neurons were serially incubated with a human
CSF NMDAR antibody sample (1:100, used as primary antibody) for 1 hour at 4°C, and
the secondary antibody Alexa Fluor 488 goat anti-human IgG (A-11013 1:1000,
ThermoFisher) for 1 hour at 4°C. Neurons were then washed with PBS, fixed with 4%
paraformaldehyde, permeabilized with 0.3% Triton TM X-100, blocked with 1% BSA for
30 minutes, and serially incubated with rabbit anti-PSD95 (1:200, ab18258 Abcam,
Cambridge, UK) overnight at 4°C, and the corresponding secondary antibody Alexa Fluor
594 goat anti-rabbit 1gG (1:1000, A11012, ThermoFisher) for 1 hour at 4°C. Slides were
mounted with ProLong Gold antifade reagent for 4 minutes, containing 6-diamidino-2-
phenylindole dihydrochloride (DAPI, P36935; ThermoFisher) and results scanned with a
Zeiss LSM 710 confocal microscope with EC-Plan NEOFLUAR CS 100x/1.3 NA oil
immersion objective. For spot analysis we performed image deconvolution using the
AutoQuantX3 software (Bitplane, Oxford Instruments, Abingdon, UK) followed by
automatic segmentation using the spot detection algorithm from Imaris suite 7.6.4
(Bitplane). Synaptic localization was defined as colocalization of NMDAR with
postsynaptic PSD95, applying an algorithm for spot colocalization of NMDAR and PSD95
using Imaris 7.6.4 (Bitplane). The density of spots was indicated as number of puncta per
um-length of dendrite.

To determine the clusters of internalized antibody-bound receptors, neurons were
treated as above with patients” CSF with SGE-301 or vehicle. Then neurons were washed
with PBS, incubated with excess (1:20) secondary anti-human IgG Alexa Fluor 594 (red
fluorescence, ThermoFisher) for 1 hour at 4°C, washed, fixed, permeabilized as above, and
incubated with Alexa Fluor 488 goat anti-human IgG (1:1000, green fluorescence
ThermoFisher) for 1 hour at 4°C. Slides were then mounted and the green fluorescence

clusters quantified as above.


https://www.ncbi.nlm.nih.gov/protein/P36935

To determine whether prolonged treatment with SGE-301 modified the levels of NMDAR
and phospho-S295-PSD95, neurons were treated as above for 48 hours with controls’ CSF and
SGE-301 or vehicle. Clusters of cell-surface synaptic and extrasynaptic NMDAR were
immunolabeled as indicated, and neurons were then fixed and permeabilized as above and
serially incubated with rabbit anti-phospho-S295-PSD95 (1:200, ab76108, Abcam) and mouse
anti-PSD95 (1:200, 124 011, Synaptic Systems, Goettingen, Germany) overnight at 4°C,
followed by the secondary antibodies Alexa Fluor 488 goat anti-rabbit 1gG and Alexa Fluor 594
goat anti-mouse 1gG (A-11034, A-11032, ThermoFisher) both at 1:500 dilution. Slides were then
mounted and scanned, and the density of NMDARs, phospho-S295-PSD95 and PSD95 clusters
was determined as above. Neurons treated for 24 hours with 25 uM bicuculline (#14340, Sigma-
Aldrich), which is an antagonist of GABAa receptor that causes an increase of the levels of

phospho-S295-PSD95 (Kim et al., 2007) were used as control for this assay.

Electrophysiological studies

LTP and paired pulse facilitation in acute sections of hippocampus

Eighteen to 19 days after activation of the osmotic pumps and daily injection of drug or
vehicle, mice were deeply anesthetized with isofluorane and decapitated. Brains were removed in
ice-cold, high-sucrose extracellular artificial cerebrospinal fluid (aCSF1, in mM; 206 sucrose,
1.3 KClI, 1 CaCly, 10 MgSOQOy, 26 NaHCOs3, 11 glucose, 1.25 NH,PO4, purged with 95% CO,/5%
O, pH 7.4) and subdivided into the hemispheres. Thick (380 um) coronal slices of hippocampus
were obtained with a vibratome (VT1000S; Leica Microsystems, Wetzlar, Germany) and
transferred into an incubation beaker with extracellular aCSF appropriate for neurophysiological
recordings (aCSF2, in mM; 119 NaCl, 2.5 KCI, 2.5 CaCl,, 1.25 NaH,PQO,4, 1.5 MgSQ,, 25
NaHCOg, 11 glucose, purged with 95 % CO,/5 % O,, pH 7.4). Slices were kept at 32°C for 1
hour and subsequently at RT for at least 1 additional hour. For field potential measurements,

single slices were then transferred into a measurement chamber perfused with aCSF2 at 2 ml/min



at 28-30°C (controls’ CSF + vehicle: number of acute slices n = 8 prepared from brain
hemisections of seven mice; patients’ CSF + vehicle: n = 6 from hemisections of five mice;
controls” CSF + SGE-301: n = 10 from hemisections of seven mice; patients’ CSF + SGE-301: n
= 7 from hemisections of six mice). A bipolar stimulation electrode (Platinum-Iridium
stereotrode, P12ST30.1A5, Science Products, Hofheim, Germany) was placed in the Schaffer
collateral pathway. Recording electrodes were made with a puller (P-1000, Shutter Instrument
Company, Novato, CA, US) from thick-walled borosilicate glass with a diameter of 1.5 mm
(Sutter Instruments). The recording electrode filled with aCSF2 was placed in the dendritic
branching of the CAL region for local field potential measurement (field excitatory postsynaptic
potential, fEPSP). A stimulus isolation unit A385 (World Precision Instruments, Hertfordshire,
UK) was used to elicit stimulation currents between 25-700 pA. Before baseline recordings for
long-term potentiation (LTP), input-output (10) curves were recorded for each slice at 0.03 Hz.
The stimulation current was then adjusted in each recording to evoke fEPSPs at which the slope
was at 50-60 % of maximally evoked fEPSP slope value. After baseline recording for 30 minutes
with 0.03 Hz, LTP was induced by theta-burst stimulation (TBS; 10 theta bursts of four pulses of
100 Hz with an interstimulus interval of 200 ms repeated seven times with 0.03 Hz). After LTP
induction, fEPSPs were recorded for 1 additional hour with 0.03 Hz. Paired-pulse fEPSPs in the
test pathway were measured before baseline recordings with an interstimulus interval of 50 ms
(controls’ CSF + vehicle: number of acute slices n= 20 prepared from brain hemisections of eight
mice; patients” CSF + vehicle: n = 12 from hemisections of six mice; controls’ CSF + SGE-301:
n =17 from hemisections of eight mice; patients’ CSF + SGE-301: n = 14 from hemisections of
seven mice). All recordings were amplified and stored using amplifier AxoClamp 2B (Molecular
Devices, San Jose, CA, US). Traces were analyzed using Axon pClamp software (Molecular

Devices, version 10.6).



NMDAR-mediated spontaneous excitatory postsynaptic currents (SEPSC) in cultured
neurons

To determine the effects of chronic exposure to SGE-301 on NMDAR currents we treated 18
days in vitro (d.i.v.) hippocampal neuronal cultures with controls’ CSF (diluted 1:100) or
controls’” CSF + SGE-301 (10 uM) for 48h prior to whole-cell patch clamp recordings of
spontaneous NMDAR-mediated excitatory postsynaptic currents (SEPSCs). Recordings were
made using thin-walled electrodes with a resistance of 3-5 MQ, giving a final series resistance of
5-15 MQ. Extracellular solution contained (in mM): 130 NaCl, 3.5 KCI, 2 CacCly, 15 glucose, 20
sorbitol and 10 HEPES, (Mg**-free); osmolarity 300 mOsm/Kg and pH 7.4 with NaOH. In order
to isolate NMDAR component, 100uM picrotoxin and 50uM NBQX were added to block
GABAaR-mediated IPSCs and AMPAR-mediated EPSCs, respectively. Intracellular pipette
solution contained (in mM): 116 K-Gluconate, 6 KCI, 8 NaCl, 0.2 EGTA, 2 MgATP, 0.3
NazGTP and 10 HEPES; pH 7.25 with KOH. QX-314 at 2.5 mM was included into the pipette
solution to block action potential firing in the recorded neuron. Spontaneous EPSCs were
acquired at 2 kHz and filtered at 1 kHz at a holding potential of —70 mV. EPSCs were measured
in periods ranging from 10 to 30 minutes. In experiments where the acute effect of SGE-301 was
tested, a baseline period of 5 minutes in the absence of the drug was recorded followed by
application of 10uM SGE-301 to the bath solution and a 10-15 minutes recording period after
drug application. pClamp10/Clampfit10.6 software (Molecular Devices) were used to record,
detect and analyze the amplitude, decay time constant and instantaneous frequency (from single

SEPSCs).

Novel object location and locomotor activity
Both tasks were administered one day before surgical implantation of osmotic pumps and

ventricular catheters, and once per week for four weeks after surgery (Fig. 1B).



Novel object location (NOL)

Animals were habituated to an empty, squared arena (45x45x40 cm, Panlab, Barcelona, Spain)
with visual cues, and underwent two daily trials of 15 minutes each, for four days. The day of the
test, animals were placed into the arena in presence of two equal objects positioned at two
opposite corners and they were allowed to freely explore them for 9 minutes (familiarization
phase). After a retention time of 3 hours, animals were returned to the arena, where one of the
objects had been moved to a different corner. The animal was allowed to explore both objects for
9 minutes (test phase) and the time of exploration of each object was recorded. A discrimination
index (NOL Index) was calculated using the following formula: Time of exploration of the
moved object minus time of exploration of the not moved object divided by total time of
exploration of both objects. A higher discrimination index indicates a better memory of the
position of both objects. Object exploration is defined as any exploratory behavior triggered by
the presence of the object (sniffing, biting, touching...) with the orientation of the nose toward

the object within a distance of <2 cm.

Locomotor activity

Animals were placed in locomotor activity boxes (11x21x18 cm, Imetronic, Passac, France) for 1
hour. The boxes are equipped with two rows of photocell beams that allow the measurement of
small movements of the animal in each side of the box (local motor activity), the number of
displacements from one side to the other of the box (horizontal activity) and the number of

vertical explorations (rearings).
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SUPPL FIG. 1: Absence of antibodies other than NMDAR in patients’ CSF

Panels A and B show the immunostaining of rat brain by the pooled patients’ CSF used in all
experimental studies before (A) and after (B) immunoabsorption with NMDAR-expressing HEK293T
cells. Scale bars = 200 um. Panels C-F show the immunolabeling of NMDAR-expressing HEK293T cells
and neurons by the pooled patients’ CSF before (C and D) and after (E and F) immunoabsorption with
NMDAR-expressing HEK293T cells. Scale bars = 10 um. Panel G shows the effect of pooled patients’
CSF antibodies on the density of total cell surface and synaptic NMDAR clusters before (not absorbed)
and after (absorbed) immunoabsorption with NMDAR-expressing HEK293T cells. Note that the pooled
patients’ CSF causes the expected decrease of total cell surface and synaptic NMDAR, and that these
effects are abrogated after immunoabsorption with NMDAR-expressing HEK cells. Box plots show the
median, 25" and 75™ percentiles; whiskers indicate the minimum or maximum values. Significance was
assessed by one-way ANOVA (p < 0.01) and Bonferroni post-hoc correction test was applied: **p < 0.01,

***p < 0.001, ****p < 0.0001.
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SUPPL FIG. 2: Plasma and brain exposures of SGE-301 after subcutaneous

administration

For all in vivo experiments, animals were administered 10 mg/kg SGE-301 via subcutaneous
administration. Plasma and brain levels achieved after subcutaneous (SC) administration were similar to
those previously reported after intraperitoneal (IP) administration (Paul et al., 2013). Data points
represent mean = SEM levels of SGE-301. N= 4 mice per time point and matrix (e.g., 4 plasma 1 hour, 4

brain 1 hour, 4 plasma 4 hours, 4 brain 4 hours for a total of 16 animals).
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SUPPL FIG. 3: SGE-301 decreases the number of antibody-bound internalized

NMDAR

Panel A: Representative dendrites of neurons treated for 48 hours with patients’ CSF with vehicle or
SGE-301, showing the internalized antibody-bound NMDAR. Note that treatment with SGE-301 does not
completely abrogate the internalization of receptors, Scale bars= 10 um. Panel B: Quantification of
internalized clusters of antibody-bound receptors. There is a significant decrease of internalized receptors.
n = 20 dendrites per condition. Box plots show the median, 25" and 75" percentiles; whiskers indicate the
whiskers indicate the minimum or maximum values. Significance of treatment effect was assessed by

unpaired t-test. ****p <0,0001.
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SUPPL FIG. 4: Cultures of rat hippocampal neurons treated for 48 hours with

SGE-301 show a reduction of clusters of NMDAR and phospho-S295-PSD95

Panel A: Quantification of clusters of synaptic and extrasynaptic NMDAR in hippocampal
cultures of neurons treated with controls’ CSF along with vehicle or SGE-301. The presence of
SGE-301 led to a significant reduction of clusters of NMDAR. Total surface NMDAR **p =
0.0020; synaptic NMDAR **p= 0.0085. Panel B: Quantification of clusters of phospho-S295-
PSDO95 and PSD95 in hippocampal cultures of neurons treated with controls’ CSF along with
vehicle or SGE-301. The presence of SGE-301 leads to a significant reduction of phospho-S295-

PSD95, **p < 0.01. In this setting, SGE-301did not lead to a significant reduction of PSD95 (in



contrast to the indicated reduction of PSD95 observed in mice hippocampus chronically treated
with SGE-301, shown in Supplementary Fig. 5). Panel C: Quantification of clusters of phospho-
S295-PSD95 and PSD95 in hippocampal cultures of neurons treated with bicuculline. In this
setting, bicuculline caused a significant reduction of phospho-S295-PSD95, as reported (Kim et
al., 2007). *p < 0.05. For all studies, n = 20 dendrites per condition. Box plots show the median,
25" and 75" percentiles; whiskers indicate the whiskers indicate the minimum or maximum

values. Significance of treatment effect was assessed by unpaired t-test.
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SUPPL FIG. 5: SGE-301 slows the decay phase of NMDAR-mediated spontaneous

excitatory post-synaptic currents (SEPSC)

Panel A: Representative traces from spontaneous NMDAR-mediated EPSCs (SEPSC) recordings from
hippocampal neuronal cultures treated with controls' CSF (light green trace) or controls” CSF and SGE-
301 (dark green) for 48h prior to recordings. sEPSCs were recorded at —70 mV in the presence of NBQX
and picrotoxin and in the absence of TTX. Co-treatment with SGE-301 did not modify sEPSC amplitude
or frequency but slowed the recovery (increase in decay time constant). Right inset shows a superposition
of two SEPSCs to illustrate the longer duration of SEPSC in neurons treated with SGE-301. Panel B:
Mean amplitude, decay time constant (tau) and instantaneous frequency of NMDAR-mediated SEPSCs
from neurons treated with controls” CSF (ligh green columns; n=15 neurons) or controls” CSF and SGE-

301 (dark green columns; n=13). Controls’ CSF vs controls’ CSF + SGE-301: *p < 0.05 Student's t-test.
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SUPPL FIG. 6: Administration of SGE-301 does not change the amount of patients’

IgG present in mice hippocampus

Quantification of intensity of human IgG present in hippocampus of mice sacrificed on day 18. Mice
infused with patients” CSF and treated with vehicle or SGE-301 show the same amount of 1gG in the
hippocampus, suggesting that SGE-301 does not block the binding of patients’ antibodies to NMDAR.
For all quantifications, mean intensity of IgG-immunostaining in the group of mice infused with controls’
CSF and treated with vehicle was defined as 100%. Five animals of each experimental group were
examined. Box plots show the median, 25" and 75" percentiles; whiskers indicate the minimum or
maximum values.. Significance of treatment effect was assessed by one-way ANOVA (p < 0.0001) and

post-hoc analyses were performed with Bonferroni correction; *p < 0.05.
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SUPPL FIG. 7: Subcutaneous administration of SGE-301 leads in control mice to a

reduction of clusters of phospho-5295-PSD95 and PSD95

Cluster density analysis of phospho-S295-PSD95 and PSD95 in brain tissue of animals infused with
controls” CSF treated with vehicle or SGE-301. Note that animals treated with SGE-301 show a reduction
of clusters of phospho-S295-PSD95 as well as PSD95. Five animals for each experimental group were
examined. Box plots show the median, 25" and 75" percentiles; whiskers indicate whiskers indicate the
minimum or maximum values. Significance of treatment effect was assessed by unpaired t-test; ****p <

0.0001.
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SUPPL FIG. 8: Paired-pulse facilitation is unaffected in animals infused with

patients CSF and treated with or without SGE-301

Panel A: Example traces of fEPSPs in paired-pulse facilitation protocol applied to the Schaffer collateral -
CAL synaptic region. The fEPSP slope and amplitude in response to second stimulus (grey) are increased
compared to the fEPSP slope and amplitude after the first stimulus (black) in all four groups of animals.
Panel B: Mean slope values of the fEPSPs in the response to the first (1st) and second (2nd) stimulus. All
four experimental groups of animals show a significant increase in the fEPSP slope upon second stimulus.
Controls” CSF + vehicle (n= 20 recordings from eight animals, light green); patients’ CSF + vehicle (n=
12 recordings from six animals, pink); controls’ CSF + SGE-301 (n= 17 recordings from eight animals,
dark green); patients’ CSF + SGE-301 (n= 14 recordings from seven animals, blue). Data are shown as
mean + SEM. Significance of the slope increase was assessed by unpaired t-test; *p < 0.05, **p< 0.01,
****p < 0.0001. Interstimulus interval is 50 ms, Panel C: Paired-pulse facilitation, calculated as P2/P1
(pulse 2/pulse 1) fEPSP slope ratio, with interstimulus interval of 50 ms, is not significantly altered in any
of the experimental groups of animals when compared with that of the group infused with controls” CSF
+ vehicle. The number of recordings and animals used are the same as those indicated in B. The
significance of the results was assessed by one-way ANOVA (p > 0.05, not significant). Box plots show

the median, 25" and 75" percentiles; whiskers indicate the 10" and 90" percentile.
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by treatment with SGE-301

Panel A: The total time of exploration of the two objects presented in each NOL test session was similar
in the four experimental groups of animals. Animals infused with controls’ CSF and treated with vehicle
(n =11, light green); animals infused with patients’ CSF and treated with vehicle (n = 10, pink); animals
infused with controls’ CSF and treated with SGE-301 (n = 12, dark green), and animals infused with
patients’ CSF and treated with SGE-301 (n = 10, blue). Data are presented as mean = SEM. Panels B-D:
The locomotor activity was similar in the four experimental groups of animals, including measurement of
local movements (B), displacement from one side to the other of the cage (C), and vertical explorations or
rearings (D). Each colored line indicates the same experimental condition described in panel A. Number
of animals: infused with controls’ CSF and treated with vehicle, n = 11; infused with patients’ CSF and
treated with vehicle, n = 11; infused with controls’ CSF and treated with SGE-301, n = 12, and infused

with patients’ CSF and treated with SGE-301, n = 11.



Supplementary Table: Values and statistics for figures 2-5

Fig 2 (Cluster density (cultures of hippocampal neurons))

Total NMDAR A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 12.17 5.23 12.1 11.66 Avs B p<0.0001
75% Percentile 14.46 7.97 13.41 13.99 Bvs D p<0.0001
25% Percentile 9.59 4.07 9.18 9.71
PSD95 A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 12.09 11.12 10.56 10.88
75% Percentile 14.81 13.58 12.34 13.03
25% Percentile 9.88 8.55 9.04 8.65
Synaptic NMDAR| A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 2.69 1.56 2.38 2.66 Avs B p<0.0001
75% Percentile 3.6 2.06 2.99 3.34 Avs C p<0.0001
25% Percentile 1.97 1.15 1.87 2.18 Bvs D p<0.0170
Fig 3 (Cluster density (Brain tissue))
Total NMDAR A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301 [Avs B p<0.0001
Median 99.27 79.69 85.61 101.1 Avs C p=0.0001
75% Percentile 107.5 84.7 93.81 109.3 Bvs D p<0.0001
25% Percentile 91.99 67.17 80.15 89.94 Cvs D p<0.0001
PSD95 A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 98.91 101.4 94.91 99.91 Avs C p=0.0003
75% Percentile 107.9 104.9 98.91 113.9 Cvs D p<0.0001
25% Percentile 91.91 93.91 82.92 91.91
Synaptic NMDAR| A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301 |Avs B p<0.0001
Median 98.56 73.12 82.66 98.56 Avs C p=0.0009
75% Percentile 114.5 85.84 95.38 117.6 Bvs D p<0.0001
25% Percentile 82.66 60.41 76.3 76.3 Cvs D p<0.0001
Fig 4 (fEPSP slope change %)

A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Median 86,41 17,2 63,5 67,37 Avs B p=0.0013
75% Percentile 123,1 24,73 79,27 1239 Bvs D p=0.0060
25% Percentile 65,26 -0,4091 52,53 49,77 B vs C p=0.0443

Fig 5 (Novel Object Location Index)

Baseline A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,239 0,345 0,299 0,376
SEM 0,052 0,053 0,044 0,056
N 11 10 12 10
D3 A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,298 0,225 0,322 0,216
SEM 0,053 0,028 0,050 0,089
N 11 10 12 10
D10 A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,320 -0,041 0,311 0,260 Avs B p<0.0001
SEM 0,036 0,046 0,015 0,060 Bvs D p=0.0001
N 11 10 12 10 Bvs C p<0.0001
D18 A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,254 -0,008 0,272 0,283 Avs B p=0.0007
SEM 0,040 0,063 0,031 0,055 Bvs D p=0.0002
N 11 10 12 10 B vs C p=0.0002
D25 A) Controls' CSF + vehicle B) Patients' CSF + vehicle  C) Controls' CSF + SGE-301 D) Patients' CSF + SGE-301
Mean 0,248 0,256 0,230 0,259
SEM 0,017 0,044 0,015 0,043
N 11 10 12 10
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Abstract

Background and Objectives

To demonstrate that an analog (SGE-301) of a brain-derived cholesterol metabolite, 24(S)-
hydroxycholesterol, which is a selective positive allosteric modulator (PAM) of NMDA re-
ceptors (NMDARSs), is able to reverse the memory and synaptic alterations caused by CSF from
patients with anti-NMDAR encephalitis in an animal model of passive transfer of antibodies.

Methods

Four groups of mice received (days 1-14) patients’ or controls’ CSF via osmotic pumps
connected to the cerebroventricular system and from day 11 were treated with daily sub-
cutaneous injections of SGE-301 or vehicle (no drug). Visuospatial memory, locomotor activity
(LA), synaptic NMDAR cluster density, hippocampal long-term potentiation (LTP), and
paired-pulse facilitation (PPF) were assessed on days 10, 13, 18, and 26 using reported
techniques.

Results

On day 10, mice infused with patients’ CSF, but not controls’ CSF, presented a significant
visuospatial memory deficit, reduction of NMDAR clusters, and impairment of LTP, whereas
LA and PPF were unaffected. These alterations persisted until day 18, the time of maximal
deficits in this model. In contrast, mice that received patients’ CSF but from day 11 were treated
with SGE-301 showed memory recovery (day 13), and on day 18, all paradigms (memory,
NMDAR clusters, and LTP) had reversed to values similar to those of controls. On day 26, no
differences were observed among experimental groups.

Discussion

An oxysterol biology-based PAM of NMDARSs is able to reverse the synaptic and memory
deficits caused by CSF from patients with anti-NMDAR encephalitis. These findings suggest a
novel adjuvant treatment approach that deserves future clinical evaluation.
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Glossary

EPSC = excitatory postsynaptic current; HPBCD = 2-hydroxypropyl-p-cyclodextrin; LA = locomotor activity; LTP =long-term
potentiation; NMDAR = NMDA receptor; NOL = novel object location; PAM = positive allosteric modulator; PPF = paired-

pulse facilitation.

Anti-NMDA receptor (NMDAR) encephalitis is an immune-
mediated disease characterized by a complex neuropsychiatric
syndrome and the presence of CSF antibodies against the GluN1
subunit of NMDAR." Although most patients improve with
immunotherapy and tumor removal, when needed, one of the
most challenging problems of this disease is the prolonged pro-
cess of recovery.” This problem particularly affects memory,
attention, and executive functions that usually remain altered for
many months after the acute phase has resolved.* "> The reasons
for this slow recovery are unclear, but it may be caused by a severe
impairment of synaptic function due to persistent immune acti-
vation against NMDAR within the CNS,"*** a limited efficacy of
current immunotherapies, or a combination thereof.

To achieve a faster or sustained improvement, we postulated that
patients with anti-NMDAR encephalitis may need, in addition to
immunotherapy, adjuvant medication aimed to compensate or
overcome the mechanisms altered by the antibodies. This ap-
proach would be similar to that used in patients with myasthenia
gravis or the Lambert-Eaton myasthenic syndrome who receive
immunotherapy along with acetylcholinesterase inhibitors or 3,4-
diaminopyridine.'*'” Considering that in anti-NMDAR enceph-
alitis, the antibodies cause a reduction of receptors and NMDAR-
mediated currents,"”'® the potential treatment utility of positive
allosteric modulators (PAMs) of NMDARSs came to our attention.

There is evidence that a brain-derived cholesterol metabolite,
24(S)-hydroxycholesterol (24(S)-HC), is a potent, direct, and
selective PAM of NMDARs." Several synthetic analogs of 24(S)-
HC such as AS,6-3B-oxy-nor-cholenyl-dimethylcarbinol (SGE-
201) and SGE-301 have similar mechanisms of action.'* An ad-
vantage of these compounds is their small size and lipophilicity that
allow them to cross the blood-brain barrier and reach CNS con-
centrations that substantially potentiate NMDAR currents.'”' In
rats, administration of SGE-301 reversed the memory deficit
caused by phencyclidine, a noncompetitive NMDAR antagonist,"”
and in mice, it prevented the development of memory and synaptic
alterations caused by cerebroventricular transfer of patients’
NMDAR antibodies.”® However, the potential treatment efficacy
of SGE-301 in reversing the antibody-mediated effects once the
memory and synaptic alterations have already occurred was not
investigated. Here, we address this question in the model of cer-
ebroventricular transfer of patients’ CSF antibodies.

Methods

Animals, Surgery, and Patients’ CSF
One hundred forty-one male CS7BL/6] mice (Charles River),
8-10 weeks old, were used in the studies, including 44 for
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assessment of memory and locomotor activity (LA), SO for de-
termination of clusters of NMDAR and PSD95 using confocal
immunohistochemistry, and 47 for assessment of hippocampal
long-term potentiation (LTP) and paired-pulse facilitation. An-
imal care, anesthesia, and the technique of cerebroventricular
infusion of patients’ CSF via subcutaneous osmotic pumps
(Alzet; volume 100 microliter, flow rate 0.25 microliter/h for 14
days) have been described.'® The CSF infused was pooled from
samples of 10 patients with high titer IgG GluN1 antibodies (all
>1:320) and 10 patients with normal pressure hydrocephalus
without antibodies (control); samples were dialyzed against
phosphate-buffered saline and normalized to a physiologic
concentration of 2 mg IgG/dL.** The same samples were pre-
viously used in a report where the NMDAR antibody specificity
and absence of other neuronal antibodies were demonstrated by
immunoabsorption with HEK293 cells expressing GluN1, and
abrogation of CSF-mediated NMDAR internalization after CSF
was immunoabsorbed with GluN1.>°

Standard Protocol Approvals, Registrations,
and Patient Consents

Written informed consent was obtained from patients, and
the study was approved by the local institutional review board
(Hospital Clinic, HCB/2018/0192). The Local Ethical
Committee of the University of Barcelona following Euro-
pean (2010/63/UE) and Spanish (RD 53/2013) regulations
approved the animal studies.

Preparation of SGE-301 and

Experimental Design

Lyophilized SGE-301 was dissolved in a solution of 30%
2-hydroxypropyl-B-cyclodextrin (HPBCD, Sigma-Aldrich),
and the dose (10 mg/kg) for subcutaneous administration
was based on previously reported plasma and brain pharma-
cokinetic studies that demonstrated brain exposures sufficient
to modulate activity in preclinical models of NMDAR
hypofunction.lg’zo A similar solution of 30% HPBCD, without
drug, served as control (vehicle).

From days 1 to 14, mice were continuously infused in the cere-
broventricular system with patients’ or controls’ CSF. From days
11 to 19, each experimental condition was divided into 2 addi-
tional groups depending on whether animals were treated with
SGE-301 or vehicle (control) (Figure 1A). The treatment interval
(days 11-19) was selected according to previous experience with
this model, which consistently shows progressive impairment of
memory along with a decrease of NMDAR clusters from days 10
to 18."®*%** Brain tissue studies were performed in subsets of
mice killed at intermediate time points (days 10 and 18) and in
the rest of animals killed on day 26 (Figure 1B).
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Figure 1 Experimental Design
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(A) Studies were performed in 4 experimen-
tal groups of mice that received a continuous
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system along with daily subcutaneous in-
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Py 11, there are 2 experimental groups (mice
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&OSL (B) Timing of memory and locomotor tasks.
Baseline novel object location (NOL) and lo-
comotor activity (LA) were obtained before
g the infusion of controls’ or patients’ CSF (days
-2, -1). The same tests were applied on days
10-11, 13-14, 18-19, and 25-26 after onset
of infusion of CSF. The effects of patients’
antibodies on the levels of NMDARs or LTP
were examined in subsets of mice killed on
days 10-11, 18-19, or 26. LTP = long-term
potentiation; NMDAR = NMDA receptor.

Immunohistochemistry,
Immunoprecipitation, Confocal Microscopy,
and Electrophysiological Studies

The presence of human IgG bound to brain tissue was
quantified using immunofluorescence, as mported.23 The
NMDAR specificity of the IgG bound to brain was demon-
strated by immunoprecipitation. In brief, homogenates of
brain tissue were washed, incubated with protein A/G
sepharose beads, precipitated, run in a gel, and blotted with
an polyclonal rabbit GluN1 antibody (G8913, 1:200, Sigma-
Aldrich, St. Louis, MO), as reported.””

To determine the effects of patients” antibodies on the number
of clusters of NMDAR, nonpermeabilized S-pm-thick brain
sections (obtained on days 10, 18, and 26) were immunohis-
tochemically studied as reported.'® In brief, sections were se-
rially incubated with a human CSF NMDAR antibody (1:20,
used as primary antibody), and the labeled NMDARs were
determined with a secondary Alexa Fluor 488 goat anti-human
IgG (1:1000, A-11013, Thermo Fisher, Waltham, MA). Sec-
tions were then permeabilized and incubated with a polyclonal
rabbit anti-PSD9S (1:250, ab18258 Abcam, Cambridge, UK)
followed by a secondary Alexa Fluor 594 goat anti-rabbit IgG
(1:1000, A-11012, ThermoFisher). Slides were mounted and
results scanned with the Zeiss LSM710 confocal microscope
(Carl Zeiss, Jena, Germany) with the EC-Plan NEOFLUAR
CS 100%x/1.3 NA oil objective. For each animal, S identical
image z-stacks (each stack comprising S0 optical images) from
3 hippocampal areas, CA1, CA3, and dentate gyrus (total 15
image z-stacks), were acquired.'® The mean density of clusters
of NMDAR or PSD9S was obtained using a spot detection
algorithm from Imaris suite v.8.1 (Oxford Instruments, Belfast,
UK). The clusters of NMDAR that colocalized with PSD9S
were defined as synaptic. Acute hippocampal sections in sub-
sets of mice killed on days 10 or 11, and 18-20 after CSF
infusion onset were used for electrophysiologic assessment of
LTP and PPF, as reported.”

Neurology.org/NN
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Memory and Locomotor Activity Tasks
Visuospatial memory was determined by the discrimination
index obtained from the novel object location (NOL) test,
before the infusion of CSF (baseline) and on days 10, 13, 18,
and 25 after infusion onset. LA was automatically determined
using LA boxes (11 x 21 x 18 cm, Imetronic, Pessac, France)
for 1 hour, at baseline, and on days 11, 14, 19, and 26, as
repor‘ced18 (Figure 1B).

Statistical Analysis

Data from experiments measuring cluster densities of
NMDAR and PSD9S in the brain were assessed using the
Kruskal-Wallis test comparing ranks, as populations were not
normally distributed according to the D’Agostino-Pearson
test and Dunn corrections for multiple comparisons. The
analysis of human IgG deposits and electrophysiologic data
were assessed by 1-way ANOVA and unpaired ¢ tests. NOL
index and LA data were analyzed using repeated-measures
2-way ANOVA. All ANOVA tests included post hoc analyses
with Bonferroni correction for multiple testing. In all statis-
tical analyses, p value <0.05 was considered significant. For all
experiments, the distribution of the data was assessed for
outliers and normality. Statistical analyses were performed
with GraphPad Prism v.8 (La Jolla, CA).

Data Availability
Data supporting these findings are available on reasonable
request.

Results

Presence of NMDAR-Specific IgG in the Brains
of Mice Infused With Patients’ CSF

Compared with mice infused with controls’ CSF, those in-
fused with patients’ CSF had a higher content of human IgG
in the brain regardless of whether animals had been treated
with SGE-301 or vehicle (Figure 2A). Immunoprecipitation
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Figure 2 Presence of NMDAR-Specific IgG in the Brains of Mice Infused With Patients’ CSF
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(A) Quantification of human IgG immunofluorescence intensity in the brain of mice infused with patients’ or controls’ IgG shows an increased amount of
human IgG in mice infused with patients’ CSF regardless of whether mice received treatment with SGE-301 or vehicle. The median intensity of IgG immu-
nofluorescence in the brain of mice infused with controls’ CSF was defined as 100%. The number of mice per experimental group is 5. Data presented in box
plots show the median and 25th, and 75th percentiles; whiskers indicate minimum and maximum. The significance of treatment effect was assessed by 1-way
ANOVA. *p =0.0318; **p = 0.0064. (B) Immunoprecipitation of NMDAR-bound IgG from mice brain exposed to patients’ CSF or controls’ CSF with or without
SGE-301. The predicted molecular weight of 105 kDa (arrowhead) corresponds to the GIuN1 subunit of the NMDAR. Each lane corresponds to the immu-
noprecipitation of 1 brain per each indicated condition. NMDAR = NMDA receptor.

studies showed that the IgG was specifically bound to
NMDAR (Figure 2B). These findings are confirmatory of a
previous study indicating that SGE-301 does not block the
binding of patients’ antibodies to NMDARs.*

Treatment With SGE-301 Reversed the
Structural and Functional Synaptic Effects of
Patients’ CSF

The effect of patients” or controls’ CSF on the density of total cell
surface or synaptic NMDAR clusters in hippocampus was exam-
ined in 50 mice, including S animals for each experimental group at
3 time points (days 10, 18, and 26). For each animal, 15 hippo-
campal areas were investigated (Figure 3A). A representative CAl
area of each experimental condition (e.g, 1 of the squares in A,
right panel) on day 18 is shown at higher magnification in panel 3B.
On days 10 and 18, animals infused with patients’ CSF and treated
with subcutaneous vehicle (without SGE-301) showed a significant
decrease of total cell surface and synaptic NMDARs compared
with animals infused with controls’ CSF (Figure 3, C and D). In
contrast, animals infused with the same patients” CSF but treated
from day 11 with SGE-301 showed no changes in total or synaptic
levels of NMDARSs on day 18 (Figure 3D). On day 26 (12 days
after the infusion of patients’ CSF antibodies had stopped), the
levels of total and synaptic NMDAR in all experimental groups had
returned to the value of controls, as expected in this model
(Figure 3E). No effects on the levels of PSD9S were observed in
any of the time points investigated (days 10, 18, and 26) for all
experimental groups (Figure 3B, red channel, and eFigure 1, links.
Iww.com/NXI/A672).

Hippocampal electrophysiologic studies were performed in a
total of 69 hippocampal slices from 47 mice representing the 4
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experimental groups (Figure 4A). On day 10 (before treatment
with SGE-301 started), these studies showed that animals in-
fused with patients’ CSF had severe impairment of LTP com-
pared with animals infused with controls’ CSF (Figure 4, B, D,
F). This impairment of hippocampal plasticity persisted until
day 18 except for the group of animals that were treated with
SGE-301. Indeed, animals that received the same patients’ CSF
and were treated from day 11 with SGE-301 had normalized
LTP and memory function on day 18 (Figure 4, C, E, G).

In contrast to the severe impairment of LTP caused by patients’
CSF in untreated animals, the field excitatory postsynaptic
potential recordings following a standard paired-pulse protocol
showed in all experimental groups (2 on day 10 and 4 on day
18) a significant facilitation consistent with increased pre-
synaptic release probability (Figure S). This finding indicates
that the effects of patients’ CSF antibodies are predominantly
postsynaptic, as reported,”*** and that SGE-301 did not sig-
nificantly modify presynaptic release probability.

Treatment With SGE-301 Reversed the Memory
Loss Caused by Patients’ CSF

A total of 44 mice (10-12 per experimental group) were
included in these studies. Compared with controls, animals
infused with patients’ CSF showed visuospatial memory
deficits at first evaluation on day 10 (Figure 6). This memory
deficit persisted until day 18 (which in this model is the time
of maximal effects) and progressively recovered after the in-
fusion of patients” CSF had stopped. In contrast, animals in-
fused with the same patients’ CSF but that from day 11
received treatment with subcutaneous SGE-301 showed a rapid
recovery of memory, which as of day 13 became similar to that
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Figure 3 Treatment With SGE-301 Reverses the Reduction of NMDARs Caused by Patients’ CSF in the Hippocampus
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(A) Hippocampus of the mouse immunolabeled for NMDAR (green) and PSD95 (red). Images were merged to demonstrate colocalizing clusters (defined as
synaptic NMDAR, white color). The 15 small white squares indicate the analyzed areas in CA1, CA3, and dentate gyrus (5 each). Each square is a 3D stack of 50
sections. Scale bar = 400 pm. (B) Four magnified squares (3D projection) of a CA1 region of hippocampus representing the 4 experimental conditions and
showing the analysis of density of total cell surface NMDAR, PSD95, and synaptic NMDAR clusters on day 18. The images (NMDAR, green; PSD95, red) were
postprocessed and used to calculate the density of the clusters (density = spots/um?3). Scale bar = 5 pm. Quantification of the density of total surface NMDAR
and synaptic NMDAR clusters on day 10 (C), day 18 (D), and day 26 (E) in a pooled analysis of the 15 hippocampal areas (CA1, CA3, and dentate gyrus) for each
experimental condition. Mean density of clusters in animals treated with controls’ CSF + vehicle was defined as 100%. For each condition, 5 animals were
examined. Box plots show the median and 25th and 75th percentiles; whiskers indicate the minimum and maximum values. Significance of the treatment
effect was assessed using the Kruskal-Wallis test, ****p < 0.0001; ***p < 0.001; **p = 0.008. NMDAR = NMDA receptor.

of controls. These animals not only showed earlier memory  levels of NMDAR and LTP that had been impaired by CSF
recovery but also remained without memory deficits even  from patients with anti-NMDAR encephalitis. The treatment
though from day 11 to 14 they continued receiving patients’  effect was particularly notable on day 18, when all paradigms
CSF antibodies. The total time of exploration of the 2 objects ~ (memory, clusters of NMDAR, and LTP) are consistently
(not moved + novel location) was similar in animals of the 4  impaired in this model but, as shown here, were reversed to
experimental groups (data not shown). No abnormal behavior ~ normal after treatment with SGE-301.
or side effects were observed in animals infused with controls’
CSF and treated with SGE-301. The LA was also similar in the Discussion
4 groups (data not shown).

We show that SGE-301, a synthetic analog of a major brain-
Taken together, treatment with SGE-301 resulted in an im-  derived cholesterol metabolite, 24(S)-HC, reversed the path-
provement of memory deficits and restoration of synaptic  ogenic effects of CSF from patients with anti-NMDAR
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Figure 4 Treatment With SGE-301 Reverses the Impairment of LTP Caused by Patients’ CSF
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(A) The Schaffer collateral pathway (SC, red) was stimulated, and field potentials were recorded in the CA1 region of the hippocampus. Long-term potentiation
(LTP) was induced by theta-burst stimulation (TBS); DG = dentate gyrus; CA = cornu ammonis. (B and C) Example traces of individual recordings showing
baseline field excitatory postsynaptic potentials (fEPSPs) before LTP induction (black traces) and after LTP (red traces) (B) at day 10 and (C) day 18. (D and E)
Time course of fEPSP recordings at day 10 (D) and day 18 (E) showing robust changes in the fEPSP slope in the animals infused with controls’ CSF treated or not
with SGE-301 (dark or light green traces) and in the animals infused with patients’ CSF treated with SGE-301 (day 18, blue trace). Animals infused with the same
patients’ CSF but not treated with SGE-301 showed a marked impairment of LTP induction (pink traces in D and E). The fEPSP slopes of all animals for each of
the groups are presented as mean + SEM. (F and G) Quantification of the fEPSP slope change showing a significant reduction of the fEPSP slope in animals
infused with patients’ CSF not treated with SGE-301 compared with animals infused with the same patients’ CSF treated with SGE-301 or animals infused with
controls’ CSF (treated or untreated with SGE-301). Number of slices and animals used on day 10: controls’ CSF, number of acute slices n = 7 from 6 mice;
patients’ CSF, n = 8 from 6 mice. Day 18: controls’ CSF + vehicle, n =8 from 6 mice; patients’ CSF + vehicle, n =9 from 7 mice; controls’ CSF + SGE-301,n =8 from 6
mice; and patients’ CSF + SGE-301, n = 8 from 6 mice. Box plots show the median and 25th and 75th percentiles; whiskers indicate minimum and maximum
values. Significance was assessed using 1-way ANOVA, and the Bonferroni post hoc correction test was applied. Day 10: **p = 0.0063 and day 18: **p =0.0039,
*p =0.0229.

encephalitis, including the antibody-mediated reduction of
NMDAR clusters and impairment of visuospatial memory and
synaptic plasticity. These findings are important considering
that the main treatment options currently available for anti-
NMDAR encephalitis are limited to escalation of immuno-
therapy and symptom management (e.g, psychosis, seizures,
autonomic dysregulation, or hypoventilation) with non-
disease-specific treatments.** Although this treatment approach
is successful in improving or resolving the symptoms of the
acute phase of the disease in 75%-80% of patients, virtually all
patients transition to a second stage characterized by prolonged
deficits of memory, attention, and executive functions. These
deficits usually show a slow progressive improvement over
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many months, or in some patients, they remain as persistent
sequelae.>*”'¥*5%% The mechanisms underlying this protracted
stage of the disease are less known than those of the acute stage;
for example, the signs of inflammation (CSF pleocytosis and
MRI changes) usually observed in the initial stage are no longer
present despite that NMDAR antibodies are detectable in
CSF.*” The usefulness of immunotherapy during this second
stage is also unclear, and there are no guidelines for treatment.
Some investigators maintain treatment with first- or second-line
immunotherapies for 1-2 years or use mycophenolate mofetil
or azathioprine,28 whereas others (including ourselves) use
symptomatic treatment and a close follow-up to promptly re-
treat with immunotherapy if there is clinical worsening.
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Figure 5 Paired-Pulse Facilitation Is Unaffected in Animals Infused With Patients’ CSF and Treated With or Without SGE-301
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(A and B) Example traces of fEPSPs in the paired-pulse facilitation protocol applied to the Schaffer collateral—CA1 synaptic region on days 10 (A) and 18 (B). In
all experimental groups, the fEPSP slope and amplitude in the response to the second stimulus (gray) are increased compared with the fEPSP slope and
amplitude after the first stimulus (black). The interstimulus interval is 50 ms. (C and D) Mean slope values of fEPSP responses obtained after the first (1st)
stimulus and second (2nd) stimulus on days 10 (C) and 18 (D). All experimental groups of animals show a significant increase in the fEPSP slope after the
second stimulus. Number of slices and animals used on day 10: controls’ CSF (n = 8 recordings from 5 animals); patients’ CSF (n = 10 recordings from 7
animals). Day 18: controls’ CSF +vehicle (n = 14 recordings from 9 animals, light green); patients’ CSF + vehicle (n = 14 recordings from 9 animals, pink); controls’
CSF+SGE-301 (n=10recordings from 8 animals, dark green); patients’ CSF + SGE-301 (n = 13 recordings from 9 animals, blue). Data are shown as mean + SEM.
Significance of the fEPSP slope increase on the second stimulus was assessed by unpaired t tests. Day 10: controls’ CSF, *p = 0.0424; patients’ CSF *p = 0.0380.
Day 18: controls’ CSF + vehicle, *p = 0.0162; patients’ CSF + vehicle, *p = 0.0424; controls’ CSF + SGE-301, *p = 0.0194; patients’ CSF + SGE-301, **p < 0.0039. (E
and F) Paired-pulse facilitation, calculated as P2/P1 (pulse 2/pulse 1) fEPSP slope ratio, is not altered in any of the experimental groups of animals on days 10
(E) and 18 (F) when compared with that of the group infused with controls’ CSF + vehicle. The number of recordings and animals used are the same as those
indicated above. Box plots show the median and 25th and 75th percentiles; whiskers indicate minimum and maximum values. The significance of the results
was assessed using 1-way ANOVA. fEPSP = field excitatory postsynaptic potential.

The model of cerebroventricular transfer of patients’ CSF that it increases channel’s open probability and slows the decay

we have used here shows more similarities to the second stage ~ phase of the spontaneous excitatory postsynaptic currents

than to the initial stage of anti-NMDAR encephalitis. In this
model, animals receive patients’ CSF NMDAR antibodies
which, as previously reported,'®**** bind and internalize
NMDARs, without inflammatory changes, but causing an
impairment of memory and hippocampal plasticity for as long
as the antibodies are present in the brain. The model has been
useful in demonstrating the pathogenicity of patients’ anti-
bodies and offers the possibility of testing compounds of
potential therapeutic utility, such as SGE-301.

Although the exact mechanism of action of SGE-301 has not
been fully characterized, we and others previously reported that

Neurology.org/NN

(EPSCs), potentiating NMDAR-mediated EPSCs.'*?%%° In a
study in which cultured rat hippocampal neurons were exposed
for 48 hours to patients” CSF or controls’ CSF and during the last
24 hours, each condition was treated with SGE-301 or vehicle
(no drug); those that were treated with SGE-301 showed in-
creased NMDAR function compared with the untreated.” In a
previous report, we showed that SGE-301 antagonized the
antibody-mediated reduction of NMDARSs in cultured neurons
and prevented the development of memory deficits in a model of
cerebroventricular transfer of patients’ CSF similar to that used
here.* Of interest, SGE-301 did not block the antibody binding
to the brain but significantly decreased (without fully
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Figure 6 SGE-301 Reverses the Memory Deficit Caused by Patients’ CSF
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Mice infused with patients’ CSF and treated with vehicle (pink
line) showed a significant reduction of the Novel Object Lo-
cation (NOL) index. This memory deficit was reversed in the
group of mice infused with the same patients’ CSF but
treated from day 11 with SGE-301 (blue line). Note that by
day 13, the NOL index of these treated animals has re-
covered to levels similar to those of controls. No significant
memory changes were noted in the groups of mice infused
with controls’ CSF and treated with vehicle (light green line)
or SGE-301 (dark green line). Number of animals: controls’
CSF + vehicle, n = 11; patients’ CSF + vehicle, n = 10; controls’
CSF + SGE-301, n = 12; patients’ CSF + SGE-301, n = 11. A
higher NOL index represents better visuospatial memory.
Data are presented as mean +95% Cl. Significance of as-
sessment was performed by repeated-measures 2-way
analysis of variance (ANOVA; p < 0.0001) with Bonferroni
post hoc correction. Day 10 (pretreatment with SGE or ve-
hicle): patients’ CSF vs controls’ CSF that will both start
treatment with vehicle, *p = 0.0186; patients' CSF vs controls’
CSF that will both start treatment with SGE-301, +p = 0.0314.
Day 13: patients’ CSF + vehicle vs controls’ CSF + vehicle, **p
= 0.0081; patients’ CSF + vehicle vs patients’ CSF + SGE-301,
#%p =0.0041. Day 18: patients’ CSF + vehicle vs controls’ CSF +
vehicle, **p = 0.0016; patients’ CSF + vehicle vs patients’ CSF
+ SGE-301, **p = 0.0090.

preventing) antibody-mediated NMDAR internalization. In ad-
dition, treatment with SGE-301 prevented the development of
LTP impairment caused by patients’ CSF antibodies.”® These
and the current findings suggest that SGE-301 also increases the
recruitment of NMDAR to the synapse to restore the levels and
function of synaptic NMDARs. The exact mechanism that fa-
cilitates this recruitment is currently unknown and should be the
focus of future investigations.

These studies, however, did not allow the assessment of
whether SGE-301 is able to reverse the memory and synaptic
alterations caused by patients’ CSF because SGE-301 (used
subcutaneously and at the same dose as here) was adminis-
tered simultaneously with the ventricular infusion of patients’
antibodies, and none of the animals developed clinical or
synaptic alterations.”® Thus, we have adapted the model so
that the administration of SGE-301 starts after synaptic and
memory alterations have already developed. Of interest, be-
tween days 10 and 18, which in this model is the period of
progressive development of severe memory and synaptic al-
terations, SGE-301 was able to reverse all antibody-mediated
pathogenic effects (memory deficit, reduction of synaptic
clusters of NMDARs, and LTP impairment) despite that
during 4 days (days 10-14), animals continued receiving the
infusion of patients’ CSF.

We believe that the animal model used here is the best currently
available model to assess the pathogenic effect of patients’ CSF
antibodies and the utility of drugs aimed to reverse this effect.
Yet, the study has limitations inherent to this model. For ex-
ample, we mainly focused on visuospatial memory as a surrogate
marker of behavior because in this model, the memory deficit is
the most severely affected paradigm and consistently shows a
highly predictable alteration detectable from days 10 to 18 of
patients’ CSF infusion. This provides a good time interval of 9
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days and an intermediate point of assessment (day 13) to de-
termine the treatment efficacy of SGE-301 and to estimate the
speed of recovery (e.g, by day 13, the memory deficit was
already reversed and remained unaffected until the end of the
experiment). The fact that the structural and functional synaptic
alterations that underlie the symptoms of this model were also
reversed supports the potential utility of PAMs of NMDARSs as
adjuvant treatment in the second stage of anti-NMDAR en-
cephalitis. It is unclear whether SGE-301 may be effective in
improving symptoms in the acute phase or first stage of the
disease. In clinical practice, however, assessment of any adjuvant
treatment in the acute phase will be challenging because of the
presence of concurrent symptoms (seizures, dyskinesias, auto-
nomic instability, or decreased level of consciousness), com-
plications, and use of multiple different treatments."**°

Overall, the current findings along with those of previous
studies'***® support the potential clinical utility of PAMs of
NMDAR in patients with anti-NMDAR encephalitis and deserve
future testing in the context of a clinical trial. There are ongoing
studies with an oxysterol biology-based PAM closely related to
SGE-301 (SAGE-718) optimized for clinical applications (e.g,
oral bioavailability) that showed a good tolerability profile in
healthy volunteers in a double-blind, placebo-controlled phase 1
single ascending disease study’' and is currently being used in a
trial of Huntington disease (which at early stages, associates with
hypofunction of NMDARs). Another task for the future is to
assess the efficacy of oxysterol-based PAMs in an experimental
setting that reproduces the acute inflammatory phase of anti-
NMDAR encephalitis, such as in a model of active immunization
with NMDAR:s.
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Abstract

Objectives

A positive allosteric modulator of the NMDAR, SGE-301, has been shown to reverse the
alterations caused by the antibodies of patients with anti-NMDAR encephalitis (NMDARe).
However, the mechanisms involved beyond receptor modulation are unclear. In this study, we
aimed to investigate how this modulator affects NMDAR membrane dynamics.

Methods

Cultured hippocampal neurons were treated with SGE-301 or vehicle, alongside with immu-
noglobulins G (IgG) from patients with NMDARe or healthy controls. NMDAR surface dy-
namics were assessed with single-molecule imaging by photoactivated localization microscopy.

Results

NMDAR trajectories from neurons treated with SGE-301 were less confinement, with increased
diffusion coefficients. This effect mainly occurred at synapses because extrasynaptic diffusion and
confinement were minimally affected by SGE-301. Treatment with patients’ IgG reduced
NMDAR surface dynamics and increased their confinement. Remarkably, SGE-301 incubation
antagonized patients’ IgG effects in both synaptic and extrasynaptic membrane compartments,
restoring diffusion and confinement values similar to those from neurons exposed to control IgG.

Discussion

We demonstrate that SGE-301 upregulates NMDAR surface diffusion and antagonizes the
pathogenic effects of patients’ IgG on NMDAR membrane organization. These findings suggest
a potential therapeutic strategy for NMDARe.

Introduction

Anti-NMDA receptor encephalitis (NMDARe) is a neurologic disease mediated by antibodies
(NMDAR-Ab) against the GluN1 subunit of the NMDAR. Patients develop severe neuro-
psychiatric symptoms that improve with immunotherapy, but the improvement can be re-
markably slow, often taking several months for cognitive and psychiatric recovery. Other than
immunotherapy, there are no specific treatments that boost clinical recovery.l In the rodent
hippocampus, patients’ NMDAR-Ab alter the NMDAR surface dynamics and synaptic content,
affecting synaptic plasticity and behaviors.”™*

The synthetic oxysterol SGE-301, a positive allosteric modulator (PAM) of the NMDAR,
increases NMDAR open channel probability and prolongs spontaneous excitatory currents.>®
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In neurons exposed to patients’ NMDAR-Ab, this molecule
did not block the binding of antibodies but prevented the
reduction of cell surface NMDAR without fully abrogating
receptor internalization.® Moreover, in mice infused with
NMDAR-AD, SGE-301 antagonized and reversed all patho-
genic effects, including membrane receptor content and be-
havioral alterations.”® Yet, the mechanisms underpinning
these beneficial effects are not fully understood, leading to
postulate that in addition to act as PAM, SGE-301 changes the
NMDAR surface dynamics. Here, we address this hypothesis
examining how SGE-301 modulates NMDAR membrane
dynamics.

Methods

Patients’ Purified IgG
IgG was purified from pooled serum from 6 patients with
NMDARe and 2 healthy blood donors using protein A/G
agarose beads’ columns (Pierce, Rockford, IL) and stored at
—80°C until use. The reactivity of purified IgG against NMDAR
was confirmed as reported.”

Primary Cell Culture, Transfection,

and Treatments

Hippocampal cultured neurons were prepared from E18
Sprague-Dawley rats, as reported.” Neurons were transfected at
10 days in vitro with Homer-GFP and GluN1-mFEos3.2 using
calcium phosphate transfection.'® SGE-301 was prepared as
reported.” Neurons were incubated for 12 hours in medium
containing vehicle (dimethyl sulfoxide) or SGE-301. To assess
the ability of SGE-301 and to prevent the effects of patient’s
NMDAR-AD, neurons were incubated with 100 pg/mL of
control or patients’ IgG, in combination with SGE-301 or
vehicle.

Single-Particle Tracking by Photoactivation
Localization Microscopy (PALM)

Neurons were imaged in an open chamber (Ludin chamber,
Life Imaging Services) with 1 mL of Tyrode solution at 37°C.
The chamber was mounted on a Nikon Ti Eclipse microscope
(Nikon France S.A.S.) equipped with a Perfect Focus System,
an iLas® TIRF arm (Gataca Systems), an Apo TIRF 100X oil-
immersion objective, and an ORCA-Fusion BT sCMOS
camera (Hamamatsu) with a final pixel size of 65 nm.
Transfected cells were detected with a Homer-GFP signal,
and GluN1-mEos3.2 was photoactivated using a 405 nm laser.
The resulting photoconverted single-molecule fluorescence
was excited with a 561 nm laser. Both 405 nm and 561 nm
lasers illuminated the sample simultaneously. Acquisition was
performed using Metamorph software, with 2000 frames and
exposure time of 50 ms with a TIRF illumination to track
surface GluN1-mEos. Detection and reconnection of trajec-
tories were performed with PALM Tracer plugin for Meta-
morph. Homer-GFP was used as a synaptic marker to
discriminate synaptic and extrasynaptic NMDAR trajectories.
Mean square displacement (MSD) and diffusion coefficient
were calculated as previously described.”
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Data and Statistical Analyses

Violin plots have dashed lines and dotted lines and the median
and quartiles £25-75%, respectively. All other group values
are expressed as mean + SEM. Each data series was obtained
from 4 independent cell cultures. Normality was assessed by
the Shapiro-Wilk test. Statistical comparisons were performed
with 1- or 2-way ANOVA with multiple comparisons cor-
rected by the false discovery rate (Benjamini, Krieger, and
Yekutieli). The significance level was defined as p < 0.05.

Ethical Approval

The use of patients’ samples for research purposes and animal
procedures complied with European 210/63/UE and Spanish
RDS53/2013 requirements and were approved by the local
ethical committees of the Universities of Barcelona (Spain)
and Bordeaux (France).

Results

SGE-301 Increases Surface NMDAR Dynamics
To determine the effects of SGE-301 on NMDAR surface
dynamics, we used the PALM approach to track synaptic
and extrasynaptic NMDAR in hippocampal neurons treated
with vehicle or various concentrations of SGE-301
(Figure 1A). The surface diffusion of synaptic NMDAR
was significantly increased in neurons exposed to concen-
trations >10 pM (Figure 1B). The cumulative distributions
of diffusion coeflicients were shifted to the right in the
presence of SGE-301 above 10 uM (Figure 1C). Further-
more, NMDAR trajectories were less confined in the pres-
ence of SGE-301 (Figure 1, D and E). These findings
indicate that SGE-301, at a minimal concentration of 10 pM,
upregulates the surface dynamics of synaptic NMDAR.
However, the surface diffusion and confinement of extra-
synaptic NMDAR trajectories remain mainly unaltered in
the presence of SGE-301 (Figure 1, F-I). These data
demonstrate that SGE-301 upregulates NMDAR surface
dynamics mainly at the synapse.

SGE-301 Counteracts Patient's NMDAR-
Ab-Induced Alteration of NMDAR Dynamics
To determine whether SGE-301 could prevent the patho-
genic effects of patients’ antibodies on the surface dynamics
of NMDAR,” neurons were exposed for 12 hours to either
control or NMDAR-Abs (100 pg/mL) in addition to vehicle
or SGE-301 (10 uM) (Figure 2A). In the synapse, patients’
NMDAR-Ab reduced the diffusion of NMDAR (2-way-
ANOVA, p < 0.05) (Figure 2, B and C). Of interest, SGE-
301 increased the diffusion of NMDAR (2-way-ANOVA, p <
0.01), normalizing the NMDAR diffusion values between
control and NMDAR-Ab conditions (Figure 2, B and C).
Noteworthy, there was no interaction between the 2 factors
(p = 0.94), indicating that the effect of SGE-301 occurred,
irrespective of the presence of NMDAR-Ab. The NMDAR-
Ab-induced decrease in synaptic NMDAR confinement was
also abrogated by SGE-301 (Figure 2, D and E). Thus, SGE-
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Figure 1 SGE-301 Induces More Mobile and Less Confined NMDAR Trajectories
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(A) Representative panel of synaptic (left) and extrasynaptic (right) NMDAR trajectories in neurons treated with vehicle or 10 uM of SGE-301. The upper panels
show a low-resolution image of Homer-GFP. Dotted lines represent the area of interest (scale bar = 5 pm). The bottom panels show the reconstructed
trajectories of NMDARs in the selected synapse (scale bar =1 pm) or dendrite (scale bar =5 pym). The color scale determines low diffusivity in blue and high
diffusivity in red. For this experiment, at least 10 neurons per condition were treated for 12 h with vehicle or various concentrations of SGE-301. In these same
cells, we determined the comparison of synaptic NMDAR diffusion coefficient (B), the cumulative frequency curves of the diffusion coefficient of all pooled
synaptic trajectories for each condition (C), the mean square displacement (MSD) of synaptic NMDAR over time (D), and the comparison of MSD (E). In the
extrasynaptic space, we studied the same parameters as in the synapse: the comparison of extrasynaptic NMDAR diffusion coefficient (F), the cumulative
frequency curves of the diffusion coefficient of all pooled extrasynaptic trajectories for each condition (G), the MSD of synaptic NMDAR over time (H), and the
comparison of MSD (l). Violin plots show the distribution of the data and include dashed lines and dotted lines that represent the median and quartiles
+25%-75%, respectively. Curves express mean + SEM (dashed lines). Significance of treatment was assessed by 1-way ANOVA with the false discovery rate
post hoc correction (*p < 0.05, **p < 0.01).

301 antagonizes the reduced dynamics of NMDAR in syn-
apses exposed to patients’ NMDAR-AD.

potency to counteract the reduced dynamics of membrane
NMDAR, outside and inside synapses, when exposed to
patients’ NMDAR-Ab.

As expected, patients’ NMDAR-AD decreased extrasynaptic
NMDAR surface diffusion (Figure 2, F and G; 2-way-
ANOVA, p < 0.05). Yet, SGE-301 increased the diffusion of
NMDAR (2-way-ANOVA, p < 0.05), equalizing NMDAR
diffusion values between control and NMDAR-Ab condi-

Discussion

Normal NMDAR surface dynamics are instrumental for long-
term synaptic plasticity.'" Previous studies demonstrated that

tions (Figure 2, F and G). The same effects were observed
for the NMDAR confinement (Figure 2, H and I). Alto-
gether, these data demonstrate that SGE-301 has the
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NMDAR surface dynamics are impaired by NMDAR-ADb from
patients with NMDARe.”'>"? In the presence of NMDAR-
Ab, the nanoscale organization and dynamics of NMDAR are
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Figure 2 SGE-301 Prevents the Effect of Anti-NMDAR Encephalitis Patients’ Antibodies on the Receptor’s Surface Dynamics
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(A) Representative panel of synaptic (left) and extrasynaptic (right) NMDAR trajectories in neurons treated with either vehicle (V) or 10 pM of SGE-301 (S) and
control or patients’ IgG for 12 h. The upper panels show a low-resolution image of Homer-GFP. Dotted lines represent the area of interest (scale bar =5 ym). The
bottom panels show the reconstructed trajectories of NMDARs in the selected synapse (scale bar = 1 um) or dendrite (scale bar = 5 pm). The color scale determines
low diffusivity in blue and high diffusivity in red. For this experiment, at least 10 neurons per condition were assessed for the comparison of synaptic NMDAR
diffusion coefficient (IgG effect p = 0.0043, SGE-301 effect p = 0.0342) (B), the cumulative frequency curves of the diffusion coefficient of all pooled synaptic
trajectories for each condition (C), the mean square displacement (MSD) of synaptic NMDAR over time (D), and the comparison of MSD (IgG effect p = 0.0048, SGE-
301 effect p = 0.1541) (E). In the extrasynaptic space, we studied the same parameters as in the synapse: the comparison of extrasynaptic NMDAR diffusion
coefficient (IgG effect p = 0.0311, SGE-301 effect p = 0.0412) (F), the cumulative frequency curves of the diffusion coefficient of all pooled extrasynaptic trajectories
for each condition (G), the MSD of synaptic NMDAR over time (H), and the comparison of MSD (IgG effect p = 0.0334, SGE-301 effect p = 0.1990) (l). Violin plots show
the distribution of the data and include dashed lines and dotted lines that represent the median and quartiles +25%-75%, respectively. Curves express mean +
SEM (dashed lines). Significance of treatment was assessed by 2-way ANOVA with the false discovery rate post hoc correction (*p < 0.05, **p < 0.01, ***p < 0.001).

disrupted, contributing to the deficit in NMDAR-mediated =~ Here, we demonstrate that SGE-301, at doses >10 pM,
synaptic transmission and plasticity.”>'>"* Identifying ways  upregulates NMDAR surface diffusion mainly in the post-
to directly act on NMDAR nanoscale organization and dy-  synaptic compartment. Of interest, this upregulation is suf-
namics would thus represent a novel treatment strategy for  ficient to normalize NMDAR diffusion in neurons exposed
this disorder. to patients’ NMDAR-Ab.
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Previous studies showed that SGE-301 increased NMDAR
channel open probability, acting on a site independent of
other allosteric modulators.” Consequently, SGE-301 in-
creases NMDAR function and prolongs spontaneous excit-
atory postsynaptic currents.®” In neurons exposed to patients’
NMDAR-ADb, SGE-301 did not block the binding of anti-
bodies but prevented the reduction of cell surface NMDAR
without fully abrogating receptor internalization, suggesting
that it might also change the surface dynamics.”® The current
findings confirm this hypothesis and, together with the
reported effects of SGE-301 on ionotropic currents,”” suggest
a functional interplay between the state of the receptor and its
membrane dynamics. Yet, the mechanism through which
SGE-301 changes NMDAR diffusion remains unknown.
SGE-301 may alter NMDAR'’s conformation, reducing the
interaction with anchoring proteins, or its oxysterol properties
may affect the plasma membrane tuning the diffusion.

Of clinical interest, SGE-301 is capable of compensating the
detrimental effect of NMDAR-AD on the receptor dynamics.
This finding coupled with previous evidence that SGE-301
reverses the behavioral alterations caused by patients’
NMDAR-AD in animal models”* might have implications for
the treatment of NMDARe, particularly the residual cognitive
and psychiatric symptoms. Considering that SAGE-718 (a
PAM closely related to SGE-301 designed for oral bio-
availability) showed a good tolerability profile in healthy
volunteers," future studies should assess the potential ther-
apeutic benefit of oxysterol-based NMDAR PAMs in the
postacute stage of NMDARe.
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Abstract

Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is a disorder mediated by
autoantibodies against the GIuN1 subunit of NMDAR. It occurs with severe neuropsychiatric
symptoms that often improve with immunotherapy. Clinical studies and animal models based
on patients’ antibody transfer or NMDAR immunization suggest that the autoantibodies play
a major pathogenic role. Yet, there is an important need of models offering an all-inclusive
neuro-immunobiology of the disease together with a clinical course long enough to facilitate
the assessment of potential new treatments. Toward this end, eight-week-old female mice
(C57BL/6J) were immunized (days 1 and 28) with GluN1ss6.335 peptide or saline with
AddaVax adjuvant and pertussis toxin. After symptom development (~day 35), subsets of
mice were treated with an anti-CD20 (day 35), a positive allosteric modulator (PAM) of
NMDAR (NMDAR-PAM, SGE-301) from days 45 to 71, or both. GluN1-antibody synthesis,
epitope spreading, effects of antibodies on density and function of NMDAR, brain
immunological infiltrates, microglial activation and NMDAR phagocytosis, and antibody
synthesis in cultured inguinal and deep cervical lymph nodes (DCLN) were assessed with
techniques including immunohistochemistry, calcium imaging, confocal and super-resolution

microscopy, electrophysiology, or flow cytometry. Changes of memory and behaviour were



assessed with a panel of behavioural tests, and clinical/subclinical seizures with brain-
implanted electrodes. Immunized mice, but not controls, developed serum and CSF
NMDAR-antibodies (IgG1 predominant) against the immunizing peptide and other GIuN1
regions (epitope spreading) resulting in a decrease of synaptic and extrasynaptic NMDAR
clusters and reduction of hippocampal plasticity. These findings were associated with brain
inflammatory infiltrates, mainly B- and plasma cells, microglial activation, colocalization of
NMDAR-1gG complexes with microglia, and presence of these complexes within microglial
endosomes. Cultures of DCLC showed GluN1-antibody production. These findings were
associated with psychotic-like behaviour (predominant at disease onset), memory deficit,
depressive-like behaviour, abnormal movements (15% of mice), and lower threshold for
developing pentylenetetrazole-induced seizures (hypoactivity, myoclonic jerks, continuous
tonic-clonic) which correlated with regional cFOS expression. Most symptoms and
neurobiological alterations were reversed by the anti-CD20 and PAM, alone or combined.
Initial repopulation of B cells, by the end of the study, was associated with re-emergence of
clinical-neurobiological alterations, which were abrogated by PAM. Overall, this model
offers an all-inclusive neuro-immunobiology of the disease, allowing testing novel
treatments, supporting the potential therapeutic role of NMDAR-PAM, and suggesting an
immunological paradigm of systemic antigen presentation and brain NMDAR epitope
spreading, which along the DCLN might contribute to fine-tune the polyclonal immune

response.
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Introduction

Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is an autoimmune brain disease
of rapid presentation and prolonged clinical course characterized by severe psychiatric and
neurological symptoms in association with 1gG antibodies against the GIuN1 subunit of
NMDARs.! Most patients are young adults and children, predominantly female (4:1), who in
a matter of days or weeks develop behavioural change, psychosis, memory impairment, and
variable presence of abnormal movements, seizures, decreased level of consciousness or
dysautonomia.> Known triggers of the disease are tumors, mainly teratomas, and less
frequently herpes simplex encephalitis, but in about 60% of patients the trigger is unknown.*
* Treatments aimed to remove the antibodies and antibody-producing cells (e.g., anti-CD20
such as rituximab) often result in improvement, but for most patients the recovery is slow,
remaining with memory and cognitive deficits for several months.> Because the
pathophysiology of the post-acute stage is unknown, the treatment approach to shorten the
period of recovery and improve clinical outcome is currently one of the most important

challenges of the disease.®

In cultures of rodent hippocampal neurons, patients’ antibodies disrupt the surface
dynamics of NMDARs and internalize them, causing a reduction of their surface content and
NMDAR-mediated currents.” ® Similar effects are obtained with passive transfer of patients’
antibodies to the cerebroventricular system of mice, causing transient psychotic-like
behaviour, memory impairment, and seizures or reduced seizure threshold.®*! These studies
confirm the pathogenicity of patients’ autoantibodies but do not represent a bona fide model
of anti-NMDAR encephalitis, and are unable to provide further insights into the

immunopathology and clinical course of the disease.



Additional approaches to model the disease are based on immunization of rodents with
native NMDAR or peptides of the GIuN1 subunit, resulting in phenotypes that range from
fulminant, sometimes lethal, encephalitis (with severe seizures and stereotyped movements)
to milder phenotypes that depending on the model, include memory impairment, behavioural
change (depressive, anxiety-like), or reduction of seizure threshold.”*"” These models occur
with the development of NMDAR antibodies and support the concept that NMDAR
autoimmunity is sufficient to cause multifaceted symptoms. However, there is an unmet need
of models that can offer an all-inclusive assessment of the neurobiology and immunobiology
of the disease and a clinical course long enough to facilitate the evaluation of potential

therapies on all these paradigms.

Even though animal models are imperfect reproductions of human diseases, they offer
insights into the pathogenic mechanisms and potential new treatments, which for anti-
NMDAR encephalitis is of paramount importance. Towards this end, we developed a mouse
model of anti-NMDAR encephalitis that allows behavioural, neurobiological and
immunobiological assessments during an extended course. Additionally, we tested the model
with several treatment approaches including an anti-CD20, which represents a frequent
treatment in patients; a positive allosteric modulator (PAM) of NMDAR (SGE-301) that has

18, 19

potential for clinical use, and both combined, and determined how these treatments

modified the clinical and biological paradigms of the disease.



Materials and methods

Animals

Female C57BL6/J mice (Charles River) were housed in cages of four in our animal facility
(Unitat d’Experimentacié Animal de Medicina, Centres Cientifics i Tecnologics, Universitat
de Barcelona) at a controlled temperature (21 + 1°C) and humidity (55 + 10%) with
illumination at 12-h cycles, and food and water ad libitum. Experiments were performed
during the light phase, and animals were habituated to the room for 30 min before each
experiment. All procedures were done according to standard ethical guidelines (European
Communities Directive 2010/63/EU), approved by the local ethical committee (CEEA-

316/22), and reported in accordance with the ARRIVE guidelines (Supplementary Material).

Immunization and treatments

On days 1 and 28, eight-week-old mice were subcutaneously injected with 200 pg of the
GluN13s6 385 peptide or saline and AddaVax (InvivoGen, San Diego, USA) adjuvant. All
animals received 100 ng of Bordetella pertussis toxin intraperitoneally at the time of
immunization and 48 h later. To assess different treatments, a subset of mice received 250 ug
of anti-CD20 intravenously on day 35, another subset received from day 47 until 71 (end of
the study) daily intraperitoneal injections of a NMDAR-PAM (SGE-301), and a third subset
received both, anti-CD20 and PAM (Fig. 1A). Each subset had the corresponding controls
including intravenous injection of saline, intraperitoneal injection of vehicle, or both. A total
of 275 animals were used in the study. Mice were randomly allocated to NMDAR or control
groups. The preparation and concentration of SGE-301 (10 mg/kg) were similar as those

previously reported.'®



GIuN1 antibody detection and characterization

Serum was obtained from blood collected from the submandibular vein, and CSF from the
cisterna magna of deeply anesthetized mice prior to sacrifice on day 42 or 71. The presence
of GIuN1 antibodies was determined with rat brain immunohistochemistry, cell-based assay
(CBA) of GIuN1/GIuN2b, and live immunolabeling of cultures of dissociated rat
hippocampal neurons, as reported.> ® The titre of NMDAR antibodies was calculated by CBA
with serial dilutions of samples until the reactivity was no longer visible (units reported as
dilution factor). Mice NMDAR antibody class and subclass were determined with the
indicated CBA of GIuN1/GIuN2b and antibodies against each subclass of mouse IgG (IgG1,

2, 3) (Supplementary material).

The occurrence of antibodies targeting epitope regions other than that of the immunizing
GIuN1356 385 peptide (epitope spreading) was determined with CBA of a truncated GIuN1
construct without the peptide sequence,”® and with western blot of the immunizing peptide
and neuronal lysates probed with mice serum non-absorbed and pre-absorbed with the

immunizing peptide (Supplementary Material).

A preliminary assessment of functional effects of IgG from GIuN1 immunized mice
(NMDAR mice) was conducted using quantitative immunocytochemical analysis of clusters
of NMDARs in live rat hippocampal neurons exposed for 24 h to IgG of NMDAR mice or
controls, and calcium imaging of similar cultures of neurons under the same experimental
conditions (Supplementary Material). The specificity of the NMDAR-IgG effect in calcium
imaging experiments was determined with IgG pre-absorbed with GIluN1-expressing
HEK293 cells. The techniques of immunocytochemical quantitation of NMDAR clusters,
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IgG isolation, and immunoabsorption have been previously reporte and the calcium

imaging experiment is described in Supplementary Material.



Determination of IgG presence in the brain, immunoprecipitation of IgG bound to
NMDAR, and assessment of complement deposition was assessed as previously reported and

described in Supplementary Material.2*

Brain, spleen, and lymph node dissection

On days 42 and 71, subsets of mice were deeply anaesthetized, and their spleen was
harvested. Mice were then euthanized by cardiac perfusion with saline, and the brain was
removed. For immunohistochemical and confocal microscopy studies, the right hemisphere
was fixed with 4% paraformaldehyde for 1h, cryopreserved in 40% glucose for 48h,
embedded in optimal cutting temperature compound, and snapped frozen in isopentane
chilled with liquid nitrogen. The left hemisphere was fresh frozen for immunoprecipitation
studies, acutely sectioned for electrophysiology, or processed to obtain immune cells for flow

cytometry.

Inguinal and deep cervical lymph nodes of immunized mice and controls were obtained at
day 42. Lymph node cells were dissociated and kept in culture with X-vivo 15 (02-053Q,
Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum for 24 h, and with the
presence of 0,1 pg/pl of GluN1sse 335 peptide for 3 days. The media was then assessed
(diluted 1:2) for the presence of GIuN1 antibodies with a cell-based assay (CBA) expressing

GIuN1/GIuN2b.

Analysis of brain and spleen immune cells

Flow cytometry: Brain tissue was homogenized with gentleMACS Dissociator (130-096-427,

Miltenyi Biotec) while immersed in 2ml of HBSS buffer (w/o Ca?* and Mg®" 14175-053,
Thermo Fisher Scientific) containing 100 U/mL collagenase IV (C5138, Sigma) and 50

U/mL DNase | (D5025-150 KU, Sigma). The tissue was then filtered on a cell strainer (70



pm) and the cells were separated from myelin and debris with a 30% Percoll gradient (17-
0891-01, GE Healthcare) in HBSS without Ca®* and Mg?*, centrifuged at 950 g during 25
min without brakes. Cells were collected from the bottom of the tube after centrifugation and
washed with HBSS buffer. The isolation of immune cells from the spleen is provided in

Supplementary Material.

Brain immune cell infiltrates or splenocytes were incubated with the following
fluorophore-conjugated antibodies during 20 min at 4 °C: CD11b (clone M1/70, eFluor 450,
48011282), CD45 (clone 30-F11, APC, 17045182), CD3 (clone 17A2, Alexa Fluor 488,
53003282), CD4 (clone RM4-5, PE-Cyanine5.5, 35004282), CD8 (clone 53-6.7, Brilliant
Ultra Violet 737, 367008182), CD19 (clone 1D3, PE-Cyanine5, 15019382), IgD (clone 11-
26, Super Bright 600, 63599382), CD27 (clone LG.7F9, Super Bright 702, 67027182),
CD138 (clone 300506, PE, MA523527). All the antibodies were purchased from Invitrogen
(Waltham, MA, USA). Data was acquired in a Cytek Aurora cytometer and analysed using

SpectroFlo software (Cytek Biosciences, Fremont, CA, USA).

Brain immunohistochemistry: Additional studies of brain T cell infiltrates were performed by

immunostaining using antibodies specific for CD4 and CD8 T cells as described in

Supplementary Material.

ELISpot: Determination of GluN13s6 3g5 specific T cells in splenocytes was performed with

ELISpot, described in Supplementary Material.
NMDAR cluster density and microglia studies

To determine the cluster density of cell-surface NMDAR and postsynaptic density protein 95
(PDS95), 5 pum-thick brain sections of NMDAR mice and controls were incubated with a
human CSF enriched with GIuN1 antibodies (used as a primary antibody) for 1h at room
temperature (RT), followed by the secondary Alexa Fluor 488 goat anti-human IgG (1:1000,

9



A-11013, Thermo Fisher) for 1h at RT, as reported.® Tissue sections were then permeabilized
with 0.3% Triton X-100 for 10 min at RT and incubated with rabbit polyclonal anti-PSD95
(1:250, ab18258, Abcam, Cambridge, UK) overnight at 4°C, followed by the corresponding
secondary Alexa Fluor 594 goat anti-rabbit 1gG (1:1000, A-11012, Thermo Fisher) for 1h at

RT.

Microglia was assessed in brain sections using a monoclonal rat antibody against CD68
(1:200, MCA1957GA, Bio-Rad, Hercules, CA, USA) to label macrophage/microglia and a
polyclonal rabbit antibody against Iba-1 (1:1000, 019-19741, Wako Chemicals, Neuss,
Germany) to label activated microglia. To assess whether microglia co-localized with 1gG
bound to NMDAR, we used a triple staining (anti-CD68, anti-mouse 1gG, anti-NMDAR)
each as indicated above, for 2h at RT, followed by the corresponding secondary antibodies
for 1h at RT: goat anti-rat Alexa Fluor 594 (1/500, A-1100), goat anti-mouse Alexa Fluor 488
(1:500, A-11001), and goat anti-human Alexa Fluor 647 (1:500, A-21445) all from Thermo

Fisher (Waltham, USA).

Slides were then mounted in ProLong Gold antifade (P36935, Thermo Fisher) and
scanned under a Zeiss LSM710 confocal microscope (Carl Zeiss, Jena, Germany) with the
EC-Plan NEOFLUAR CS 100x/1.3 NA oil objective. Cluster analysis was performed as
reported.’ In brief, standardized z-stacks including 50 optical images were acquired from the
CAl, CA3, dentate gyrus (DG) and cortex. Images were then deconvolved using Huygens
Essential 23.10 software (Scientific Volume Imaging, Hilversum, NL), and a spot detection
algorithm from Imaris 8.1 software (Oxford instruments, Belfast, UK) was used. Density of
clusters was expressed as spots/im®. Three-dimensional colocalization of clusters was done
using a spot colocalization algorithm (Imaris 8.1, Oxford instruments). Synaptic localization
was defined as colocalization of NMDAR with PSD95. Microglia activation was defined as
colocalization of Iba-1 with CD68. Phagocytosis of the complex 1gG-NMDAR was defined

10



by the triple colocalization of CD68, mouse 1gG, and NMDAR, and confirmed with

Stimulated Emission Depletion (STED) microscopy (Supplementary Material).

Hippocampal long-term potentiation, and paired-pulse facilitation

Acute sections of the hippocampus on day 42 and 71 were used to assess long-term plasticity
by the classical paradigm of stimulation at the Schaffer collateral pathway and recording the
field potentials at CA3-CAL synapses, as previously described.'® ** A detailed description

can be found in Supplementary Material.

Behavioural testing, seizure susceptibility, and abnormal movements

A panel of standardized behavioural and memory tests was applied by investigators blinded
to the experimental conditions (Fig. 1A). They included: memory (Novel Object Location
[NOL]), psychotic-like behaviour (Pre-Pulse Inhibition [PPI]), anxiety (Black and White
[BW]), depressive-like behaviour (Tail Suspension Test [TST]), and locomotor activity (LA).
These tests are described in Supplementary Material and have been reported.® *° Mice were
subjected to PPl, BW and TST just once prior to being sacrificed on day 42 or 71. Mice
sacrificed on day 71 underwent NOL test from the beginning of the battery. To determine
seizure susceptibility, the GABA,R antagonist pentylenetetrazol (PTZ, Sigma) was given
intraperitoneally (40 mg/kg) to a subgroup of NMDAR and control mice on days 38-43.
Seizure development and scaling was confirmed by recordings via intracerebral electrodes
synchronized to a video camera, and by cFos immunostaining (Supplementary Material). The
presence of abnormal movements was visually assessed, without quantification, during

recordings or the indicated behavioural tests.

11



Statistical analysis

Comparisons of total and synaptic NMDAR clusters, 1gG deposits, field excitatory
postsynaptic potentials (FEPSP) slope change, brain infiltrates, splenic B cells, T cell
activation, microglia activation, and behavioural tests across of all treatment groups were
conducted using a mixed-effects model. This model included immunization, treatment, and
time as fixed effects, with the subject included as a random effect to account for inter-subject
variability. The area under the curve of calcium curves was also analyzed with a mixed-
effects model, where IgG type was a fixed effect and hippocampal culture a random effect to
account for culture replicate viability. These analyses were performed using the Ime4
package in R, with p-values adjusted for multiple comparisons using Bonferroni correction.
Comparison of hippocampal NMDAR and PSD95 clusters, and microglia phagocytosis were
performed using a nested t-test. PPI test, BW test and TST for untreated control and NMDAR
mice were compared using a two-way analysis of variance with Bonferroni correction for
multiple comparisons. Seizure susceptibility was evaluated using a chi-squared test. All
experiments were assessed for outliers with the ROUT method applying Q = 1%. In all
analyses, we used a 2-sided type | error of 5%. All tests and graphs were performed using

GraphPad Prism (version 8; GraphPad Inc., San Diego, CA) and R studio (v4.0.0).

Data availability

The data that support the findings of this study are available from the corresponding author,

upon request.
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Results

NMDAR mice produce GIuN1 antibodies with effects similar to those of

anti-NMDAR encephalitis

NMDAR mice, but not controls, developed serum and CSF NMDAR antibodies that were
demonstrated with rat brain immunostaining (Fig. 1B-C), CBA with HEK293 cells
expressing GIUN1/GIuN2B subunits of NMDAR, and live immunolabelling of cultures of rat
hippocampal neurons (Fig. 1D). The predominant GIuN1 immunoglobulin class and subclass
was examined in a representative group of 10 mice, showing IgG1 in all, and IgG2 in 4
(40%) (data not shown). Immunoabsorption of the antibodies with GluN13ss 385 peptide
abrogated the reactivity with the peptide but not with GIuN1 regions outside the peptide
sequence, suggesting epitope spreading (Fig. 1E); this was confirmed with CBA of a GIuN1
construct that did not contain the peptide sequence (Supplementary Fig. 1). In cultured rat
hippocampal neurons, IgG from NMDAR mice, but not from controls, caused a significant
reduction of cell-surface NMDAR clusters (Supplementary Fig. 2). Moreover, neurons pre-
treated with IgG from NMDAR mice showed a significant reduction of NMDA-induced
calcium influx compared with neurons pre-treated with 1gG from controls. This effect was
abrogated if the IgG from NMDAR mice had been pre-absorbed with NMDARs (Fig. 1F-G,
Supplementary Video 1). Overall, these findings show that NMDAR mice developed
polyclonal antibodies highly similar in all paradigms tested to those reported in the human
disease.® ® 2* Moreover, the presence of GIuN1 antibodies was confirmed in the media of
cultured cells from deep cervical lymph nodes, but not inguinal lymph nodes, of NMDAR

mice (Supplementary Fig. 3).
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Preliminary assessment of anti-CD20 and PAM treatments used in the

model

In previous studies with passive transfer of patients’ NMDAR antibodies to mice, and in
cultured neurons, we previously established the effects of the NMDAR-PAM (SGE-301).'%
192 gince we had not previously tested the anti-CD20 used in the current model, we
preliminary confirmed that it was able to deplete systemic B cells in mice. Flow cytometry on
splenocytes from all subsets of NMDAR and control mice showed that administration of anti-
CD20 at day 35 caused a significant reduction of B cells measured at day 42, which was no

longer detected by day 71, indicating B cell repopulation (Supplementary Fig. 4A-B).

Additional studies with IFN-y ELISpot on splenocytes from NMDAR mice showed
activation of GluNZ1-specific T cells on day 42, which was abrogated by the anti-CD20,
suggesting a contribution of GIluN1-specific CD20+ T cells in B cell activation

(Supplementary Fig. 4C).

Brain-bound 1gG from NMDAR mice precipitates NMDAR

Quantitation of the 1gG bound to brain was performed by immunohistochemistry on tissue
obtained at days 42 and 71 in the indicated subsets of NMDAR mice and controls. Compared
to controls, NMDAR mice had a significant increase of brain 1gG at days 42 and 71, which
was substantially decreased or not significant in mice treated with anti-CD20, but not
NMDAR-PAM (Supplementary Fig. 5A-C). The absent effect of NMDAR-PAM on 1gG
binding was in line with previous reports that used a mouse model of passive transfer of
patients’ NMDAR antibodies, in which NMDAR-PAM antagonized and reversed the
pathogenic effect of antibodies without affecting antibody binding to NMDAR. 8

The specificity of the brain-bound 1gG for NMDAR was confirmed by precipitation of

brain 1gG, which co-precipitated NMDAR (Supplementary Fig. 5D).
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NMDAR mice show a decrease of NMDARs and impaired hippocampal

plasticity, reversible with treatment

Having shown that NMDAR mice develop an anti-NMDAR-specific immune response and
that the associated antibodies bind to brain NMDARSs, we determined whether the neuronal
surface content of NMDAR clusters was modified in the cerebral cortex and hippocampus of
mice examined at days 42 and 71 (Fig. 2A). Confocal quantification of NMDAR clusters
showed a significant reduction of total and synaptic surface clusters at day 71 in the
hippocampus, dentate, and cerebral cortex of NMDAR mice, but not in controls (Fig. 2B-G).
In the hippocampus, the reduction of total and synaptic NMDAR clusters was detectable at
day 42 (Fig. 2B-C).

By contrast, all but one subset of NMDAR mice treated with anti-CD20, NMDAR-PAM,
or both, showed unaltered levels of total and synaptic NMDAR clusters at days 42 and 71
compared to those of controls. The only subset of treated NMDAR mice that on day 71 had
reduced synaptic NMDAR clusters (noted in the dentate) was the group that received anti-

CD20 (Fig. 2D-E).

Studies of long-term potentiation (LTP) in the hippocampus showed that untreated
NMDAR mice had a significant impairment of plasticity at days 42 and 71 compared to that
of controls (Fig. 3A-D). By contrast, all but one subset of NMDAR mice treated with anti-
CD20, NMDAR-PAM, or both, showed unaltered LTP at days 42 and 71 compared to
controls (Fig. 3B and 3E-H). Similar to the analysis of NMDAR clusters, only the subset of
NMDAR mice treated with anti-CD20 showed LTP impairment at day 71 (Fig. 3B, F).
Presynaptic release probability, as assessed by paired-pulse facilitation,*® was unaffected
(data not shown).

These findings together with the indicated reduction of NMDAR clusters in cultured

neurons exposed to 1IgG of NMDAR mice, suggest the NMDAR immune response causes a

15



reduction of cell-surface NMDARs and that treatment with anti-CD20, NMDAR-PAM, or
both, reverses this effect. Although anti-CD20 was effective in preventing all alterations at
day 42, it was no longer as effective by day 71, coinciding with B cell repopulation (shown in
the next section). The restoring of NMDAR cluster content in animals treated with NMDAR-
PAM is similar to the reported effects of this PAM in cultured neurons exposed to patients’

NMDAR antibodies and in a model of passive transfer of patients’ antibodies.*® *°

NMDAR mice have brain infiltrates of B and plasma cells with distinct

treatment-response timings

The presence of brain immune cell infiltrates was determined by flow cytometry at days 42
and 71 in all subsets of NMDAR mice and controls (Fig. 4A). The brain of untreated
NMDAR mice showed at days 42 and 71 a significant increase of pan-B cells (CD3-CD19+),
memory B cells (CD3-CD19+CD27+), and plasma cells (CD19-CD138+) compared with the
brain of untreated control mice (Fig. 4B-D). By contrast, the subsets of NMDAR mice treated
with anti-CD20 showed at day 42 a significant reduction of brain pan-B cells and memory B
cells, with cell counts not different from those of control mice, whereas by day 71 the
presence of memory B cells had increased in NMDAR mice compared to controls (Fig. 4B-
C). Conversely, the effects of anti-CD20 on brain plasma cells were not observed at day 42
(NMDAR mice had more brain plasma cells than controls), but by day 71 the number of
plasma cells was markedly reduced in NMDAR mice and not different from that of controls

(Fig. 4D).

We did not find a substantial component of CD4 or CD8 T cells in the brain of NMDAR
mice and controls by flow cytometry. Using brain immunohistochemistry, infrequent
infiltrates of T cells (CD4>CD8) were identified in the meninges and brain parenchyma of

both subsets of mice, with increased number of CD4+ T cells in NMDAR mice that was not

16



significant (data not shown). Moreover, we did not find complement deposition in the brain

of NMDAR mice (data not shown), which is similar to reported patients’ autopsy findings.®

27

In parallel studies, antibody titres were determined in serum of mice before being
sacrificed at days 42 and 71. In NMDAR mice, anti-CD20 alone or followed by PAM caused
a partial reduction in serum NMDAR antibody titres on day 42, which was more marked on
day 71. No reduction in antibody titres was observed in mice only treated with PAM
(Supplementary Fig. 6). CSF from NMDAR mice treated with anti-CD20 showed less
reactivity than CSF from untreated mice on day 42 and 71, although the reactivity was not

completely abolished (Supplementary Fig. 6).

NMDAR mice have brain microglial activation that co-localizes with 1gG-
bound to receptors

A significant co-localization of CD68 and Iba-1 (microglial activation) was noted on day 71
in the hippocampus of untreated NMDAR mice, and a similar trend was observed in the
cerebral cortex (Fig. 5A-B). Microglial activation was not observed in subsets that received
treatment with anti-CD20 or NMDAR-PAM. Because microglia might be involved in
phagocytosis of NMDAR targeted by autoantibodies, we determined by confocal microscopy
the triple co-localization of CD68, 1IgG and NMDAR in the hippocampus of untreated
NMDAR mice and controls at day 71 (Fig. 5C). The findings showed a significant increase of
this triple co-localization in the hippocampus of NMDAR mice (Fig. 5D-E). Super-resolution
STED microscopy in several representative areas of triple co-localization demonstrated the
presence of IgG and GIuN1 in CD68-expressing endosomes of microglial cells, suggesting

phagocytosis of antibody-targeted NMDARs (Fig. 5F-G). Overall, these findings support a
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pathogenic role of the microglia in the brain autoimmune process, likely contributing to the

reduction of NMDARS.

NMDAR mice show multiple symptoms of anti-NMDAR encephalitis that

respond to treatment

Compared to the corresponding controls, all four subsets of NMDAR mice (untreated, treated
with anti-CD20, NMDAR-PAM, or both) developed a significant decrease of memory
(Object Location index) that was detected at first evaluation (day 34) and persisted until the
last evaluation (day 68) unless mice were treated (Fig. 6A). The subsets of mice that were
treated with anti-CD20, NMDAR-PAM, or both, showed a significant improvement of
memory at day 47 that was maintained until the last assessment (day 68) except for the subset
that received anti-CD20 alone which showed relapsing memory impairment by the time of B
cell repopulation (Fig. 6A). Because all mice subsets received from days 45-71 daily
injections of NMDAR-PAM or vehicle, we also assessed the memory changes in NMDAR
mice and controls that did not receive any treatment or injections. In these two groups the
findings were similar to those in the groups of NMDAR mice and controls that received
injections with vehicle alone, suggesting that the stress caused by daily injections did not
affect memory (data not shown).

In addition to memory impairment, untreated NMDAR mice developed early and
transient psychotic-like behaviour (PPI test on day 36, but not day 64), and late depressive-
like behaviour (TST on day 71, but not day 42) (Fig. 6B-D). Anxiety (BW test) was not
affected in NMDAR mice or controls that did not receive any treatment or injections (Fig.

6C).
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Since the administration of NMDAR-PAM was done with daily intraperitoneal injections
that can result in stress and affect behavioural tests, the later assessment (as off day 45) of all
paradigms of behaviour was controlled with subsets of mice that received daily injections of
vehicle (Fig. 6E-G). Compared with these vehicle-injected controls, NMDAR mice showed
psychotic-like behaviour (Fig. 6E), increased level of anxiety (Fig. 6F) and depressive like
behaviour (Fig. 6G), which were all abrogated or improved by treatment with anti-CD20,
NMDAR-PAM or both. These findings compared with the subset of untreated and not
injected NMDAR mice which by the last assessment no longer have psychotic-like behaviour
and did not show anxiety (Fig. 6B-D), suggest that NMDAR mice that received daily
injections (either vehicle or treatment) had a potentiation or unmasking of NMDAR-related
symptoms, which were successfully treated (psychotic-behaviour, anxiety) or improved
(depressive-behaviour) with anti-CD20, NMDAR-PAM, and both.

In addition to memory and abnormal behaviours, 7 of 50 (14%) NMDAR mice, but not
controls, exhibited motor stereotypies such as circling, self-biting, and walking backwards
(Supplementary Video 2). None of these motor behaviours were observed after treatment
with anti-CD20, NMDAR-PAM, or both. In addition, NMDAR mice showed a decrease in
seizure threshold induced by pentylenetetrazol on day 42, which resulted in visible motor
seizures (Supplementary Fig. 7). We did not find changes in locomotor activity in any subsets
of NMDAR mice or controls, untreated or treated (data not shown). Altogether, NMDAR
mice showed sequential psychiatric and neurologic alterations with persisting memory

impairment, resembling the sequential clinical features of the human disease.

19



Discussion

We introduce a mouse model of anti-NMDAR encephalitis that associates with a T cell
dependent GIuN1 IgG response and results in a reduction of cell-surface receptor content and
NMDAR function, similar to the effects reported for antibodies of patients with anti-
NMDAR encephalitis. To that end, we used a 30 amino acid peptide derived from the major
GIuN1 antigenic region of the human disease (containing amino acids N368/G369)? in a
novel immunization protocol that produced a robust synthesis of GIuN1 polyclonal
antibodies. These antibodies, predominantly of 1gG1 subclass, targeted not only the
immunizing GIuN1 peptide but also epitope regions outside the peptide sequence, indicating

epitope spreading.

These findings have not been previously investigated in models of anti-NMDAR
encephalitis, and suggest a paradigm of immune-response different from that reported in
myelin-oligodendrocyte glycoprotein (MOG)-experimental autoimmune encephalomyelitis
(EAE) in which peptide immunization induces an EAE model that is mainly T cell mediated
(B cell independent).”® ** The longer GIUN1 peptide length used in our model (30 amino
acids), instead of shorter peptides (9-14 amino acid MOG fragments) used in the B cell
independent EAE, together with the adjuvant AddaVax, which primes B cell responses may
have played a role in the robust humoral response of our model. Indeed, AddaVax, a
squalene-oil-in-water adjuvant, is known to be more effective in generating high antibody
titres and CD4+T cell responses than Freund’s complete adjuvant or aluminium-based

3133 and has fewer side-effects.* Our studies with IFN-y ELISpot on splenocytes

adjuvants
from NMDAR mice confirmed the activation of GIluN1-specific T cells, which was
significantly decreased by the anti-CD20, suggesting an important contribution of GIuN1-

specific CD20+T cells in B cell activation, as reported in an EAE model.*
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IgG isolated from NMDAR mice caused a reduction of NMDAR clusters and NMDAR-
dependent calcium currents in cultured rat hippocampal neurons, similar to the alterations

reported for the IgG of patients,® %

confirming that mice autoantibodies have direct effects on
NMDARs. As a result, immunized mice, but not controls, showed NMDAR-specific brain-
bound 1gG, reduced content of synaptic and extrasynaptic NMDAR clusters, and significant
impairment of hippocampal plasticity (LTP) similar to the alterations reported with passive
cerebroventricular transfer of patients’ antibodies to mice.> *® However, different from the
passive transfer model in which the duration of effects was shorter (~14 days) until antibodies
were cleared,’® *® the current model showed NMDAR-related alterations for the entire

duration of the study (71 days), providing the opportunity to assess different treatment

strategies targeting at distinct disease mechanisms.

Another advantage of active immunization over passive transfer models is the possibility
to study components of the immune response other than the antibody effects, such as brain
inflammatory infiltrates, complement-mediated neuronal injury, and microglial activation.
Analysis of brain inflammatory infiltrates, showed predominance of B cells and plasma cells,
very infrequent T cells, absence of complement, and extensive microglial activation, overall
resembling most of the findings reported in autopsies of patients. % 2 % A potential
difference is that in patients, the frequency of T cells although low, might be higher than that
observed in our model. Microglial activation is a consistent finding in patients’ autopsies,™ '
suggesting it plays a pathogenic role.*” In the current study, NMDAR mice but not controls,
showed a significant co-localization of CD68 (a phagocytic marker expressed by
microglia/perivascular macrophages) with 1gG and NMDARs. This triple co-localization,
when assessed at the nanoscale level with super-resolution STED microscopy, was found to
occur in endosomal/lysosomal structures, suggesting microglial phagocytosis of 19G-bound

NMDARs.
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Overall, these findings were accompanied by psychotic-like behaviour, memory deficits,
depressive-like behaviour, variable presence of stereotyped movements (e.g., circling, self-
biting, and walking backwards), and enhanced susceptibility to develop seizures
(demonstrated with intracerebral electrodes). Interestingly, NMDAR mice not receiving
treatment or injections of vehicle, developed psychotic-like behaviour earlier than depressive-

like behaviour (as occurs in many patients),> *®

whereas memory impairment persisted during
the entire follow-up, and stereotyped movements occurred without stage preference. By
contrast, psychotic-like behaviour remained detectable during the entire follow-up in

untreated NMDAR mice stressed by daily (days 45-71) injections of vehicle.

The feasibility of the model to assess potential treatments, was tested with an anti-CD20
(equivalent to rituximab), and a synthetic analogue of 24(S)-hydroxycholesterol (SGE-301).*
SGE-301 is a potent and selective NMDAR-PAM that crosses the blood-brain-barrier and has
been shown to antagonize and reverse the synaptic and behavioural alterations caused by

patients” NMDAR antibodies in cultured neurons and passive transfer models.* ** 2> 4

NMDAR mice treated with the anti-CD20 showed rapid depletion of peripheral and brain
B cell counts, accompanied by a decrease in brain-bound IgG, and recovery of NMDAR
cluster density, hippocampal plasticity (LTP), and memory. These effects started wearing off
about 5 weeks after treatment, when mice showed B cell repopulation and increased memory
B cell infiltrates in the brain, accompanied by reduction of NMDAR clusters (initially
detected in the DG), worsening synaptic plasticity, and return of memory impairment. These
findings highlight the importance of B cell entry into the CNS, as suggested by
neuropathological studies in patients,>’ and a previous model examining the brain
inflammatory infiltrates in untreated mice.** Murine models of other disorders treated with
anti-CD20 have shown variable duration of B cell depletion, ranging from 8 weeks post-
treatment with three administrations of 200 pg of anti-CD20** to 6 weeks after two

22



administrations of 150 g of anti-CD20.** In our model, B cell repopulation occurred 5
weeks after a single 250 pg administration of anti-CD20, suggesting the depletion period is
dose-dependent. These findings are in line with those in clinical practice which show the
need of repeat cycles of rituximab to obtain therapeutic B cell depletion. The time lag
between treatment administration and effects on symptoms and antibody levels is consistent
with the findings in the EAE model in which symptom recovery associates better with B cell
reduction than with the reduction of MOG antibody levels.”® Similarly, in our model, the
decrease in brain plasma cells represented a delayed response, likely due to these cells not

expressing CD20.

Of potential clinical interest, late daily treatment with NMDAR-PAM (SGE-301) restored
NMDAR density, hippocampal LTP, and memory and behavioural functions, without
modifying the levels of B cells or antibody synthesis. The mechanisms underlying these PAM
effects are poorly understood, but previous studies by us and others showed that SGE-301
increased NMDAR function (e.g., open channel probability).*® ** *° In addition, single
NMDAR molecule tracking in cultures of neurons exposed to patients’ NMDAR antibodies
demonstrated that SGE-301 upregulated NMDAR surface diffusion in the post-synaptic
compartment, which compensated for the antibody-mediated decrease in NMDAR surface
dynamics and reduction of NMDAR clusters.”® Taken together, these findings suggest that
SGE-301 or similar NMDAR-PAMs (e.g., some designed for oral bioavailability) could be an
effective adjuvant treatment for anti-NMDAR encephalitis, particularly during the prolonged
post-acute stage, when cognitive and psychiatric symptoms persist, and maintenance or
escalation of immunotherapy may not be needed.® In our model the early use of an anti-CD20
combined with a later administration of SGE-301 resulted in abrogation of all clinical and

neurobiological alterations.
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This study has several considerations and limitations. Because the model examines
multiple clinical and biological paradigms, requiring multiple subsets of NMDAR mice and
controls without and with several treatments, we designed the follow-up for 10 weeks after
initial immunization. We chose this experimental design with the rationale that if active
immunization recapitulated the clinical disease course, the model would provide important
immune and neurobiological insights and be well positioned to test the effect of clinical
standard care (anti-CD20) and an experimental NMDAR-PAM (SGE-301) that had been
efficacious in a passive transfer model of patients’ antibodies. Our data strongly support this
preclinical model of anti-NMDAR encephalitis as means to examine the course of the
disease, and we believe the model can be followed for increasing amounts of time to
investigate more long-term aspects of the disease. Indeed, further studies (not included here)
in which we followed antibody titers for 4 months, showed that 8 of 10 untreated NMDAR
mice remained with high antibody titers (similar to those of day 71); the other two animals
only showed a mild spontaneous reduction of titers. Although we confirmed the presence of
antibodies in CSF, the small amounts of CSF were a logistic problem that precluded several
studies; thus, most investigations were performed with IgG isolated from serum. Mice
showed propensity to develop seizures and status epilepticus, but not spontaneous seizures,
which is a frequent feature in patients.® The subsets of untreated mice with brain implanted
electrodes were examined on day 42; we did not explore whether this lower seizure threshold
could be treated with anti-CD20 or NMDAR-PAM, which is a task for the future. Finally,
although changes in immunological, neurobiological, and behavioural paradigms usually
occurred in parallel (e.g., B cell repopulation and re-emerging of neurobiological and
memory problems), the correlation with serum antibody titers was not perfect, an observation

also made in patients.?
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Our current demonstration that GIuN1 peptide immunization leads to a polyclonal
NMDAR antibody response, microglial/macrophage phagocytosis of IgG-NMDAR
complexes, and synthesis of NMDAR antibodies in deep cervical lymph nodes, together with
reports showing synthesis of autoantibodies in deep cervical lymph nodes of some anti-
NMDAR patients,** and microglial phagocytosis of autoantibody-NMDAR complexes in
mixed neuron/microglia cultures,*” suggest an immunological paradigm. After
immunological activation at regional lymph nodes close to the immunization site, NMDAR
antibodies produced systemically and by brain infiltrating B cells/plasma cells cause a

reduction of neuronal NMDAR (as occur in the human disease)® %’

accompanied by
phagocytosis of NMDAR-IgG complexes by microglia/macrophages. These brain antigen-
presenting cells likely contribute to epitope spreading by presenting new fragments of
phagocytised NMDAR to CD4 T cells, resulting in a NMDAR-specific polyclonal B cell/
antibody response, probably at deep cervical lymph nodes.** ** Evidence of naive T-cell

priming and epitope spreading in the brain have been shown in models of EAE and other

autoimmune encephalomyelitis.*®

Our model can now be adapted in many ways, for example extending the follow-up,
increasing the number of administrations of anti-CD20, using simultaneously anti-CD20 and
NMDAR-PAM, or considering new therapies (e.g., CAR T cell technology). It also offers the
opportunity to explore at the cellular and circuitry levels the alterations underlying the
prolonged memory and behavioral changes, typical of the post-acute stage of anti-NMDAR
encephalitis.® *’ Finally, an important task for the future is to determine how a systemically
triggered neuronal immune response (as occur in patients with teratoma) reaches the CNS,
and the role of brain antigen-presenting cells (microglia/macrophages) and deep cervical

lymph nodes in fine tuning the immune response (e.g., epitope spreading, antibody affinity).
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Figure 1: Immunization with GIluN1ss6.335 results in pathogenic GIuN1 antibody

production

(A) Schematic representation of the immunization, treatment, behavioural tasks and tissue study
timeline. NOL: Novel Object Location; PPI: Prepulse Inhibition; BM: Black and White test; TST:
Tail Suspension Test. On days 42 and 71 subsets of mice were sacrificed and their blood, spleen,
lymph nodes, brain, and CSF were harvested for tissue and cellular studies. (B) Sagittal section of rat
brain immunostained with 1gG purified from a pool of 5 NMDAR mice showing a pattern of neuropil
staining similar to that described for patients” NMDAR IgG. Scale bar = 2 mm. (C) Magnification
showing the immunostaining of the hippocampus. Scale bar = 250 um. (D) Left side: cell-based assay
with HEK293 cells expressing GIUN1/GIuN2b showing reactivity with CSF from an NMDAR mouse
(green), which colocalizes (yellow) with the commercial GIuN1 antibody (red); CSF from a control
mouse shows no reactivity. Right side: live neuron immunofluorescence showing intense cell-surface
immunolabelling (green) with serum of an NMDAR mouse, but not with control serum. (E)
Immunoblot of GIluN1ss6.385 peptide and neuronal lysate probed with non-absorbed and peptide-
absorbed NMDAR mice serum. Compared with non-absorbed NMDAR mice serum, the peptide-
absorbed mice serum is no longer reactive with the peptide, but retains reactivity with the neuronal
lysate. (F) NMDAR mice 1gG reduce NMDA-induced calcium influx in rat neurons expressing
GCaMP5G. The plot shows one of three independent experiments representing the fluorescence
intensity upon NMDA stimulation (blue arrow) for neuronal cultures treated with NMDAR mice 1gG
(pink), control mice IgG (dark blue), and NMDAR mice IgG pre-absorbed with NMDAR (light blue).
Data are represented as mean + SEM. (G) Analysis of the area under the curve of calcium
fluorescence over-time for the three experimental groups (controls n = 56 cells; NMDAR mice n =
103 cells; NMDAR mice absorbed n = 43 cells). Box plots show the median, 25" and 75™ percentile.
Whiskers indicate the minimum and maximum values. Assessment of significance was performed by
one-way analysis of variance (ANOVA, p < 0.0001). A value of p < 0.05 was considered statistically

significant.
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Figure 2: Treatments with anti-CD20 and NMDAR-PAM restore the levels of NMDARs

in NMDAR mice

(A) 3D projection and analysis of the density of total cell-surface NMDAR (GIuN1) clusters, PSD95,
and synaptic NMDAR clusters (defined as those that co-localized with PSD95) in a representative
area of CALl of the hippocampus at day 71. Top row corresponds to the CAL region of a control
mouse; middle row, NMDAR mouse; lower row, NMDAR mouse treated with anti-CD20 and a
positive allosteric modulator (PAM, SGE301) of NMDAR. Merged images were postprocessed and
used to calculate the density of clusters (density = spots/um?®). Scale bar = 2 pm. For each animal 42
square images similar to those shown in A were examined (9 from CAL, 9 from CA3, 9 from dentate,
and 15 from cortex). Quantification of the density of NMDAR clusters showing (B) total and (C)
synaptic NMDAR clusters in a pooled analysis of hippocampal areas (CA1, CA3), (D) total and (E)
synaptic NMDAR clusters in the dentate gyrus, and (F) total and (G) synaptic NMDAR clusters in the
cortex. For the 3 brain regions assessed, untreated NMDAR mice show a significant reduction of
synaptic and extrasynaptic clusters on day 71, and substantial or significant reduction of clusters on
day 42. Treatment with anti-CD20, NMDAR-PAM, or both combined, restored the levels of
NMDAR, but on day 71 NMDAR mice only treated with anti-CD20 started showing a new reduction
of NMDAR (significant in dentate gryus) coinciding with B cell repopulation (see Fig 4C). Mean
density of clusters in control conditions was defined as 100%. For each experimental condition 5
controls (blue) and 5 NMDAR mice (pink) were examined. Box plots show the median, and 25th and
75th percentile; whiskers indicate the minimum or maximum values. Significance was assessed by a

mixed nested model and a value of p < 0.05 was considered significant.
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Figure 3: Hippocampal long-term potentiation (LTP) in NMDAR mice, and effects of

different treatments

The Schaffer collateral pathway (SC, red) was stimulated (Stim) and field potentials were recorded
(Rec) in the CAL region of the hippocampus. LTP was induced by theta burst stimulation. (B)
Compared with controls (blue), untreated NMDAR mice (pink) showed a significant reduction of
field excitatory postsynaptic potential (FEPSP) slope change on days 42 and 71. NMDAR mice treated
with anti-CD20 showed early recovery of fEPSP (day 42) but new reduction of fEPSP on day 71,
coinciding with B-cell repopulation (see Fig. 4C). Box plot shows the median, 25" and 75"
percentiles; whiskers indicate minimum and maximum values. Significance was assessed with a
nested mixed model. A value of p < 0.05 was considered significant. (C) Time course of fEPSP
recordings in control (blue) and NMDAR mice (pink) on day 42 (controls n = 6, NMDAR n = 7); (D)
day 71 (controls n = 8, NMDAR n = 9); (E) day 42 treated with anti-CD20 (controls n = 6, NMDAR
n = 6); (F) day 71 treated with anti-CD20 (controls n = 8, NMDAR n = 7); (G) day 71 treated with
NMDAR-PAM (SGE-301) (controls n= 6, NMDAR n = 8); and (H) day 71 treated with both anti-
CD20 and NMDAR-PAM (controls n = 6, NMDAR n = 6). The fEPSP values of all animals for each

of the groups are presented as mean * standard error of the mean (SEM).
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Figure 4: Presence of B cells and plasma cells in the brain of NMDAR mice, and effects

of different treatments

(A) Flow cytometry scatter plots showing the presence of B cells and plasma cells in the brain of a
representative NMDAR mouse and control mouse, illustrating the gating strategy to analyze the
presence of the cell infiltrates. Live cells were gated for CD45 to select leukocytes and for CD11b to
select lymphocytes. B cells were gated as CD3- and CD19+. Quantification of brain B cells (B),
memory B cells (C), and plasma cells (D) in control (blue, n=10) and NMDAR mice (pink, n=10) for
all experimental conditions. Untreated NMDAR mice had a significant brain increase of total B cells,
memory B cells, and plasma cells on days 42 and 71. NMDAR mice treated with anti-CD20 treatment
showed a decrease of brain B cells on day 42 and plasma cells on day 71, but memory B cells started
to repopulate on day 71. Box plot shows the median, 25" and 75" percentiles; whiskers indicate
minimum and maximum values. Significance was assessed with a mixed model. A value of p < 0.05
was considered significant.
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Figure 5: Microglia activation and phagocytosis of NMDARs bound to 1gG

Quantification of microglia activation (defined as the co-localization of Iba-1 and CD68) in the
hippocampus (A) and cortex (B) of NMDAR mice and controls; the areas of the hippocampus (CAL,
Ca3, and dentate) and cortex are the same as those examined in Figure 2. (C) 3D projection and
analysis of the density of clusters of 1gG, CD68, total cell-surface GIuN1, and their triple co-
localization in a representative CAL square region of an NMDAR and control mice at day 71. Merged
images were postprocessed and used to calculate density clusters (density = spots/pum?®). Scale bar = 2
pum. Quantification of triple co-localization of clusters (IgG, CD68, GIuN1 = defined as microglial
phagocytosis of NMDAR) in the indicated regions of hippocampus (D) and cortex (E) of untreated
NMDAR and control mice on day 71. Mean density of clusters in control conditions was defined as
100%. For each experimental condition 5 controls (blue) and 5 NMDAR mice (pink) were examined.
Box plots show the median, and 25th and 75th percentile; whiskers indicate the minimum or
maximum values. Significance of microglia activation was assessed by a mixed nested model, and
microglia phagocytosis by t-student. A value of p<0.05 was considered significant. Super-resolution
imaging of a microglial cell (F,G) with Stimulated Emission Depletion (STED) microscopy shows
that the triple co-localization (white) of CD68 (red), IgG (green), and GIuN1 (cyan) occurs in the

endosomes. F scale bar = 2 um; G scale bar = 100 nm.
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Figure 6: Behavioural and memory alterations in NMDAR mice, and effects of different
treatments

(A) Memory assessment with the Novel Object Location (NOL) test in NMDAR mice and controls
that received vehicle (no treatment), anti-CD20, NMDAR-PAM, and both treatments. On day 34, all
NMDAR mice, but not controls, showed a significant decrease of memory. Treatment with anti-CD20
restored memory levels in NMDAR mice (days 47, 62), although by day 68, coinciding with B cell
repopulation (see Fig. 4C), they showed relapsing memory impairment. NMDAR mice treated with

NMDAR-PAM alone or the sequential administration of anti-CD20 and NMDAR-PAM showed
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improved memory from day 47 until the end of the study. Each experimental group included 12
animals. (B-D) Behavioural assessments in untreated NMDAR mice and controls that did not receive
daily injections of vehicle: (B) compared to controls (blue), untreated NMDAR mice (pink) showed
psychotic-like behaviour (prepulse inhibition test) on day 36, but not on day 64. Day 36, NMDAR
mice n = 22, controls n = 23; day 64, NMDAR mice n = 23, controls n = 23. (C) Untreated NMDAR
mice and controls showed similar levels of anxiety during the study (black and white test). Day 37,
NMDAR mice n = 22, controls n = 23; day 65, NMDAR mice n = 24, controls n = 23. (D) Compared
to controls, untreated NMDAR mice showed depressive-like behaviour (tail suspension test) on day
71, but not on day 42. Day 42, NMDAR mice n = 22, controls n = 23; day 71, NMDAR mice n = 24,
controls n = 23. (E-F) Behavioural assessments (as in B-D) in NMDAR mice and controls that
received no treatment (daily injection of vehicle) or one of the following treatments: anti-CD20, daily
injection of NMDAR-PAM, or sequential combination of both treatments. Compared with controls
(blue), untreated NMDAR mice (red) showed psychotic-like behaviour on day 64 (E), anxiety on day
65 (F) and depressive-like behaviour on day 71 (G). None of these alterations occurred in animals that
received treatment with anti-CD20, NMDAR-PAM, or both. Each of the experimental groups in E-G
included 12 animals. Box plots show the median, and the 25" and 75" percentile; whiskers indicate
the minimum or maximum values. Line plots are represented as the mean + SEM. Significance was
assessed using a mixed model for the analysis of the tests of treated mice and two-way ANOVA with
post hoc analysis, including multiple comparison corrections for the tests of untreated mice. A value

of p < 0.05 was considered statistically significant.
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Supplementary methods

Animal experiments

A total of 275 female C57BL6/J mice (Charles River) were used for all experiments. Sample
size was calculated based on previously published studies using passive transfer of patients’
antibodies and similar experiments.’® Each mouse was considered as a experimental unit.
Mice were randomly allocated to an experimental group based on a random number
generator. Confounders were minimised by having two control and two NMDAR mice
housed in the same cage for all experimental conditions. Investigators were blinded to the

experimental allocation during behavioral and tissue investigations until data analysis.
Polyclonal antibody response and epitope spreading in NMDAR mice

Peptide and neuronal lysate immunoblot

The immunizing peptide GluN13s6.335 and hippocampal neuronal culture lysates were run in a
gel, transferred to a nitrocellulose membrane (1704158, Bio-Rad, Hercules, CA), and
incubated with pooled serum from 5 representative NMDAR mice (1:200) intact or pre-
absorbed with the peptide (0.25 pg/ul) for 2 h at room temperature (RT). The reactivity was
developed following a standard enhanced chemiluminescence developing kit (RPN2108, GE

Healthcare, Chicago, IL).

Cell-based assays using GluN1 mutants

The GluN1 mutants have been previously described* ® and are shown in Supplementary Fig.
1. In brief, G369I1 and G369S are single point mutations where glycine 369 was replaced by
an isoleucine or serine, respectively. The “top lobe construct” carries a deletion of residues
26-140 and 275-349 in the top lobe of the amino-terminal domain (ATD). The deleted-

construct carries a deletion of residues 12-385, containing all amino acids present in the



immunizing peptide GluN13s6.385. HEK cells transfected with these mutants were used for
immunocytochemistry following the same cell-based assay and serum dilutions used to test
mouse samples with native GIuN1. Briefly, HEK293 cells transfected with GIuN1/GIuN2b in
equimolar ratios, or the indicated mutants, were grown for 24h after transfection. All cells
were routinely grown in the presence of ketamine (500 pM) to prevent cell death after
transfection. Transfected cells were then fixed with 4% paraformaldehyde for 5 min at RT,
permeabilized with 0.3% Triton X-100 for 5 min at RT, and incubated with mouse serum
diluted 1:40 and a commercial rabbit polyclonal antibody against the c-terminal region of
GIuN1 (dilution 1:5000, G8913, Sigma) overnight at 4 °C. Cell were then washed with PBS,
and incubated with the corresponding fluorescence secondary antibodies (Alexa Fluor 488
goat anti-mouse and Alexa Fluor 594 goat anti-rabbit, both diluted 1:1000 and from

Invitrogen) for 1 h at RT.

Determination of 1gG subtype

IgG subtype of antibodies from NMDAR mice was determined by CBA with HEK293 cells
transfected with GIuN1/GIuN2b. Transfected cells were fixed and permeabilized as indicated
above, and incubated with mouse serum diluted 1:40 and a commercial rabbit polyclonal
antibody against GIuN1 (dilution 1:5000, G8913, Sigma) overnight at 4 °C. Cells were then
washed with PBS and incubated with specific Alexa Fluor 488 goat anti-mouse IgG1l
(A21121), IgG2a (A21131), 1gG2b (A21141), or 1gG3 (A21151) and Alexa Fluor 594 goat

anti-rabbit (all diluted 1:1000 and from Invitrogen) for 1 h at RT.



Pathogenicity of antibodies from NMDAR mice

Cultures of primary hippocampal neurons

Primary hippocampal neurons were obtained from day 18 embryos of Wistar rats, as
reported.® Dissociated neurons were seeded on coverslips and grown in Corning® 35 mm x
10 mm dishes (Sigma-Aldrich, St Louis, MI, US) containing 1 ml of Neurobasal medium +

B-27 Supplement (ThermoFisher, Waltham, MA, US).

Calcium video microscopy

Calcium video microscopy was performed on 7-day in vitro primary cultures of dissociated
rat hippocampal neurons transduced with the viral vector pAAV2-CAG-GCaMP5G at 2.5 -
1010 GC/mL as previously reported.” Five days after transduction, cells were treated with
purified 1IgG from NMDAR mice or controls. One day later, cells were transferred to a
chamber of an inverted fluorescent microscope equipped with a mercury lamp and a FITC
filter cube (Eclipse TE20000-U, Nikon, Tokyo, Japan) and an ORCA flash4.0 v3 digital
CMOS camera (Hamamatsu, Hamamatsu, Japan). The cell chamber was kept at 37°C with
5% CO2. Cells were treated with NBQX to block AMPA and KA receptors, and specifically
visualize NMDAR dependent Ca2+ signal (fluorescence). A movie of 5 min with frames
recorded every 100 ms was acquired. Shortly after starting the acquisition, 100 uM of
NMDA and 1 pM of Glycine were added to the dish. The fluorescence signal over time was

extracted by ImageJ.

Determination of effects of antibodies on NMDAR clusters in hippocampal neurons

To assess the effect of mice antibodies on NMDAR cluster density, serum from a pool of 5
NMDAR or control mice was added to the culture media (1:100) for 24 h. After removing the
media and extensively washing with phosphate buffered saline (PBS), neurons were live

incubated with human NMDAR 1gG (1:200) for 30 min at room temperature to label the
5



clusters on cell surface, as reported.? Subsequently, neurons were fixed with 4% PFA for 10
min, incubated with Alexa Fluor 488 goat anti-human IgG (1:1000, 109-545-088, Jackson
ImmunoResearch, Newmarket, UK) for 1 h RT, and permeabilized with 0.3% Triton X-100
for 5 min. This was followed by incubation with a rabbit anti-PSD95 antibody (1:200,
ab18258, Abcam, Cambridge, UK) for 1 h and subsequent incubation with Alexa Fluor 594
goat anti-rabbit 1gG (1:1000, A-11012, Thermo Fisher Scientific). Cell surface clusters were
captured using confocal microscopy (LSM710, Carl Zeiss, Jena, Germany). Images were
deconvolved using Huygens Essential version 23.10 (Scientific Volume Imaging, The

Netherlands) and quantified using Imaris 8.1 software (Oxford Instruments,).
Determination of 1gG deposits and precipitation of NMDAR-bound to 1gG

To determine the presence of mouse IgG in the brain, 5 um-thick sagittal brain sections were
blocked with 5% goat serum and immunostained for mouse IgG using Alexa Fluor 488 goat
anti-mouse (1:500, A-11001, Thermo Fisher Scientific, Waltham, MA, USA) overnight at
4°C, as reported.® Slides were then mounted in ProLong Gold antifade (P36935, Thermo
Fisher) and scanned under a Zeiss LSM710 confocal microscope (Carl Zeiss, Jena, Germany)

with the EC-Plan NEOFLUAR CS 100x/1.3 NA oil objective.

To establish that the brain 1gG was specifically bound to NMDARSs, control and NMDAR
mice brains were washed, homogenized in n-dodecyl-phoscholine 0.1% lysis buffer
containing protease inhibitors (1:50, #P8340, Sigma-Aldrich) and ultracentrifuged (200,000
g). The supernatant was then incubated with protein A/G sepharose beads (20423, Thermo
Fisher), precipitated, run in a gel, and blotted with a commercial GIuN1 polyclonal rabbit

antibody (G8913, 1:200, Sigma-Aldrich, St. Louis, MO, USA).



Electrophysiology

Electrophysiological studies on acute sections of mice brains were performed as reported.?
In brief, mice were deeply anesthetized with isoflurane and decapitated. Brains were removed
in ice-cold, high sucrose extracellular artificial cerebrospinal fluid (aCSF1, in mM: 206
sucrose, 1.3 KCI, 1 CaCl2, 10 MgS04, 26 NaHCO3, 11 glucose, 1.25 NaH2PO4; purged
with 95% CO2/5% 02, pH 7.4), and subdivided into hemispheres. Thick (380 um) coronal
slices of hippocampus were obtained with a vibratome (VT1000S; Leica Microsystems,
Wetzlar, Germany) and transferred into an incubation beaker with extracellular aCSF
appropriate for neurophysiological recordings (aCSF2, in mM: 119 NaCl, 2.5 KCI, 2.5
CaCl2, 1.25 NaH2PO4, 1.5 MgS04, 25 NaHCO3, 11 glucose, purged with 95% CO2/5% 02,
pH 7.4). Slices were kept at 32°C for 1h and subsequently at RT for at least 1 additional h.
For field potential measurements, single slices were then transferred into a measurement
chamber perfused with aCSF2 at 2 ml/min at 28-30°C. A bipolar stimulation electrode
(Platinum-Iridium stereotrode, PI2ST30.1A5, Science Products GmbH, Hofheim, Germany)
was placed in the Schaffer collateral pathway. Recording electrodes were made with a puller
(P-1000, Sutter Instrument Company, Novato, CA, USA) from thick-walled borosilicate glass
with a diameter of 1.5 mm (BF150-86-10, Sutter Instrument). The recording electrode filled
with aCSF2 was placed in the dendritic branching of the CAL region for local field potential
measurement (field excitatory postsynaptic potential, fEPSP). A stimulus isolation unit A385
(World Precision Instruments, Sarasota, FL, USA) was used to elicit stimulation currents
between 25-700 pA. Before baseline recordings for long-term potentiation (LTP), input-
output curves were recorded for each slice at 0.03 Hz. The stimulation current was then
adjusted in each recording to evoke fEPSPs at which the slope was at 50-60% of maximally
evoked fEPSP slope value. After baseline recording for 30 mins with 0.03 Hz, LTP was

induced by theta-burst stimulation (TBS; 10 theta bursts of four pulses of 100 Hz with an



interstimulus interval of 200 ms, repeated seven times with 0.03 Hz). After LTP induction,
fEPSPs were recorded for 1 additional hour with 0.03 Hz. Recordings with unstable baseline
measurements (variations higher than 20% in baseline fEPSPs) were discarded. Paired-pulse
fEPSPs in the test pathway were measured before baseline recordings with an interstimulus
interval of 50 ms. All recordings were amplified and stored using amplifier AxonClamp P2
(Molecular Devices, San José, CA, USA). Traces were analyzed using Axon pClamp

software (Molecular Devices, version 10.6).

Determination of complement deposition in the brain

To determine the presence of complement deposition, 5 pum-thick brain sections were
permeabilized with 0.3% Triton X-100 for 10 min at RT and blocked with 5% goat serum.
Then, slides were immunostained with a polyclonal rabbit anti-mouse C5b-9 antibody (1:200,
ab55811, Abcam) for 2h at RT followed by the secondary antibody Alexa Fluor 488 goat
anti-rabbit IgG for 1h at RT. Slides were then mounted in ProLong Gold antifade (P36935,
Thermo Fisher) and scanned under a Zeiss LSM710 confocal microscope (Carl Zeiss, Jena,

Germany) with the EC-Plan NEOFLUAR CS 100x/1.3 NA oil objective.

Stimulated Emission Depletion (STED) microscopy

To obtain a super-resolution image of microglia phagocytosis we utilized stimulated emission
depletion (STED) microscopy. We conjugated the antibodies against GIuN1 (human
NMDAR IgG) with Alexa Fluor 594 (A20004, Thermo Fisher Scientific), and the antibodies
against CD68 (MCA1957GA, Bio-Rad) with Abberior Star 635P (07679, Sigma-Aldrich).
Alexa Fluor 488 goat anti-mouse (A-11001, Invitrogen, Carlsbad, CA, USA) was used to

label mouse 1gG.

Non-permeabilized brain sections were then sequentially incubated at 4°C with the three

indicated labelled antibodies (3 hours each at the following dilutions: 1:100 for Alexa Fluor



488 goat anti-mouse 1gG; 1:10 for Alexa Fluor 594 human NMDAR IgG; and 1:20 for
Abberior Star 635P anti-CD68). After incubation, the slides were washed and mounted with
ProLong Gold (P36930; Molecular Probes, Eugene, OR) and scanned under a gated-STED
microscope (TCS-SP8 STED 3X; Leica Microsystems, Wetzlar, Germany). For the
fluorophores Alexa Fluor 488, Alexa Fluor 594 and Abberior Star 635P, we used excitation
lines of 488, 594 and 635nm, and depletion lines (STED) of 592, 660 and 775nm,
respectively. Fluorescence light was collected with HyD SMD molecule detectors on an HC

PL APO CS2 100%/1.40 OIL objective (Leica Microsystems).

Determination of brain T cells by immunohistochemistry

To determine the presence of T cells by brain tissue immunohistochemistry, 5 um-thick brain
sections were permeabilized with Triton X-100 for 10 min at RT and blocked with 5% goat
serum. Then, slides were immunostained with rabbit anti-mouse CD3 (1:200, ab16669,
Abcam), rabbit anti-mouse CD4 (1:200, bs-0766R, Bioss), or rabbit anti-mouse CD8a (1:200,
PA5-81344, Invitrogen) over night at 4°C, and followed by the secondary antibody Alexa
Fluor 488 goat anti-rabbit 1gG for 1h at RT. Slides were then mounted in ProLong Gold
antifade (P36935, Thermo Fisher) and scanned under a Zeiss LSM710 confocal microscope

(Carl Zeiss, Jena, Germany) with the EC-Plan NEOFLUAR CS 100x/1.3 NA oil objective.

Isolation of splenocytes

Spleen from euthanized mice were harvested and placed in HBSS buffer (w/o Ca2+ and
Mg2+, 14175-053, Thermo Fisher Scientific). The spleens were then minced and passed
through a 70 um cell strainer to create a single-cell suspension. The cell suspension was
layered over Ficoll-Plague PLUS (Cytiva, GE17-1440-02, Sigma Aldrich) and centrifuged at
800 g during 20 min without brakes. The mononuclear cell layer was collected and washed

with HBSS buffer.



Behavioural tasks

Novel Object Location (NOL) test

NOL test is a paradigm to study memory. Animals were habituated to an empty, squared
arena (45x45 cm, Panlab, Spain) with visual cues, and underwent two daily trials of 15 mins
each, for four days. The day of the test, animals were placed into the arena in presence of two
equal objects positioned at two opposite corners and they were allowed to explore the objects
for 9 min (familiarization phase). After a retention time of 3 h, animals were reintroduced to
the arena, where one of the objects had been moved to a different corner. The animal was
allowed to explore the objects for 9 mins (test phase) and the time of exploration of each
object was recorded. A discrimination index (NOL Index) was calculated using the following
formula: Time of exploration of the moved object minus time of exploration of the not moved
object, divided by total time of exploration of both objects. A higher discrimination index
indicates a better memory of the position of both objects. Object exploration is defined as any
exploratory behaviour triggered by the presence of the object (sniffing, biting, touching) with

the orientation of the nose toward the object within a distance of < 2 cm.?

Locomotor Activity (LA) test

Mice were assessed in LA boxes (9x20x11 cm, Imetronic, Passac, France), equipped with 2
rows of photocell detectors and placed in a low-luminosity environment (20-25 lux), as
previously described.” Mice locomotor activity was recorded for 1 hour as horizontal activity

and vertical activity.

Pre-pulse inhibition of the acoustic startle response (PP1) test

The PPI test is a classic paradigm to measure alternations in sensorimotor gating, which have
been shown to occur in models of psychotic-like behavior.’® Mice were habituated to being

restrained using a plexiglass cylinder within a startle box (Panlab, Barcelona) in the presence
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of white noise (60 dB) and light for 15 min, for 3 days. The day of the test, after 5 min of
habituation, a series of 10 trials of pulses (8 KHz. 115 dB, 40 miliseconds [ms]) was
administered and the startle response (SR) was measured for 1000 ms (intertrial interval 29
seconds) in order to establish the basal response. The animal was subsequently exposed to a
total of 40 trials randomly administered and equally divided into 4 different stimuli: pulse
alone (8 KHz, 115 dB, 40 ms), prepulse alone (10 KHz, 80 dB, 20 ms), prepulse-pulse, and
no stimulus (absence of pulse). Both habituation and test were always performed in presence
of background white noise (60 dB) and light. The amount of inhibition of the SR due to the
administration of the prepulse prior to the pulse was calculated as:

SR inhibition (%) =1 - (average SR following prepulse-pulse stimulus | average SR

following pulse alone stimulus) x 100

Black and White (BW) test

BW test is a classic paradigm to measure anxiety-like behaviour in rodents; it measures the
conflict between the innate exploratory behaviour and natural aversion to brightly illuminated
areas.™ The box includes a small black compartment and a big white compartment separated
by a connecting gate (LE810, Panlab, Spain). The compartments are independently
illuminated: the white one with a white led (500 lux) and the black one with a red led (10
lux). At the start of the session, mice were placed in the back compartment, head facing a
corner. The latency of first entry into the white compartment and section reached in each
entry, together with time spent, squares crossed, and number of entries into both
compartments were recorded, tracked by Smart 3.0 software (Panlab, Spain) and used to

evaluate anxiety.
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Tail Suspension Test (TST)

TST is a classic task to measure depressive-like behaviour in rodents.** Mice are suspended
by the tail in the automated tail-suspension box (76-1227, Harvard Apparatus, Massachusetts,
USA). During a 6 min interval, energy, power, and total time of immobility are recorded.

Long periods of immobility are characteristic of a depressive-like state.
Seizure susceptibility study

Pentylenetetrazol-induced seizures

Mice were handled for 2-3 days (corresponding to 10-15 days after the immune boost) before
being placed in a square box (33x33 cm) with shallow bedding and <100 lux indirect light.
After a 10 min baseline, the GABAaR antagonist pentylenetetrazole (PTZ, 2 mg/mL in
saline) was injected at a dose of 40 mg/kg, intraperitoneally. Actimetry was tracked using
Smart 3.0 software over the entire 1h session. A second frontal video camera was used for
behavioral labeling off-line. All spontaneous actions were carefully observed at x 0.25-0.5
playback speed, annotated, and their association with PTZ treatment determined using the
pointwise mutual information value. Labels distinctive of PTZ (laying on belly, crawling,
pivoting, crunch posture with splayed hindlimb, head nodding, pacing, myoclonic jerks,
clonus with loss of posture, forelimb sitting, freezing) appeared in a non-random order, and
could be grouped into three main stages of seizure severity: hypoactivity, periodic jerks, and
tonic-clonic. In vivo recordings and cFos induction (see below) confirmed this behavioral
classification, as well as the occurrence of time-locked ictal activity during myoclonic jerks
and tonic-clonic epochs. Jerks consisted of a combined downward motion of the head, jerk of
the body and upward tail extension, all emerging in less than a second. A typical tonic-clonic
episode lasted several seconds and followed a sequence of high-frequency jerks that made the

mouse fall on its side, followed by righting, forelimb clonus and freezing. The incidence of
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seizure stages in control and immunized mice was performed blindly during the 50 min
following PTZ injection. We tested the accuracy of detecting seizures behaviorally by
comparing video and electrophysiological data in 7 implanted mice, and obtained >95 %

coincidence for jerks and 100 % for tonic-clonic epochs.

cFos immunostaining

90 min after PTZ injection, mice were anesthetized and transcardially perfused with ice-cold
formaldehyde as previously described.'® Coronal cryostat sections (25 um-thick) were stained
free-floating. After blocking in 2% BSA, 5% fetal bovine serum and 0.1 % Tween-20 in PBS,
sections were incubated in rabbit cFos antibody (1:2000 dilution, ABE-457, Millipore)
overnight at 4 °C. For visualization, we used tyramide-mediated amplification following
manual instructions (Invitrogen). Briefly, after rinses, sections were incubated with goat poly-
HRP anti-rabbit antibody for 1h at RT, rinsed again, and incubated in reaction solution
containing Tyr-AlexaFluor555 diluted 1:50 for 10 min in the dark. Sections were then
counterstained with mouse anti-NeuN antibody (1:500, Millipore) overnight, and visualized
with goat anti-mouse AlexaFluor488 (1:500, Invitrogen) for 2 h at RT. Epifluorescent images
were acquired within linear range and exposure parameters fixed across groups and brain
regions. Changes in cFos levels in neurons were analyzed with FIJI. NeuN staining was
thresholded using the Moments function, a selection was then created and applied to the cFos
channel to measure the grayscale intensity within. The cFos/NeuN signal ratio was
normalized to that in vehicle-injected mice to generate a cFos matrix according to seizure

severity using GraphPad 10.

Electrophysiological recordings in vivo

A bundle of 10-14 recording wires (Sandvik #PX000003) was glued onto a thin metal stick

on one end, and cut to protrude 2.5-3 mm. On the other end, wires were stripped and

13



individually wound to the pins of a 16-channel female connector (Omnetics #NSD-18-VV-
GS). A silver wire (A-M systems #786000) was soldered to the ground pin. A drop of silver
paint (RS Pro #123-9911) was applied to all wired pins, and then covered with abundant
silicone glue (Dow #3145 RTV). The distal bundle tip was gold-plated to bring the wire
impedance down to 100 KOhms. Briefly, the recording assembly was connected to a NanoZ
kit (Neuralynx), tips were immersed in a diluted gold solution (final 2 % gold with 0.1%
PEG; Neuralynx), and electroplated with repeated cycles of -0.05 uA to match progressively

lower impedances.

In order to implant the recording drive in the right dorsal hippocampus, mice were
anesthetized with isofluorane, immobilized in a stereotactic apparatus, and injected
subcutaneously with bupivacaine (2 mg/kg). A 1 mm craniotomy was made, and the drive
was slowly inserted (mm from bregma: -2 AP, 2 ML, -2 DV). The drive was secured with
Superbond cement, and skin sutured. Mice received post-operative analgesia (meloxicam 5
mg/kg) for the next 3 days, and allowed to recover for a week before recording in a noise-
and sound-insulated square box. Mice were tethered and allowed to freely move inside the
box while signal was continuously acquired. Electrical signals were pre-amplified by
connecting the drive to a headstage and acquired with an openephys board. A Bpod system
connected to a PC was used to control and synchronize the videocamera (33 fps) and the
electrophysiological signal with transistor-transistor logic (TTL) synchronization. Signals
were analyzed in Python (3.7). They were first down sampled to 1 kHz, bandpass filtered

between 0.1-300 Hz, and line noise removed using the notch filter.
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Supplementary figures
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Supplementary Figure 1: Mice immunized with GluN13s6.385 peptide produce polyclonal

antibodies beyond the epitope region of the immunizing peptide

Schematic representation of (A) native GIuN1, (B) G369l and G369S, (C) amino terminal domain
(ATD) top-lobe deleted, and (D) ATD deleted mutant constructs. (E) Cell-based assays with HEK293
cells expressing the indicated native or mutant GIuN1 constructs and GluN2b, showing reactivity with
serum of a representative NMDAR mouse (green), which colocalizes (yellow) with the reactivity of a
commercial GIuN1 antibody (red). All mice serum tested (n=10), but not controls, showed reactivity

with all GIuN1 constructs (not shown).
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Supplementary Figure 2: NMDAR mice serum cause a reduction of cell-surface

NMDAR clusters in cultured rat hippocampal neurons

(A) Total (synaptic and extrasynaptic) NMDAR clusters, (B) PSD95, and (C) synaptic NMDAR
cluster density in cultures of rat dissociated hippocampal neurons treated with IgG purified from
pooled serum of 5 control and 5 NMDAR mice. Results show a significant decrease in total and
synaptic NMDAR cluster density in neurons treated with NMDAR 1gG. 30 dendrites were analyzed
per condition. Box plots show the median, 25th and 75th percentiles; whiskers indicate the minimum

and maximum values. Significance was assessed using a t-test. A p-value of < 0.05 was considered

statistically significant.
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Supplementary Figure 3: Cells from deep cervical lymph nodes from NMDAR mice

produce GluN1 antibodies

Cell-based assays with HEK?293 cells expressing GIuN1/GIuN2b showing reactivity with antibodies
secreted in the culture media by cells dissociated from deep cervical lymph nodes (CLN) of a
representative NMDAR mouse (green). The reactivity of secreted antibodies colocalizes (yellow) with
the reactivity of a commercial GIuN1 antibody (red). Culture media of cells dissociated from inguinal
lymph nodes (ILN) of the same NMDAR mouse, and CLN of a control mouse, do not show NMDAR

reactivity.
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Gating strategy for spleen samples
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Supplementary Figure 4: Effects of anti-CD20 on splenocytes and lymphocytes

(A) Representative flow cytometry scatter plots illustrating the gating strategy used to identify B cells
from spleen samples. Initial gaiting was performed on forward and side scatter properties to exclude
debris. Subsequent gates were applied to select singlets and live cells. Next, cells negative for CD11b
were selected as lymphocytes. B cells were gated as CD3- and CD19+ cells. Scatter plots show
splenic B cells from a representative untreated NMDAR mouse and an NMDAR mouse treated with
anti-CD20, exemplifying B cell depletion caused by anti-CD20. (B) Quantitation of splenic B cells in
control (blue, n = 10) and NMDAR mice (pink, n = 10) under all experimental conditions. There is a
significant decrease in B cells (day 42) in mice treated with anti-CD20, indicating effective B cell
depletion, which by day 71 is no longer present (B cell repopulation) NMDAR-PAM (SGE-301) does
not alter B cell number. (C) Quantitative analysis of the ELISpot experiment, indicative of IFN-y
production by splenocytes in response to GIuN1sse 35 Stimulation, in control (blue, n = 10) and
NMDAR mice (pink, n = 10) under all experimental conditions. There is a significant increase of
IFN-y production in NMDAR mice, indicating T-cell activation, which is abrogated by anti-CD20
treatment on day 42. NMDAR-PAM does not alter T-cell activation. Box plots show the median, 25th
and 75th percentiles; whiskers indicate the minimum and maximum values. Significance was assessed

using a mixed model. A p-value of < 0.05 was considered statistically significant.
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Supplementary Figure 5: Presence of 1gG bound to NMDAR in brain of NMDAR mice

Quantitation of mouse 1gG brain deposits in controls (blue) and NMDAR mice (pink) across all
experimental groups: (A) pooled analysis of hippocampal areas, (B) dentate gyrus, and (C) cortex.
Compared to controls, NMDAR mice have a significant increase in IgG deposits, which is
substantially decreased in mice treated with anti-CD20, but not NMDAR-PAM. For each
experimental condition 5 controls and 5 NMDAR mice were examined. For each animal 42 square
images similar to those indicated in Fig 2A were examined (9 from CAL, 9 from CA3, 9 from dentate,
and 15 from cortex). Box plots show the median, 25th and 75th percentiles; whiskers indicate the
minimum and maximum values. Significance was assessed using a nested mixed model. A value of p
< 0.05 was considered statistically significant. (D) Immunoprecipitation of brain IgG in a
representative NMDAR mouse and control, showing that in the NMDAR mouse the 1gG is bound to

NMDARs.
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Supplementary Figure 6: Effects of anti-CD20 on antibody titers

HEK?293 cells expressing GIuUN1/GIuN2b show reactivity with CSF from untreated NMDAR mice
(green) at day 42 (A) and day 71 (B) after initial immunization. Mouse CSF reactivity colocalizes
(yellow) with the reactivity of a commercial GIuN1 antibody (red). CSF from NMDAR mice treated
with anti-CD20 show a substantial decrease of immunoreactivity, although samples remain positive at
both time-points (day 42 > day 71, the later barely visible). (C) Graphic representation of the change
in serum titres (measured by CBA with serial serum dilutions) for all treatment groups of NMDAR
mice (n = 6 for each experimental group). Anti-CD20 treatment reduces serum IgG titers by day 71.

NMDAR PAM (SGE-301) does not alter 1gG titers.
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Supplementary Figure 7: NMDAR mice show a decrease in seizure threshold induced
by pentylenetetrazol

(A) The distribution of maximal seizure stages shown in control and peptide immunized mice was
guantified from data extending 1h after pentylenetetrazol (PTZ) injection (n=20/group). The fraction
of mice showing generalized seizures (i.e. hypoactive versus jerks and tonic-clonic) was significantly
larger in immunized mice, Chi square test, P = 0.026. (B) Quantification of cFos induction, a proxy of
recent neural activation, across several brain regions in mice that reached different behavioral seizure
stages (i.e. hypoactivity, myoclonic jerks, or continuous tonic-clonic seizures). Two-way ANOVA
revealed an interaction between regional change in cFos and seizure stage, F (8, 30) = 9.3, P<0.0001
(n = 3 mice / group), indicating different patterns of neural activation depending on seizure stage. (C)
Representative images of hippocampus double stained for cFos and the neural marker NeuN
following different seizure stages. Arrows point to dentate gyrus granule cells where cFos induction
was maximal after tonic-clonic seizures. Scale bar = 250 um. (D) Example trace of the local field
potential recorded in the hippocampus of a freely moving mouse. Sharp population spikes (SPS) were
time locked with behavioral jerks, and transitioned to high-frequency spikes during the tonic-clonic
episode. Inset, magnified average SPS aligned to jerk onset. Red points indicate voltage amplitudes
significantly larger than baseline.
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Supplementary video

Supplementary Video 1: Reduction of NMDA-induced calcium currents in neurons

treated with 1gG from NMDAR mice

Representative video of calcium imaging showing that neurons pre-treated with 1gG from
NMDAR mice show a significant reduction of NMDA-induced calcium influx compared to

neurons pre-treated with IgG from controls. Scale bar = 10 pm.

Supplementary Video 2: Motor stereotypies in NMDAR mice

Video of four NMDAR mice showing different types of stereotypic movements and

behaviours, such as walking backwards, self-biting, and circling.
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Discussion
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Antibody-mediated encephalitis constitute a novel group of
autoimmune neurological diseases, where neuronal cell surface
proteins or receptors are targeted by autoantibodies. This thesis
focused on studying the pathogenic mechanisms of these
autoantibodies through cellular and animal models and explored

new therapeutic strategies.

The first study of this thesis aimed to develop an animal model of
passive transfer of neuronal antibodies, similar to the model
previously established in our laboratory for antibodies against
NMDAR. The goal was to eventually apply my training to further
investigate anti-NMDAR encephalitis, which is the most frequent
autoimmune encephalitis and leads most of the research in the field.
In this study, antibodies from patients with anti-mGluR5 encephalitis
were passively transferred to mice via cerebroventricular infusion.
The findings confirmed that the infusion of patients’ IgG led to
memory loss and increased anxiety, associated with a significant
reduction in mGLluR5 clusters in the hippocampus.’® These effects
were reversible once the antibody infusion via subcutaneously
implanted pumps stopped. Thus, together with previously published
studies showing that patients’ antibodies caused a reduction of
mGIuR5 clusters in cultured neurons,® the findings of this
publication provided robust evidence of the antibody pathogenicity
linking memory and anxiety alterations with a reduction of mGLluR5

levels.

For this model we opted to use pooled IgG from several patients,
rather than IgG from a single patient, or patient-derived monoclonal

antibodies. This approach better represents the diverse repertoire of
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pathogenic antibodies in the disease, thereby allowing for the
generalization of the findings. mGluR5 plays a crucial role in memory
formation. In rodents, pharmacological potentiation of mGLluRS5 is
linked to improved learning and memory, whereas genetic deletion
leads to impaired learning. These observations align with the effects
observed in our animal model, where the decrease in mGluR5
impaired memory. It has been suggested that the role of mGluR5 in
memory acquisition is largely mediated through the enhancement of
NMDAR responses.’”®™ However, whether the effects of mGIluR5
antibodies on memory also involve NMDAR modulation remains to be

determined in future studies.

In addition to memory impairment, mice infused with patients’ IgG
exhibited increased anxiety, mirroring the clinical phenotype of anti-
MGIuR5 encephalitis.” The role of mGIluR5 in anxiety responses is
complex and not fully understood. For instance, pharmacological
modulation of mGluR5 with negative allosteric modulators has been
shown to reduce anxiety levels in mice, while genetic deletion of
mGILuR5 in older mice, is associated with increased anxiety.'®%”
These contrasting results may be due to significant variability in the
effects of mGlUR5 on anxiety circuits, depending on receptor
location, cell type, and age.”™® In our model, we focused on the
antibody effects in the hippocampus, a region involved in both
memory and stress responses, and clinically and radiologically

implicated in anti-mGLluR5 encephalitis.

Following the passive cerebroventricular transfer techniques, |
focused on several approaches (cellular and animal modelling) to

better understand the physiopathology and treatment of anti-NMDAR
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encephalitis. Thus, the second objective of the thesis was to assess
the effect of antibodies from patients with anti-NMDAR encephalitis
on cultures of oligodendrocytes. The rationale for this second study
was to identify a mechanism explaining the paradoxical findings that
despite normal clinical MRI results, advanced MRI sequences show
substantial abnormalities in white matter integrity and connectivity in
most patients with this disease. Indeed, in a study of 577 patients
with anti-NMDAR encephalitis, 67% had normal clinical MRI findings,
while the remaining patients displayed mild or transient subcortical
FLAIR abnormalities, with subcortical white matter as frequently
involved as grey matter.”®® However, a detailed examination using
diffusion tensor imaging sequences, an MRI technique used to detect
white matter fibers and their connectivity, revealed widespread
changes in white matter integrity correlating with disease severity in a
cohort of 24 patients. In another series of 46 patients with anti-
NMDAR encephalitis, superficial white matter changes occurred
more frequently in those who had not clinically recovered than in
those who had recovered or in healthy participants.”® Thus, anti-
NMDAR encephalitis is associated with characteristic alterations of
functional connectivity and widespread changes in white matter
integrity, despite often apparently normal routine clinical MRI

findings.®°

Our findings revealed that oligodendrocytes treated with CSF from
patients with anti-NMDAR encephalitis, or recombinant monoclonal
antibodies derived from patients’ plasma cells, showed a significant
reduction in NMDAR activation.'® This pathogenic effect, which was

not seen when cells were treated with control samples, was
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abrogated if patients’ CSF was absorbed with HEK cells expressing
NMDAR, confirming the pathogenic role of the autoantibodies.
Interestingly, patients’ CSF did not affect the function of other
receptors, indicating a specific impairment in NMDAR activation.
These antibody-mediated effects were linked to reduced GLUT1
expression in oligodendrocyte processes. Because expression of
GLUT1 is important for axonal function, the findings suggest a
pathogenic mechanism additional to the reported antibody effects

on neuronal NMDARs.

In oligodendrocytes, NMDARs control the supply of energy substrates
to support the proper function of axons via GLUT1 translocation to
the oligodendrocyte membrane.”" Thus, the amplitude of the action
potentials during high-frequency stimulation is decreased and
recovers more slowly in axons of mice lacking NMDAR in
oligodendrocytes. In addition, prolonged loss of NMDAR function in
oligodendrocytes leads to axonal pathology and inflammation in
white matter tracts resulting in neurological symptoms and motor
dysfunction. Therefore, the relevance of our second publication is
that it provides a potential antibody-mediated mechanism for the
white matter abnormalities frequently identified in patients with anti-

NMDAR encephalitis.

The third goal of the thesis was to explore potential therapies for anti-
NMDAR encephalitis beyond immunotherapies. For this, in the third
study, we focused on cultured neurons exposed to patients’
antibodies and an animal model of passive transfer of patients’
antibodies to mice, to assess whether a positive allosteric modulator
(PAM) of the NMDAR could antagonize the effects of patients’

antibodies.
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24(S)-hydroxycholesterol, a brain-derived oxysterol, is a very potent,
direct, and selective PAM of NMDAR. Several synthetic analogues,
such as SGE-301, share similar properties. Previous studies have
shown that SGE-301 increases NMDAR channel open probability by
acting on a site independent of other allosteric modulators,
consequently enhancing NMDAR function and prolonging
spontaneous excitatory postsynaptic currents.”® Moreover,
application of SGE-301 to cultures of neurons exposed to CSF from
patients with anti-NMDAR encephalitis prevented the antibody-
mediated dysfunction of NMDARs.”’

In our study we demonstrated that mice infused with patients’ CSF
developed memory deficits accompanied by a decrease in NMDAR
clusters and impairment of synaptic plasticity. All antibody-mediated
effects were prevented in the animals treated with SGE-301."°
Further investigations into the potential mechanisms related to these
effects showed that SGE-301 does not interfere with the binding of
patients’ antibodies to NMDAR, but prevents the reduction of cell-
surface  NMDARs without completely stopping receptor

internalization.'®

However, this study did not assess whether SGE-301 could reverse
the memory and synaptic alterations caused by patients’ CSF
because it was administered simultaneously with the ventricular
infusion of the antibodies, and none of the animals developed
clinical or synaptic alterations. Therefore, in the fourth study, the
model was adapted so that the administration of SGE-301
commenced after the development of synaptic and memory

alterations. Importantly, between days 10 and 18, which in this model
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is the period of progressive development of severe memory and
synaptic alterations, SGE-301 could reverse all antibody-mediated
pathogenic effects, including memory deficits, reduction of NMDAR

density, and synaptic plasticity impairment.’®°

The findings of these two studies suggested that the mechanisms of
action of SGE301 are multiple and extend beyond the indicated
effects on channel function. For example, it remained unclear how,
without competing with the binding of antibodies to NMDAR and
without fully abrogating the antibody-mediated internalization of
NMDARs, SGE-301 was able to restore the cell-surface NMDAR
cluster content. Therefore, we postulated that SGE301 could also be

restoring the surface dynamics of NMDARs.

With this in mind, the fifth publication aimed to investigate the effect
of SGE-301 on the membrane dynamics of NMDARs as a potential
mechanism of action. We showed that SGE-301, at doses >10 UM,
significantly increases NMDAR surface diffusion, mainly in the
postsynaptic compartment.”® Furthermore, NMDAR trajectories
were less confined in the presence of SGE-301.""' To determine
whether SGE-301 could prevent the pathogenic effects of patients’
antibodies on the surface dynamics of NMDAR, neurons were
exposed to either control or patients’ IgG in addition to vehicle or
SGE-301. As expected, patients’ IgG reduced the diffusion of NMDAR
and increased the confinement. Interestingly, SGE-301 alone was
sufficient to normalize NMDAR diffusion in neurons exposed to

patients’ antibodies.
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Our results, alongside the documented modulation of SGE-301 on
ionotropic currents,’® suggest a dynamic interplay between the state
of the receptor and its membrane dynamics. Yet, the exact
mechanism by which SGE-301 alters NMDAR diffusion remains
unknown. SGE-301 may modify NMDAR’s conformation, reducing the
interaction with anchoring proteins, or the oxysterol properties of

SGE-301 could affect plasma membrane diffusion.

Animal models of passive transfer have been instrumental in probing
the pathogenicity of patients’ antibodies. However, these models do
not allow exploring the immunobiology of the disease, as they lack
brain inflammatory infiltrates, participation of T-cell mechanisms and
engagement of microglia. These aspects are vital in autoimmune
encephalitis given its autoimmune etiology. Moreover, the clinical
and synaptic changes offered by passive transfer models are
infusion-dependent, lasting only 14 days, which is a significant
limitation for assessing the long-term effectiveness of potential new
treatments. Therefore, the final objective of the thesis was to develop
a new mouse model of anti-NMDAR encephalitis through active

immunization, as shown in the sixth study.

This study introduces a novel murine model of anti-NMDAR
encephalitis through active immunization that associates with a T
cell dependent GlUN1 IgG response and results in a reduction of cell-
surface receptor content and NMDAR function, similar to the effects
reported for the antibodies of patients with anti-NMDAR encephalitis

(Maudes et al. unpublished).



250|Discussion

To this end, we used a 30 amino acid peptide derived from the major
GluN1 antigenic region of the human disease (containing amino
acids N368/G369) in a novel immunization protocol. In our approach
we immunized mice with 200 pg of the peptide and AddaVax, a
squalene-oil-in-water adjuvant known to be more effective at
generating high antibody titers and T-helper responses than other
commonly used adjuvants, as Freund’s Complete Adjuvant (FCA) or
aluminium-based adjuvants.’®>'®®* AddaVax also causes fewer
undesirable side effects in mice, such as chronic-pain, granulomas,
abscesses, and systemic reactions.'® We followed a 28-day boost
protocol previously shown to induce the highest IgG1 titers post-
immunization.'®® This protocol produced a robust synthesis of GIuUN1
polyclonal antibodies. These antibodies, predominantly of IgG1
subclass, targeted not only the immunizing GluN1 peptide but also
epitope regions outside the peptide sequence, indicating epitope

spreading.

These findings have not been previously investigated in models of
anti-NMDAR encephalitis, and suggest a paradigm of immune-
response different from that reported in myelin-oligodendrocyte
glycoprotein (MOG)-experimental autoimmune encephalomyelitis
(EAE) in which peptide immunization induces an EAE model that is
mainly T cell mediated (B cell independent).’® The length of the
GluN1 peptide used in our model (30 amino acids) instead for
example, shorter peptides (9-14 amino acid MOG fragments)
reported in the B cell independent EAE, together with the adjuvant
used here, AddaVax, which primes B cell responses may have played

a role in the robust humoral response of our model. Our studies with
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IFN-y ELISpot on splenocytes from NMDAR mice confirmed the
activation of GluN1-specific T cells, which was significantly
decreased by the anti-CD20, suggesting an important contribution of
GluN1-specific CD20+T cells in B cell activation, as reported

previously in an EAE model.®®

IgG isolated from NMDAR mice caused a reduction of NMDAR
clusters and NMDAR-dependent calcium currents in cultured rat
hippocampal neurons, similar to the alterations reported for the 1gG
of patients, confirming that mice autoantibodies have direct effects
on NMDARs. As a result, immunized mice, but not controls, showed
NMDAR-specific brain-bound IgG, reduced content of synaptic and
extrasynaptic NMDAR clusters, and significant impairment of
hippocampal plasticity (LTP) similar to the alterations reported with
passive cerebroventricular transfer of patients’ antibodies to mice.'*®
However, different from the passive transfer model in which the
duration of effects was short (~14 days) until antibodies were
cleared, the current model showed NMDAR-related alterations for
the entire duration of the study (71 days), providing the opportunity to
assess different treatment strategies targeting at distinct disease

mechanisms.

Another advantage of active immunization over passive transfer
models is the possibility to study components of the immune
response other than the antibody effects, such as brain inflammatory
infiltrates, complement-mediated neuronal injury, and microglial
activation. Analysis of brain inflammatory infiltrates showed
predominance of B cells and plasma cells, infrequent T cells,

absence of complement, and extensive microglial activation, overall
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resembling most of the findings reported in autopsies of patients. A
potential difference is that in patients, the frequency of T cells
although low, might be higher than that observed in our model.
Microglial activation is a consistent finding in patients’ autopsies,®’
suggesting it plays a pathogenic role.'® In the current study, NMDAR
mice but not controls, showed a significant co-localization of CD68
(@ phagocytic marker expressed by microglia/perivascular
macrophages) with 1gG and NMDARs. This triple co-localization,
when assessed at the nanoscale level with super-resolution STED
microscopy, was found to occur in endosomal/lysosomal structures,

suggesting microglial phagocytosis of IgG-bound NMDARs.

Overall, these findings were accompanied by psychotic-like
behaviour, memory deficits, depressive-like behaviour, variable
presence of stereotyped movements (e.g., circling, self-biting, and
walking backwards), and enhanced susceptibility to develop seizures
(demonstrated with intracerebral electrodes). Interestingly, NMDAR
mice not receiving treatment or injections of vehicle, developed
psychotic-like behaviour earlier than depressive-like behaviour (as
occurs in many patients), whereas memory impairment persisted
during the entire follow-up, and stereotyped movements occurred
without stage preference. By contrast, psychotic-like behaviour
remained detectable during the entire follow-up in untreated NMDAR

mice stressed by daily (days 45-71) injections of vehicle.

The feasibility of the model to assess potential treatments was tested
with an anti-CD20 immunotherapy, and SGE-301. NMDAR mice
treated with anti-CD20 showed acute depletion of peripheral and

brain B cell counts, accompanied by a decrease in brain-bound IgG,
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and recovery of NMDAR cluster density, hippocampal plasticity (LTP),
memory and other behavioral paradigms. These effects started
wearing off about 5 weeks after treatment, when mice showed B cell
repopulation and increased memory B cell infiltrates in the brain,
alongside reduction of NMDAR clusters (initially detected in the DG),
worsening synaptic plasticity, and return of memory impairment.
These findings highlight the importance of B cell entry into the CNS,
as suggested by neuropathological studies in patients, and a
previous model examining the brain inflammatory infiltrates in
untreated mice. Murine models of other disorders treated with anti-
CD20 have shown variable duration of B cell depletion, ranging from
8 weeks post-treatment with three administrations of 200 pg of anti-
CD20 to 6 weeks after two administrations of 150 pg of anti-
CD20."%%"%% |n our model, B cell repopulation occurred 5 weeks after a
single 250 pg administration of anti-CD20, suggesting the depletion
period is dose-dependent. These findings are in line with those in
clinical practice which show the need of repeat cycles of rituximab to
obtain therapeutic B cell depletion. The time lag between treatment
administration and effects on symptoms and antibody levels is
consistent with the findings in the EAE model in which symptom
recovery associates better with B cell reduction than with the
reduction of MOG antibody levels.”*® Similarly, in our model, the
decrease in brain plasma cell infiltrates represented a delayed

response, likely due to these cells not expressing CD20.

Of potential clinical interest, late daily treatment with a SGE-301
restored normal NMDAR density, hippocampal LTP, and memory and

behavioural alterations, without modifying the levels of B cells or
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antibody synthesis. These findings suggest that SGE-301 or similar
NMDAR PAMs (e.g., some designed for oral bioavailability) could be
an effective adjuvant treatment for anti-NMDAR encephalitis,
particularly during the prolonged post-acute stage, when cognitive
and psychiatric symptoms persist, and maintenance or escalation of
immunotherapy may not be needed. In our model the early use of an
anti-CD20 combined with a later administration of SGE-301 resulted
in abrogation of all clinical and neurobiological alterations of the

disease.

This study has several consideratons and limitation. Since the model
examines multiple clinical and biological paradigms, requiring
multiple subsets of NMDAR mice and controls without and with
several treatments, we designed the follow-up for 10 weeks after
initial immunization. We chose this experimental design with the
rationale that if active immunization recapitulated the clnical disease
course, the model would provide important immune and
neurobiological insights and be well positioned to test the effect of
clinical standard of care (anti-CD20 immunotherapy) and SGE-301.
Our data strongly supports this preclinical model as means to
examine the clinical disease course and believe it can be followed for
increasing amounts of time to investigate more long-term aspects of
the disease. Moreover, although we confirmed the presence of
antibodies in CSF, the small amounts of CSF were a logistical
problem that precluded several studies; thus, most investigations
were performed with 1gG isolated from serum. Mice showed
propensity to develop seizures and status epilepticus, but did not

show spontaneous seizures, which is frequent in patients. Finally,
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although changes in immunological, neurobiological, and
behavioural paradigms usually occurred in parallel (e.g., B cell
repopulation and re-emerging of neurobiological and memory
problems), the correlation with serum antibody titers was not

perfect, an observation also made in patients.

Together with a report showing in some patients with anti-NMDAR
encephalitis antibody synthesis in deep cervical lymph nodes,’° and
a study with mixed cultures of neurons/microglia suggesting IgG-
NMDAR microglial phagocytosis,' our demonstration that GluN1
peptide immunization leads to a polyclonal antibody response,
microglial ISG-NMDAR phagocytosis, and synthesis of antibodies in
deep cervical lymph nodes, suggests an immunological paradigm.
After immunological activation at systemic lymph nodes
corresponding to the immunization site, NMDAR antibodies
produced systemically and by brain infiltrating B cells/plasma cells
cause a reduction of neuronal NMDAR (as seen in cultured neurons
and passive transfer models with human antibodies), but there is
also phagocytosis of NMDAR-IgG complexes by microglia (antigen
presenting cells) that likely contributes to epitope spreading by
presentation of new NMDAR fragments to CD4 T cells resulting in

polyclonal B cell activation, most likely at deep cervical lymph nodes.

This model can now be adapted in many ways, for example extending
the follow-up, increasing the number of administrations of the anti-
CD20, administering simultaneously both treatments, or even
considering new treatments. It also offers the opportunity to further
investigate how a systemically triggered neuronal immune response

(as occur in patients with teratoma) reaches the CNS, and the role of
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brain antigen-presenting cells and deep cervical lymph nodes in
further adapting the anti-neuronal immunity. The model can also be
used for the adaptive transfer of immune cells (e.g., splenocytes or
expanded GluN1-specific T cells of NMDAR mice) into nude mice,
offering the opportunity to assess CAR T cell therapy approaches on
all the clinical and biological paradigms we have examined here.
Overall, the results from the sixth study not only fill a crucial gap in
the existing literature on anti-NMDAR encephalitis, but also set a
foundation for future research into the recovery process of the

disease and novel therapeutic approaches.
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Antibodies from patients with anti-mGluR5 encephalitis infused
into the cerebroventricular system of mice cause memory
impairment, increased anxiety and decreased neuronal cell-
surface mGluR5 clusters. These findings support the
pathogenicity of antibodies in anti-mGLluR5 encephalitis.
Antibodies from patients with anti-NMDAR encephalitis
specifically alter the function of NMDAR in oligodendrocytes
causing a decrease of expression of GLUT1. These findings
suggest a link between antibody-mediated dysfunction of NMDAR
in oligodendrocytes and the alterations of white matter integrity
reported in patients with anti-NMDAR encephalitis.

In cultures of neurons, SGE-301, an oxysterol-based PAM of
NMDAR, significantly decreases, without fully preventing, the
internalization of antibody-bound NMDARs.

In a well-established mouse model of cerebroventricular transfer
of patients’ CSF antibodies, SGE-301 antagonizes and reverses
the synaptic and behavioral pathogenic effect of the antibodies
without preventing antibody binding to NMDARs.

SGE-301 upregulates the surface dynamics of NMDAR, mainly in
the postsynaptic compartment, and this effect normalizes
NMDAR diffusion in neurons exposed to patients’ antibodies.
Immunization of mice with thethe peptide GluN1ss6385 and the
adjuvant AddaVax adjuvant reproduces most of the
neurobiological, immunological and behavioral alterations that

occurin anti-NMDAR encephalitis.
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7.

In this new murine model, treatment with either anti-CD20 or
SGE-301 resulted in significant improvement of the symptoms
and associated neurobiological alterations caused by anti-
NMDAR encephalitis. The combination of treatment with anti-
CD20 and SGE-301) was the most efficient approach to obtain
recovery from all the alterations, suggesting that SGE-301 could

potentially serve as adjuvant treatment for the disease.
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Resumen cientifico

Introduccién

Las encefalitis mediadas por anticuerpos representan una nueva
categoria de trastornos inflamatorios del cerebro causados por
anticuerpos gque atacan proteinas de la superficie celular neuronal.
La forma mas prevalente es la encefalitis anti-receptor N-metil-D-
aspartato (NMDAR), caracterizada por autoanticuerpos contra la
subunidad GluN1 del NMDAR, lo que provoca sintomas
neuropsiquiatricos graves que a menudo mejoran con la
inmunoterapia. A diferencia de las imdagenes por resonancia
magnética rutinaria, los estudios de imagen avanzados han
demostrado cambios extensos en la sustancia blanca en pacientes,
lo cual podria explicarse porque los oligodendrocitos, responsables
de la sintesis de mielina, expresan NMDAR. La mayoria de los
pacientes experimentan una recuperacién lenta, con déficits
persistentes de memoria y cognicion, y el enfoque de tratamiento
6ptimo sigue siendo incierto. Nuevos enfoques terapéuticos, como
el modulador alostérico positivo del NMDAR SGE-301, deben
testarse como tratamientos complementarios a la inmunoterapia.
Existe una necesidad critica de modelos que proporcionen una
comprensién neuro-inmunobiolégica integral de la enfermedad y
ofrezcan un curso clinico lo suficientemente largo como para facilitar

la evaluacidn de posibles nuevos tratamientos.
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Otra forma menos comun de encefalitis mediada por anticuerpos es
la encefalitis anti-receptor metabotrépico de glutamato 5 (mGLluR5).
Este trastorno estd menos caracterizado, y el efecto de los
anticuerpos de los pacientes aun no se ha evaluado en modelos

animales.

Objetivos

1) Determinar la patogenicidad de los anticuerpos de pacientes con
encefalitis anti-mGLluR5 en un modelo de infusién cerebroventricular
en ratones; 2) Investigar el efecto de los anticuerpos de pacientes
con encefalitis anti-NMDAR en cultivos de oligodendrocitos; 3)
Evaluar si el SGE-301 previene y restaura los efectos patoldgicos de
los anticuerpos de pacientes con encefalitis anti-NMDAR en un
modelo de ratdon; 4) Elucidar el mecanismo de accién del SGE-301
estudiando la dindmica del NMDAR en la membrana de las
neuronas; 5) Desarrollar un modelo animal de encefalitis anti-
NMDAR para caracterizar la neuro-inmunobiologia de la enfermedad
y probar diferentes tratamientos, incluyendo inmunoterapiay el SGE-

301.
Métodos

Para desarrollar un modelo de ratén para la encefalitis anti-mGIluR5,
los anticuerpos de los pacientes se infundieron
cerebroventricularmente en ratones macho C57BL/6) de diez
semanas durante 14 dias. Se evaluaron la memoria y la ansiedad, y
se determinaron los efectos sobre la densidad de mGluR5 en el
hipocampo. Para estudiar el efecto de los anticuerpos de pacientes

con encefalitis anti-NMDAR en oligodendrocitos, se expusieron
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cultivos de oligodendrocitos al liquido cefalorraquideo (LCR) de los
pacientes, y se evalud la actividad de los NMDAR. Para evaluar el
potencial terapéutico del SGE-301, ratones adultos que recibieron
infusion cerebroventricular de LCR de pacientes con encefalitis anti-
NMDAR fueron tratados diariamente con SGE-301 durante 14 dias
desde el inicio de la infusion de anticuerpos o al comienzo de los
sintomas. Se evaludé la memoria, la plasticidad sinaptica y la
densidad de NMDAR en el hipocampo de los ratones. Para investigar
el mecanismo molecular del SGE-301, se trataron neuronas
hipocampales cultivadas con SGE-301 junto con anticuerpos de
pacientes con encefalitis anti-NMDAR, y se evalué la dinamica del
NMDAR en la membrana de neuronas mediante microscopia de
seguimiento de particulas. Para desarrollar un nuevo modelo de
ratén para la encefalitis anti-NMDAR mediante inmunizacién activa,
se inmunizé a ratones hembra de ocho semanas (C57BL/6J) con un
péptido del GluN1 y el adyuvante AddaVax. El modelo fue
caracterizado exhaustivamente, incluyendo la presencia de
anticuerpos contra NMDAR, cambios en la memoria y el
comportamiento, efectos de los anticuerpos sobre la densidad y
funcién de NMDAR, plasticidad sinaptica e infiltrados inmunolégicos
cerebrales. En este modelo se validé con la inmunoterapia
comunmente utilizada en pacientes (anti-CD20) y se evalud el

potencial terapéutico del SGE-301.
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Resultados

1)

2)

3)

4)

Los ratones infundidos con anticuerpos de pacientes con
encefalitis anti-mGIluR5 mostraron deterioro de la memoria,
mayor ansiedad y disminucion de mGLluR5 en la superficie
neuronal. Después de la eliminacién de los anticuerpos, tanto
los cambios conductuales como moleculares volvieron a las
condiciones normales.

En oligodendrocitos incubados con LCR de pacientes con
encefalitis anti-NMDAR, las respuestas del NMDAR se redujeron
significativamente. Estos efectos fueron especificos para el
NMDAR.

Enratones infundidos con LCR de pacientes con encefalitis anti-
NMDAR, la administracién diaria subcutanea de SGE-301
previno y recuperé el deterioro de la memoria y las
hipocampales sinapticas causadas por los anticuerpos NMDAR.
Las trayectorias del NMDAR en neuronas tratadas con SGE-301
se incrementaron, principalmente en la sinapsis. El tratamiento
con anticuerpos de pacientes con encefalitis anti-NMDAR
redujo la dinamica del NMDAR y aumenté su confinamiento. ELl
SGE-301 antagonizé los efectos de los anticuerpos de los
pacientes tanto en los compartimentos sinapticos como
extrasinapticos, restaurando la dinamica normal del NMDAR en

la membrana de neuronas.
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5) Los ratones inmunizados con el péptido GluN1 desarrollaron
anticuerpos contra NMDAR en suero y LCR, lo que resulté en la
disminucién de la densidad de NMDAR en el cerebro de los
ratones y una reducciéon de la plasticidad sinaptica. Estos
hallazgos se asociaron con infiltrados inflamatorios cerebrales,
activacion de microglia, comportamiento psicético, déficit de
memoria, comportamiento depresivo, movimientos anormales y
un umbral mas bajo para desarrollar convulsiones. La mayoria
de los sintomas y alteraciones neurobioldgicas se revirtieron con

el tratamiento con inmunoterapia anti-CD20y SGE-301.
Conclusiones

Mis estudios han contribuido a comprender mejor la fisiopatologia
de la encefalitis anti-mGluR5 y anti-NMDAR. El primer estudio
proporciona evidencia robusta de la patogenicidad de los
anticuerpos contra mGluR5, asociando en un modelo animal la
reduccién de la densidad de mGluR5 en el hipocampo y la
subsecuente aparicidon de sintomas neuropsiquiatricos. El segundo
estudio sugiere una conexién entre la disfuncidn mediada por los
anticuerpos contra NMDAR en los oligodendrocitos y las alteraciones
de la sustancia blanca reportadas en pacientes con encefalitis anti-
NMDAR. El tercer y cuarto estudio ofrecen evidencia, en un modelo
de raton bien establecido de transferencia cerebroventricular de
anticuerpos de pacientes con encefalitis anti-NMDAR, de que el
SGE-301 antagoniza y revierte los efectos sinapticos y patogénicos
de los anticuerpos. El quinto estudio arroja luz sobre el mecanismo
molecular de este nuevo farmaco. El sexto estudio ofrece un nuevo

modelo de ratén de encefalitis anti-NMDAR mediante inmunizacion
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activa que refleja la mayoria de las alteraciones neuro-
inmunobiolégicas de la enfermedad y demuestra que el tratamiento
conjunto con inmunoterapia y SGE-301 es la mejor estrategia para
recuperar los sintomasyy las alteraciones neurobiolégicas asociadas.
Esto resalta la importancia de explorar fd&rmacos similares como

tratamientos adyuvantes para la encefalitis anti-NMDAR.
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Resumen divulgativo

¢De qué trata esta investigacion?

Esta investigacidon se centra en el estudio de unas enfermedades
llamadas encefalitis mediadas por anticuerpos, causadas cuando el
sistema inmunoldgico ataca errébneamente a componentes
importantes del cerebro mediante anticuerpos. Existen varios tipos
de encefalitis mediadas por anticuerpos. En esta investigacién nos
hemos centrado en dos: la mas comun es la encefalitis anti-NMDAR,
donde los anticuerpos atacan a un receptor de sefiales neuroldgicas
conocido como NMDAR. El segundo tipo es la encefalitis anti-
mGLluR5, en la que los anticuerpos atacan otro receptor llamado

mGIluR5.
¢Por qué es importante?

Comprender estas enfermedades es crucial porque provocan
sintomas graves como pérdida de memoria, problemas psiquiatricos
y otras complicaciones neurolégicas. Los tratamientos actuales
ayudan a la mayoria de los pacientes, pero la recuperacién puede ser
muy lenta e incompleta, porque algunos pacientes contindan con

problemas de memoria durante meses o incluso afios.
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¢Qué hemos hecho?

Hemos utilizado cultivos celulares y modelos animales de raton para
estudiar cémo estos anticuerpos dafan el cerebro. También hemos
probado un nuevo tratamiento llamado SGE-301, que podria ofrecer
una nueva opcidn para contrarrestar los efectos de los anticuerpos

contra NMDAR.
¢Qué hemos descubierto?

Nuestros estudios han demostrado que los anticuerpos contra
NMDAR y mGluR5 dafnan el cerebro y provocan sintomas
neurolégicos. Ademas, hemos visto que el nuevo tratamiento SGE-
301 es efectivo mejorando muchos de estos efectos en nuestros
modelos celulares y animales. Esto sugiere que farmacos similares a
SGE-301, que se aprueben para su uso en pacientes, podrian ser un

tratamiento prometedor para esta encefalitis.
¢Quéimplicaciones tiene esto para el futuro?

Estos hallazgos nos ayudan a entender mejor la base bioldgica
detrds de los sintomas que observamos en los pacientes con
encefalitis mediada por anticuerpos. Ademas, podrian conducir a
mejores tratamientos para los pacientes, mejorando sus
posibilidades de recuperacién y calidad de vida. Este avance
subraya la importancia de seguir investigando los mecanismos de

estas enfermedades y su tratamiento.
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The Brain—is wider than the Sky—
For—putthem side by side—
The one the other will contain

With ease—and you—beside—

The Brain is deeper than the sea—
For—hold them—-Blue to Blue—
The one the other will absorb—

As sponges—Buckets—do—

The Brainis just the weight of God—
For—Heft them—Pound for Pound—
And they will differ—if they do—

As Syllable from Sound—

Emily Dickinson, c. 1862
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