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Abstract

NMDA receptors are ligand-gated ion channels that are found throughout the brain and are
required for both brain development and many higher order functions. A variety of human patients
with diverse clinical phenotypes have been identified that carry autoantibodies directed against
NMDA receptor subunits. Here we focus on two general classes of autoantibodies, anti-GIuN1
antibodies associated with anti-NMDA receptor encephalitis and anti-GIuUN2 antibodies associated
with systemic lupus erythematosus (SLE). These two general classes of anti-NMDA receptor
autoantibodies display a wide range of pathophysiological mechanisms from altering synaptic
composition to gating of NMDARs. While we have made progress in understanding how these
autoantibodies work at the molecular and cellular level, many unanswered questions remain
including their long-term actions on brain function, the significance of clonal variations, and their
effects on different NMDA receptor-expressing cell types in local circuits. This information will
be needed to define fully the transition from anti-NMDA receptor autoantibodies to a clinical
phenotype.
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Introduction

NMDA receptors (NMDAR) are ion channels gated by the neurotransmitter glutamate,

the major excitatory neurotransmitter in the brain. NMDAR signaling impacts nearly all
forms of brain activity including those important to higher brain functions like learning

and memory (Paoletti et al., 2013, Hansen et al., 2017, Herring and Nicoll, 2016).
Dysfunctions in this signaling are associated with acute (e.g., stroke), chronic (e.g.,
Parkinson’s & Alzheimer’s Diseases), and neuropsychiatric (e.g., schizophrenia, depression)
brain disorders (Coyle, 2017, Choi, 2020, Wang et al., 2020).

Highlighting the key role of NMDAR in brain function is the identification of

numerous NMDAR channelopathies that are associated with psychiatric, neurological and
neurodevelopmental disorders: these include missense and nonsense mutations in the genes
encoding NMDAR subunits (Hu et al., 2016, Hardingham and Do, 2016, XiangWei et

al., 2018, Garcia-Recio et al., 2020, Amin et al., 2021) and autoantibodies that target
various NMDAR subunits (Diamond et al., 2009, Dalmau et al., 2017, Schwartz et

al., 2019, Hunter et al., 2021). Here we will focus on anti-NMDAR autoantibodies,

in particular those associated with anti-NMDAR encephalitis and with systemic lupus
erythematosus (SLE) or lupus. We will focus on these two general classes since they are

the best characterized examples yet highlight both the challenges of studying anti-NMDAR
autoantibodies in disease and defining how these autoantibodies might lead to a clinical
phenotype. Initially, we will describe general features of NMDAR signaling since this is
what these autoantibodies presumably target to disrupt brain function. Subsequently, we will
consider the challenges of relating anti-NMDAR autoantibodies to clinical phenotypes and
then will discuss various evidence of how these autoantibodies affect NMDAR signaling and
potentially lead to a clinical phenotype. Finally, we will discuss on-going and future efforts
that are needed to move this critical field forward.

NMDA receptor-mediated signaling

The impact of NMDARs on brain function depends on three general considerations: (i)

a charge transfer and Ca%*-mediated signaling that arises from the glutamate-induced
opening of the associated ion channel (Figure 1)(Traynelis et al., 2010, Paoletti et al.,
2013, Wollmuth, 2018); (ii) a metabotropic pathway that signals independently of ion
channel opening (Nabavi et al., 2013, Valbuena and Lerma, 2016, Rajani et al., 2020); and
(iii) NMDAR cell biology, which encompasses subunit composition and post-translational
modifications as well as the number and distribution of NMDARSs on the membrane (Paoletti
etal., 2013, Lussier et al., 2015, Groc and Choquet, 2020). At present, there are no studies
addressing any action of anti-NMDAR autoantibodies on NMDAR-mediated metabotropic
signaling, and we will not discuss it further here. Still, this lack of information highlights a
significant knowledge gap in understanding the pathophysiology of these autoantibodies.

The predominant postsynaptic glutamate-gated ion channels or ionotropic glutamate
receptors (iGIuRs) are AMPA (AMPAR) and NMDA (NMDAR) receptors (Figure 1A)
(Bekkers and Stevens, 1989). AMPARs primarily mediate the depolarizing actions of
synaptically-released glutamate (Traynelis et al., 2010, Huganir and Nicoll, 2013). On
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the other hand, NMDARSs provide a more nuanced signaling capacity to neurons with
opening of its ion channel affecting membrane depolarization as well as inducing Ca2*-
dependent signaling (Figure 1B). This NMDAR-mediated charge injection and Ca2* influx
is fundamental to the physiology and pathophysiology of neurons affecting local events
such synapse structure and strength of signaling (Herring and Nicoll, 2016) as well as
distal events like membrane excitability (Stuart and Spruston, 2015) and gene expression
(Tamminga and Zukin, 2015). NMDAR-mediated Ca?* influx is also associated with
excitotoxicity, a major form a cell death in the brain (Choi, 2020).

NMDARSs are obligate heterotetramers composed of two GIuN1 subunits, which are paired
with varied combinations of GIuN2(A-D) (Figure 1B) or GIuUN3(A,B) subunits. Alternative
spicing of the GIuN1 subunit and different association with GIuN2 subunits impart distinct
functional properties to the channel and foster different protein interactions through their
intracellular domains (Paoletti et al., 2013, Hansen et al., 2018, Hardingham, 2019, Vieira et
al., 2020). The most prominent GIUN2 subunits in the brain are GIUN2A and GIuN2B.

NMDARs are distributed at synaptic sites, across from presynaptic active zones (Figure
1A), as well as at extrasynaptic sites (Parsons and Raymond, 2014, Papouin and Oliet,
2014, Zhou et al., 2015). In addition to subunit composition, key considerations in terms
of signaling at synapses are the number of postsynaptic NMDARSs and their distribution
relative to release sites, which is controlled by both postsynaptic (e.g., PSD-95) as well

as transsynaptic interactions (Sheng and Hoogenraad, 2007, Tang et al., 2016, Goncalves
et al., 2020). There is a dynamic and regulated exchange of NMDARs between synaptic
and extrasynaptic pools (Figure 2) (Tovar and Westbrook, 2002, Groc et al., 2004, Hiester
et al., 2018, Groc and Choquet, 2020, McQuate and Barria, 2020). While extrasynaptic
NMDARSs can themselves play physiological roles in signaling, this function is distinct

to that for synaptic receptors (Papouin et al., 2012), and both synaptic and extrasynaptic
NMDARs are important mediators of excitotoxicity in neurons in response to acute injury
(Wroge et al., 2012, Zhou et al., 2013). The different roles of synaptic and extrasynaptic
NMDARs also depend on the subunit composition which greatly influence the receptor
biophysics (Paoletti et al., 2013, Vieira et al., 2020), surface dynamics (Groc et al., 2006),
and nanoscale organization in synapses (Kellermayer et al., 2018). The distinction between
synaptic and extrasynaptic NMDAR to the pathology of anti-NMDAR autoantibodies is an
important consideration given the functional and cell biological distinction between these
pools as well as that the size of antibodies, which might in certain instances restrict access to
receptors.

Challenges of studying brain reactive autoantibodies

A variety of nervous system disorders are associated with antibodies that target self-
antigens present in the nervous system including ion channels. The most well-known and
perhaps best-defined example is myasthenia gravis where autoantibodies target the nicotinic
acetylcholine receptor as well as associated proteins at the neuromuscular junction to disrupt
muscle strength (Gilhus et al., 2019). However, there are many examples of autoimmune
channelopathies, including for GABA receptors (Pruss and Kirmse, 2018), voltage-gated
K* channels (van Sonderen et al., 2017), and aquaporin (Soltys et al., 2019).
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Glutamate receptor autoantibodies are detectable in several neurological conditions, with
strong evidence for contribution to disease pathology in a few cases (Levite, 2014, Dalmau
etal., 2017, Pleasure, 2008, Tay et al., 2017). Autoantibodies against iGIuRs, including
AMPAR and NMDAR, have been discovered in patients with autoimmune encephalitis

and paraneoplastic syndromes. The first identified anti-iGIuR autoantibody was associated
with Rasmussen’s encephalitis, where the antibody epitope was on the AMPAR GIuA3
(historically, GIUR3) (Rogers et al., 1994). Since then, numerous antibodies targeting iGIUR
have been discovered, along with putative mechanisms of action at synapses that presumably
contribute to the disease phenotype (Table 1; Figure 2).

There are enormous challenges in relating the presence of autoantibodies to any disease
progression. Autoantibodies can be found in healthy patients and may be a natural immune
response and/or a progression of aging (Pan et al., 2019). This is particularly acute for
NMDARs that show a wide distribution not only in neuronal tissue but also non-neuronal
tissue including B and T cells (Ehrenreich, 2018, Leboyer et al., 2016). Additional
complication include that isolated antibodies are often polyclonal and polyspecific, targeting
multiple epitopes on ion channels as well as associated proteins. Furthermore, while
autoantibodies can show correlations to a disease phenotype, it is often not clear whether
the autoantibodies cause the disease or whether they only shape some symptom or some
behavioral phenotype. Indeed, anti-NMDAR autoantibodies may be just one of several risk
factors for clinical phenotypes and could clearly work across different diseases. Finally, the
current methods that are used to detect autoantibodies have rather low sensitivity and high
variability and are non-standardized, which constitute a major issue in comparing studies
from different laboratories.

A variety of anti-GIuN1 and anti-GIuN2 autoantibodies have been reported in patients

with diseases ranging from stroke to autism spectrum disorders, but with no known
pathophysiological mechanisms (Hammer et al., 2014, Zerche et al., 2015, Steiner et al.,
2014, Bokesch et al., 2006). Here, we will focus on those NMDAR-directed autoantibodies
that have been well characterized. Perhaps the best characterized anti-iGIuR autoantibodies
are those targeting GIuN1 found in anti-NMDA receptor encephalitis (Dalmau et al., 2007)
and those targeting GIUN2A and GIuN2B in lupus (Diamond et al., 2009).

Anti-NMDA receptor encephalitis

Anti-NMDAR encephalitis is characterized by a prodromal flu-like malaise, followed by
acute psychosis, paranoia, seizures, cognitive dysfunction, memory loss, and/or catatonia.
The disease often affects women and may arise from ovarian teratomas that express
NMDARs, exposing these receptors to the immune system in such a way as to induce
formation of autoantibodies (Tuzun et al., 2009, Titulaer et al., 2013). Germline anti-GIuN1
antibody-producing B cells and plasma cells that have escaped tolerance checkpoints may
also be another cause (Irani et al., 2010, Kreye et al., 2016, Wenke et al., 2019). For some
patients, anti-NMDAR encephalitis may also develop as a sequelae of herpes simplex virus
(HSV) encephalitis or Toxoplasma gondii infection, but the mechanism is unclear (Pruss et
al., 2012, Hacohen et al., 2014, Kannan et al., 2017).
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Anti-GIluN1 autoantibodies have at least one epitope near the hinge region of the bilobed
ATD in GIuN1, with critical residues at Asn368 and Gly369 (Kreye et al., 2016, Gleichman
et al., 2012). The literature is ambiguous about direct effects of these autoantibodies

on NMDAR ion channel function, with some showing no effect while others show a
decrease or increase in channel function (Moscato et al., 2014, Castillo-Gomez et al.,

2017, Gleichman et al., 2012, Mikasova et al., 2012). The primary disease mechanism

is thought to involve impairment in trafficking and internalization of NMDAR (Figure

2). Anti-GIuN1 antibody has been shown to decrease synaptic content of NMDARSs,

leading to a chronic decrease in EPSCs and LTP in the hippocampus after long periods

of exposure to the antibody (Moscato et al., 2014, Mikasova et al., 2012, Planaguma

et al., 2016). This decrease in synaptic NMDAR content is mediated by the antibody
disrupting the interaction between NMDARS and transsynaptic anchoring proteins, such

as the EphrinB2 receptor, altering NMDAR surface diffusion dynamics and mediating
NMDAR internalization (Figure 2, 3)(Kreye et al., 2016, Hughes et al., 2010, Moscato et
al., 2014, Ladepeche et al., 2018, Planaguma et al., 2015, Mikasova et al., 2012, Planaguma
et al., 2016). Indeed, in basal condition, surface NMDAR diffuse along dendrite and get
anchored within postsynaptic densities through protein-protein interaction. In presence of
certain anti-GluN1 autoantibodies, NMDAR are not efficiently retained within postsynaptic
areas and become cross-linked in the extrasynaptic compartment (Figure 3). Passive transfer
of anti-GluN1 autoantibodies onto murine models have caused behavioral deficits and
memory impairment (Planaguma et al., 2015), and in other instances epilepsy without
memory deficits (Taraschenko et al., 2019), highlighting the variability of phenotypes.
Anti-GIluN1 antibodies do not appear to cause apoptosis, promote complement deposition, or
increase brain lymphocytic infiltrates, suggesting that most of the pathophysiological effects
observed stem from antibody-mediated NMDAR hypofunction (Planaguma et al., 2015).

Anti-GIluN1 autoantibodies are also implicated in spontaneous acute psychosis/
schizophrenia cases, which share some clinical features to those found in anti-NMDAR
encephalitis (Jezequel et al., 2017, Lennox et al., 2017). The antibodies associated with

the development of psychosis decrease synaptic NMDAR content, disrupt EphrinB2 and
dopamine receptor interactions, and lead to decreases in hippocampal LTP. The anti-GluN1
autoantibodies associated with psychosis/schizophrenia do not compete with anti-NMDAR
encephalitis antibodies, and they do not appear to bind to the same Asn368/Gly369 motif

in the ATD (Castillo-Gomez et al., 2017, Jezequel et al., 2017). Interestingly, a few

healthy controls in the psychosis studies also express anti-GluN1 autoantibodies that do

not compete with patients’ autoantibodies and do not decrease synaptic NMDAR content
(Jezequel et al., 2017, Jezequel et al., 2018). Furthermore, anti-GluN1 autoantibodies

found in the circulation of patients with autism spectrum disorder, without psychosis,

do not alter NMDAR surface dynamics (Grea et al., 2017). As all of the antibodies

were isotype-controlled (i.e., all IgG), this would suggest that there may be intrinsic
differences in the sample concentration, specific epitope, and/or avidity of the anti-GluN1
autoantibodies. It remains unclear whether anti-GluN1 autoantibodies isolated from patients
with anti-NMDAR encephalitis, psychosis or healthy controls demonstrated similar capacity
to internalize NMDARs and decrease NMDAR-mediated currents (Castillo-Gomez et al.,
2017, Jezequel et al., 2017). Recent studies have suggested that clonal variations in anti-
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GIuN1 autoantibodies could account for intrinsic differences in avidity for the NMDAR
(Kreye et al., 2016, Ly et al., 2018). A similar titer of anti-GIuN1 antibodies from one
patient that elicits a clinical phenotype may not necessarily evoke a similar response in
others, contributing to the variation in clinical presentation. Thus, the heterogeneity of
anti-GIluN1 antibodies found in patients with different neuropsychiatric conditions or healthy
donors is likely to produce different molecular and cellular defects. (e.g. altered NMDAR
surface dynamics; Figure 3).

Anti-NMDAR encephalitis patients benefit from immunoglobulin-depleting treatments
including plasmapheresis and intravenous immunoglobulin (IVIG) (Titulaer et al., 2013).
Second-line drugs that specifically target B cells also appear to eliminate symptoms

for patients that are refractory to steroids and first-line immunosuppressants. Given that
NMDAR hypofunction is implicated as a mechanistic feature of disease, the use of positive
allosteric modulators (PAMSs) has been explored in experimental anti-NMDAR encephalitis
models with some recovery of synaptic function (Warikoo et al., 2018, Mannara et al.,
2020). The development of new therapeutical strategies to directly control the receptor
trafficking, and not the ionotropic function, will be of great interest as the removal

of anti-GluN1 antibodies by immunotherapies is rather slow and as a low-titer of anti-
GIuN1 antibodies is suspected in patients following recovery or in purely psychiatric
conditions. Thus, the investigation into anti-GIuN1 autoantibody pathophysiology has
guided exploration of treatment strategies with potential therapeutic benefit.

Anti-NMDA receptor autoantibodies in systemic lupus erythematosus

Systemic lupus erythematosus (SLE) or lupus is an autoimmune disease that
disproportionally affects women and minorities (Reveille et al., 1998, Maningding et al.,
2019). Lupus patients experience a highly diverse array of symptoms, including renal,
cutaneous, neurologic and psychiatric dysfunctions. Nervous system-related manifestations
can be classified as neuropsychiatric lupus (NPSLE) (Schwartz et al., 2019). Patients also
experience subtle cognitive dysfunction such as spatial memory deficits that do not fall
under the strict standardized ‘case definitions” for NPSLE by the American College of
Rheumatology (Rayes et al., 2018, Hanly et al., 2019, Kello et al., 2019).

Anti-NMDAR autoantibodies were first described in CSF samples from a SLE patient with
declining cognitive function (DeGiorgio et al., 2001). These antibodies were originally
identified as binding double-stranded DNA (dsDNA), with anti-dsDNA antibodies a
hallmark of SLE (Tsokos, 2011), and recognized a short peptide epitope, the “DWEYS”
motif. This pentapeptide consensus sequence is also found in the hinge region of the ATD
in the GIUN2A and GIuN2B subunits, where it is DWDY'S in GIuN2A and EWDYG in
GIuN2B. (Tsokos, 2011)Given that these antibodies bound anti-dSDNA and NMDARs, they
were later designated as “DNRAbs” (DNA and NMDAR-reactive antibodies) to distinguish
them from other anti-GIuN2 autoantibodies in SLE (Husebye et al., 2005, Chang et al.,
2015, Nestor et al., 2018, Tay et al., 2017). DNRAbs promote cell death through enhancing
NMDAR activity (DeGiorgio et al., 2001, Faust et al., 2010, Gono et al., 2011, Chan et al.,
2020).
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Anti-GluN2 antibodies associated with SLE were discovered before anti-NMDAR
encephalitis antibodies (Omdal et al., 2005, Husebye et al., 2005, DeGiorgio et al., 2001).
DNRADs are expressed by 30-40% of lupus patients (Tay et al., 2017). Because nervous
system assessments are not standardized in lupus, the prevalence of brain dysfunction varies
between 20-90%, depending on the test employed (Hanly et al., 2010, Unterman et al., 2011,
Borowoy et al., 2012, Schwartz et al., 2019). Still, anti-NMDAR autoantibodies have been
significantly correlated with numerous brain dysfunctions, including spatial memory deficits
(Chang et al., 2015, Mackay et al., 2019), acute confusion (Hirohata et al., 2014b), cognitive
fatigue (Schwarting et al., 2019), and seizure disorders (Yang et al., 2017).

There have been discrepancies regarding serum samples from SLE patients, with serum
samples often showing no significant correlation between anti-GIuN2 antibodies and
neuropsychiatric disease in SLE (Hanly et al., 2006, Harrison et al., 2006, Petri et al.,
2010). However, CSF samples from SLE patients do demonstrate a correlation between
anti-GIluN2 antibodies and neuropsychiatric disease (Arinuma et al., 2008, Fragoso-Loyo et
al., 2008, Hirohata et al., 2014a, Lauvsnes et al., 2014), suggesting that the status of the
blood brain barrier (or blood-CSF barrier) may be important for determining whether the
pathogenic anti-GluN2 antibodies can affect the brain. SLE patients with neuropsychiatric
disease also benefit from immunoglobulin depletion and B-cell targeting drugs but the exact
mechanism is unclear since SLE is a multifactorial and complex disease with many other
autoantibodies and systemic inflammatory processes occurring beyond that of anti-GIuN2
antibodies (Milstone et al., 2005, Lim et al., 2010).

Effect of DNRADbs in experimental models.

Because of the well-defined epitope in the GIuN2 subunits (DWEY'S), a variety of
approaches have been employed to study the mechanism of anti-GIuN2 autoantibodies

in causing symptoms. The first study of DNRAbs employed passive transfer of human
SLE antibodies from CSF into mice and onto primary neuronal cultures (DeGiorgio et al.,
2001). These DNRADbs were isolated from patient CSF using affinity chromatography with
a DWEY S-peptide conjugated column. DNRADbs caused neuronal apoptosis, but neurons
were protected when antibodies were applied with the high-affinity NMDAR channel
blocker MK-801. DNRADbs eluted from postmortem brains of SLE patients with cognitive
impairment also caused neuronal apoptosis in the hippocampal CAL1 region (Kowal et al.,
2006).

Mouse models that endogenously generate DNRAbs were created by immunizing with

the DWEY'S peptide, and then administering lipopolysaccharide (LPS) to induce systemic
inflammation and permeabilize the blood brain barrier (Figure 4)(Chang et al., 2015, Kowal
et al., 2004). Without LPS, mice with circulating DNRAbs (DNRAb+) do not evidence
hippocampal cell death. In contrast, following LPS treatment, DNRAb+ mice display
reduced neuronal numbers in the hippocampal CA1 region along with increased apoptotic
cells (Kowal et al., 2006). If epinephrine is used in place of LPS to induce BBB breakdown,
the amygdala becomes the central target of DNRADs; it is not clear why epinephrine and
LPS differentially localize DNRADbs to different parts of the brain (Huerta et al., 2006).
What is clear is that in SLE patients, there are microstructural defects in the hippocampus
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of patients with cognitive dysfunction and neuropsychiatric symptoms (Appenzeller et al.,
2006, Lauvsnes et al., 2014, Mackay et al., 2019). Thus, DWEY'S immunization followed by
LPS treatment is a mouse model used to further study the role of DNRADbs in hippocampal
and cognitive dysfunction in SLE. Interestingly, the B6.Nba2 SLE-prone mouse model
develops autoantibodies that are reactive to DWEY'S, which may be used to elucidate the
role of anti-GIuN2 antibodies in a SLE-prone milieu (Browne et al., 2021). The availability
of monoclonal DNRAbs developed from SLE patients has circumvented the issue of
limited patient antibody samples to significantly enable such mechanistic studies (Zhang

et al., 2009). Indeed, the availability of monoclonal antibodies offers numerous advantages
including being able to define concentrations and exclude the effects from other antibodies
and other molecules commonly found in human bodily fluids.

The murine LPS/DNRAb+ models as well as DNRAb monoclonal antibodies have provided
insights into the mechanisms and functional effects of DNRAbs. The CSF concentrations of
DNRADs in a cohort of SLE patients with neuropsychiatric dysfunction was approximately
30 — 180 pg/mL (median: ~70 pg/mL) (Faust et al., 2010). G11 is a monoclonal antibody
derived from a lupus patient that specifically binds to GIUN2A- or GIuN2B-containing
NMDARs. At clinically relevant concentrations, G11 acutely increased NMDAR field
EPSPs and caused NMDAR-dependent cell death in the hippocampus, which could be
prevented by NMDAR antagonists (Faust et al., 2010). Using the LPS/DNRAb+ model,
chronic changes in the brain were observed including decreased hippocampal dendritic
complexity, decreased object-place memory discrimination, and hippocampal place field
expansion (Chang et al., 2015). DNRADbs require complement immune response (C1q
deposition) to mediate these chronic changes, but not for inducing acute neuronal cell death
(Nestor et al., 2018).

Notably, by testing G11 directly against NMDAR subunits expressed heterologously, G11
was found to act as a positive allosteric modulator (PAM) at NMDARS, enhancing the
gating action of glutamate, and that this effect is nearly 100-fold more efficacious at
GIuN2A-containing receptors than at those only containing GIuN2B subunit (Chan et al.,
2020). This allostery occurs through the DWEY'S motif, requires only a single GIuUN2A
subunit to induce its full effect, and leads to NMDAR-mediated cell death since it is blocked
by GluN2A-specific antagonists. Indeed, in the murine model, the deficits associated with
DNRADbs were blocked in GIUN2A, but not GIuUN2B —/- mice, indicating that most of

the pathology /in vivois associated with the GIUN2A subunit (Figure 4)(Chan et al.,

2020). While the basis for this positive allostery remains unknown, it may act in part by
counteracting the negative allostery induced by Zn%* in GIuN2A-containing subunits (Figure
5).

Future challenges

Despite considerable advances in terms of describing anti-iGIuR autoantibodies and
identifying potential disease pathways (Table 1; Figure 2), we still lack an understanding
of how these classes of autoantibodies lead to their clinical phenotype. In addition, and

as noted above, there remains uncertainty as our capacity to detect known, and obviously
unknown, autoantibodies and how they contribute to disease progression. This is especially
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true when considering the diversity of clinical phenotypes associated within any one class.
We discuss below several key issues for future considerations.

Clonal variations.

While it is easy to classify anti-NMDAR autoantibodies into simple categories, anti-
NMDAR encephalitis or DNRAbs, this classification ignores the inherit diversity of
antibodies arising from clonal variation, which are small variations in the complementarity
determining regions.

In SLE patients, the clinical manifestation of brain dysfunction expressing DNRADs is
diverse (Tay et al., 2017, Schwartz et al., 2019). This diversity presumably has many origins
— extent of break-down of the blood-brain barrier and production of brain reactive antibodies
(BRA) in addition to DNRADbs (Kivity et al., 2015, Schwartz et al., 2019). Nevertheless, a
key feature may be that diverse DNRAbs from different patients, while identified by their
DWEYS binding (DeGiorgio et al., 2001, Kowal et al., 2006, Tay et al., 2017), show clonal
variation — that is they have small variations in the complementarity determining regions

of IgGy — which in turn lead to variations in the magnitude of their functional effects.
Clonal variation is common (Dalmau et al., 2017), and DNRAbs from different patients
show differential patterns of binding to kidney and brain antigens (Zhang et al., 2009) and
differences in affinity for dsSDNA and pathogenicity (Katz et al., 1994). Still, how diverse
DNRADbs affect NMDAR-mediated signaling and hence brain dysfunction is completely
unknown. The issue of clonal variations also occurs in anti-GluN1 autoantibodies and could
account for intrinsic differences in avidity for the NMDAR (Kreye et al., 2016, Ly et

al., 2018). Refining the view of clonal variation and how this diversity impacts synaptic
function will provide a foundation for personalized medicine for patients with anti-iGIuR
autoantibodies. Notable in this regard is the development of monoclonal antibodies for
different variants, which would allow more precise quantification of differences in action.

Circuit functions.

One of the great challenges is that anti-NMDAR autoantibodies are often studied in isolation
typically on pyramidal neurons (Hunter et al., 2021). Yet, interneurons are likely to be
involved into the disease mechanisms of anti-NMDAR autoantibodies action, both into the
psychiatric presentation and seizures. Recent investigations have suggested that NMDAR
hypofunction, specifically on fast-spiking interneuron populations, may be a key driver

of psychosis phenotypes. In the presence of anti-GIuN antibodies, one may speculate

that antibody-induced receptor hypofunction on interneurons is a key mechanism for the
generation of psychotic symptoms and seizures (Hunter et al., 2021). A key question

will then be to precisely define how a given anti-GIuN antibody target and act on

NMDAR located at the surface of principal cells and interneurons (as well as non-neuronal
cells). NMDAR subunit composition, the functional role of synaptic and extrasynaptic
NMDARs, the accessibility of antibodies to the receptor (i.e., interneurons are surrounded
by perineuronal net) is different between interneurons and principal cells and may thus
constitute the basis for the differential impact of anti-GIuN antibodies onto these cell
populations. In addition, NMDARs are present on glial cells, including astrocytic processes
and endothelial cells and these may also constitute an additional cellular target that will have
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profound network effects. Finally, the NMDAR is expressed throughout the whole nervous
system with striking difference in its subunit compaosition, developmental expression and
synaptic content (Paoletti et al., 2013). It is possible that anti-GIuN antibodies differentially
affect NMDAR functions in various brain areas across life. Decrypting, for instance, the
mechanism through which certain anti-GIuN antibodies mainly target limbic NMDAR will
be of prime interest.

Transitions from acute to long-term effects.

Neurons are exposed to anti-NMDAR autoantibodies typically only transiently and

have acute effects on NMDAR-mediated signaling, either hypofunction (anti-NMDAR
encephalitis) or hyperfunction (DNRADbs), but mechanisms regulating the transition from
acute to long-term outcomes remain poorly defined. This information is critical to devise
treatments for patients at different pathological stages.

As an example of potential complexity let’s consider anti-GluN2 autoantibodies in SLE.
Transient exposure of the hippocampus to DNRADbs in SLE leads to enhanced cell death

but surviving neurons undergo microglia-dependent dendritic pruning and a presumed
associated decrease in spatial memory (Figure 4). The complement factor C1q is required for
DNRAb-mediated microglia recruitment to prune dendrites and reduce dendritic complexity
(Nestor et al., 2018). DNRAb-mediated enhancement of NMDAR activity may release

high mobility group box 1 (HMGB1), which is often released under conditions of cellular
stress, and HMGB1 may recruit C1q to dendrites (Son et al., 2016, Nestor et al., 2018).
However, HMGBL1 preferentially interacts with GIUN2B (Pedrazzi et al., 2012), yet GIuN2B
is not required for DNRAb-mediated microglia activation and dendritic pruning, which is
solely GIuN2A-dependent (Figure 4) (Chan et al., 2020). So how does C1q get recruited to
dendrites? One possibility is that anti-GluN2 autoantibodies, in addition to acting as positive
allosteric modulators, may cross-link NMDARs with the proximity of the Ab-antigen
complexes enhancing C1q recruitment, as occurs for anti-aquaporin 4 autoantibodies in
neuromyelitis optica (Soltys et al., 2019).

A related issue is the significance of anti-NMDAR-induced hypofunction or hyperfunction
on gene expression. NMDARs signaling regulates gene expression (Chen et al., 2007,
Tamminga and Zukin, 2015) including their own expression (Snyder and Gao, 2020)

with the specific action often depending on whether the receptors are synaptic or
extrasynaptic (Vanhoutte and Bading, 2003). The altered signaling induced by anti-
NMDAR autoantibodies, whether occurring at synaptic or at extrasynaptic sites (Figure 2),
presumably would have long-term consequences on gene expression, which might change
the whole profile of the affected cell. Nevertheless, the long-term consequences of transient
anti-NMDAR autoantibody exposure on neurons and glia remain unknown and unexplored.

Conclusion

Overall, it emerges that anti-GIuN autoantibodies impact the NMDAR signaling through
different ways: pushing them away from synapse and cross-linking them in the extrasynaptic
compartment and modulating their ionotropic transmission. Yet, our understanding of the
mechanism of action of these antibodies is still in its infancy. Defining the molecular,
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cellular, and network effects of the antibodies will certainly shed new and unprecedented
lights on the basis of neuropsychiatric and neurological disorders. Translational efforts,
combining in-depth multiscale investigations and clinical characterization, should thus be
strongly encouraged.
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Figure 1. NMDA receptor (NMDAR) signaling.
(A) Features of glutamatergic synapses. Vesicular release of glutamate (black dots) is

triggered by Ca2* influx through voltage-gated calcium channels (VGCCs) at the active
zone. Glutamate, along with glycine or D-serine (gray dots), activate AMPAR and NMDAR
on the postsynaptic membrane. AMPAR are anchored at the postsynaptic density by PSD-95
via auxiliary subunits (gray rectangle). NMDARs are clustered at the PSD by a direct
interaction with PSD-95 (Kornau et al., 1995).

(B) Left, NMDAR topology. GIuN1 is teal; GIuN2 is gray. The tetrameric complex is
composed of four highly modular domains: the extracellularly located amino-terminal
(ATD) and ligand-binding (LBD) domains; the membrane-spanning transmembrane domain
(TMD) forming the ion channel; and the intracellular C-terminal domain (CTD), which is
not resolved in any iGIuR structures. Model structure of GIUN1/GIuN2B (4TLM) (Amin et
al., 2017, Amin et al., 2018).

(B) Right, In addition to charge transfer, NMDAR mediate a Ca2* component of excitatory
neurotransmission. The clam-shell like LBD and ATD regulate ion channel activity. Glycine
(GluN1) and glutamate (GIuN2) binding to the LBD, which induces clam-shell closure,
directly leads to ion channel opening (Armstrong and Gouaux, 2000, Kazi et al., 2014);
clam-shell closure of the ATD by agents like Zn%* act as a negative allosteric modulator
(Romero-Hernandez et al., 2016).
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Figure 2. Putative mechanisms of anti-NMDAR autoantibodies on NMDAR signaling.
AMPAR (gray) and NMDARSs (teal/gray) are usually trafficked extrasynaptically and diffuse

through the surface membrane to the synaptic space where they are anchored by synaptic
anchoring proteins.

(1) Anti-GluN1 antibody disrupts interactions with synaptic anchoring proteins such as
EphrinB2R, which may drive it out of the synaptic space by diffusion (3).

(2) Increased ion channel function by anti-GluN2 antibodies from SLE, presumably leading
to excitotoxicity. Anti-GIuN2 antibodies require glutamate to drive increases in NMDAR
currents and hence may occur strongly only at synapses.

(4) Increased endocytosis and diffusion out of the synapse by anti-GluN1 antibodies for
NMDARs. A similar internalization with anti-GluN2 antibodies from SLE also presumably
occurs but this is unknown.

(5) Extrasynaptic signaling by anti-NMDAR autoantibodies for either liganded or
unliganded receptors or for cross-linked receptors remains unknown.
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Figure 3. Heterogeneity of the effects of anti-GIuN1 antibodies’ effects on surface NMDAR.
(A) Schematic trace of a single membrane NMDAR diffusing at the surface of a

hippocampal neuron. When NMDAR enter into a glutamatergic synapse it can be trapped in
nanodomains through interactions with, for instance, intracellular PDZ and/or transsynaptic
scaffolds. The receptor can be tracked using a single NP (green disk) coupled to the receptor
by a linker.

(B) Schematic representation of the effect of different anti-GIuN1 antibodies on the surface
dynamics of NMDAR. In the presence of anti-GIuN1 antibodies from AE/Psy+ patients,
NMDAR are poorly stabilized within synapses and are cross-linked by the antibodies

at extrasynaptic locations. These effects were not observed in presence of anti-GIuN1
antibodies from healthy individuals or ASD+ patients. The effect of anti-GluN2 antibodies
on membrane NMDAR trafficking remains unknown. Abbreviations: NP, nanoparticle (e.g.
Quantum Dot); AE, autoimmune encephalitis; Psy+, seropositive patients diagnosed with
psychosis; ASD+, seropositive patients diagnosed with Autism Spectrum Disorder (ASD).
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Figure 4. Two phases of DNRAb-induced pathology in a mouse model.
(A) At time 0, mice are inoculated either with the DWEY'S decapeptide, which is a

mimetope of dSDNA, multimerized on a polylysine backbone (MAP-DWEY'S) or with
the backbone alone (MAP). Immunization of wildtype mice with MAP-DWEY'S induces
production of DNRAbs (DNRADb+ mice) whereas MAP alone (control) does not (Putterman
and Diamond, 1998).

(B) Two weeks later, mice are given lipopolysaccharide (LPS) to allow transient access of
antibodies (Ab) to the hippocampus (Kowal et al., 2004, Nestor et al., 2018).

(C) One week after LPS, DNRADbs are still present in the hippocampus (acute phase)
(Kowal et al., 2004, Chang et al., 2015) and CA1 pyramidal neurons show enhanced

cell death (Kowal et al., 2004, Faust et al., 2010), due to GIuN2A-mediated NMDAR
excitotoxicity (Chan et al., 2020).

(D) Two weeks post-LPS, DNRAD levels are not detectable (chronic phase) (Chang et
al., 2015). Eight weeks post LPS, mice show microglia activation, reduced CA1 dendritic
complexity, reduced spatial memory and expanded place fields (Kowal et al., 2004, Chang
et al., 2015, Nestor et al., 2018), with all effects GIuN2A-dependent (Chan et al., 2020).
Microglia activation is dependent on recruitment of C1q (Nestor et al., 2018).
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Figure 5. Possible mechanism of positive allostery of DNRAbs on GIuN2A-containing NMDARs.
(A) Individual domains within a GIuUN2A subunit. DWEYS is a mimetope of dsDNA and is

the major binding site for DNRAbs. Model structure of 4TLM (Amin et al., 2017).

(B) Zn?* acts as a negative allosteric modulator of GIUN2A-containing NMDARs by
inducing clam-shell closure of the ATD. The DWEY'S motif is at the hinge of the ATD
clam-shell and DNRADb binding may potentiate currents by forcing open the clam-shell.
Synaptic currents recorded from a CA1 pyramidal neuron with Schaffer collateral
stimulation. Currents recorded at =70 mV in a solution containing no added Mg2* (LPW,
unpublished data).
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Table 1.

Anti-iGIuR autoantibodies with pathophysiological mechanisms

iGIuR
Disease subunit Pathophysiological mechanisms
epitope
Anti-NMDAR GluN1 Decreases in synaptic density of NMDARSs through impaired surface diffusion and internalization
encephalitis (Hughes et al., 2010, Moscato et al., 2014, Planaguma et al., 2015, Kreye et al., 2016, Castillo-Gomez et
al., 2017, Ladepeche et al., 2018).
Displacement from EphrinB2R that normally stabilizes NMDARs in the synapse (Mikasova et al., 2012,
Planaguma et al., 2015).No acute changes in NMDAR-mediated currents (Moscato et al., 2014) (but see
(Castillo-Gomez et al., 2017)).
Chronic decreases in NMDAR-mediated currents (Hughes et al., 2010, Moscato et al., 2014, Kreye et al.,
2016).
Decreases in synaptic plasticity (Mikasova et al., 2012, Planaguma et al., 2015).
Behavior and memory deficits (Planaguma et al., 2015).
Acute psychosis/ GluN1 Disruption in EphrinB2R interactions
schizophrenia Decrease in synaptic density of NMDARs through impaired surface diffusion
Decrease in synaptic plasticity (Jezequel et al., 2017)
Systemic lupus GIuN2A/N NMDAR-dependent excitotoxicity (DeGiorgio et al., 2001, Kowal et al., 2004, Kowal et al., 2006, Faust
erythematosus 2B etal., 2010, Gono et al., 2011, Kapadia et al., 2017).

Acute changes in NMDAR-mediated currents (Faust et al., 2010, Gono et al., 2011, Kapadia et al., 2017).
Behavior and memory deficits (Chang et al., 2015, Kapadia et al., 2017, Nestor et al., 2018).

Recruitment of microglia (Nestor et al., 2018)

Primarily acts via GIuUN2A (Chan et al., 2020)

Neuropharmacology. Author manuscript; available in PMC 2021 December 22.




	Abstract
	Introduction
	NMDA receptor-mediated signaling
	Challenges of studying brain reactive autoantibodies
	Anti-NMDA receptor encephalitis
	Anti-NMDA receptor autoantibodies in systemic lupus erythematosus
	Effect of DNRAbs in experimental models.

	Future challenges
	Clonal variations.
	Circuit functions.
	Transitions from acute to long-term effects.

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

