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The anti-NMDAR1 antibodies and IL-17 signaling pathway

shape NMDAR encephalitis
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Anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis (NMDARE) is a devastating autoimmune disease associated with the
presence of autoantibodies targeting NMDART in the cerebrospinal fluid (CSF) and serum of patients. Besides the critical roles of
anti-NMDAR1 autoantibodies, studies have implicated other factors such as brain inflammation in NMDARE. To comprehensively
uncover the molecular mechanisms underlying NMDARE, here we performed multi-omics analyses based on human forebrain
organoids (hFOs). The transcriptomic and metabolomic analyses showed that hFOs exposed to either monoclonal anti-NMDAR1 IgG
antibodies or purified patient CSF-derived IgG antibodies alone led to NMDAR hypofunction that caused a reduction of glutamate
content and neuroactivities. Interestingly, hFOs exposed to either patient CSF or IgG-depleted patient CSF led to neuronal
hyperexcitability rather than hypo neuroactivities. The following proteomic analysis and electrophysiological assays identified that
the activated interleukin (IL)-17 signaling pathway in patient CSF accounted for the neuronal hyperexcitability. Neutralizing IL-17
alleviated the neuronal hyperexcitability in hFOs and seizure-like behaviors in mice exposed to CSF from NMDARE patients.
Together, this study indicated that the anti-NMDAR1 antibodies and IL-17 signaling pathway shape NMDARE. Inactivating the IL-17
signaling pathway could be a potential therapeutic strategy for NMDARE treatment.
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INTRODUCTION

Anti-N-methyl-D-aspartate  receptor (NMDAR) encephalitis
(NMDARE) is an autoimmune disease characterized by the
presence of autoantibodies targeting the NR1 subunit of NMDAR
(NMDAR1) [1]. NMDARE shows complex and diverse clinical
features, commonly including psychiatric symptoms, epileptic
seizures, cognitive decline, and behavioral abnormalities [2-4].
Despite an increasing number of studies have emerged since its
discovery in 2007 [1], the pathogenesis of NMDARE is not fully
understood.

NMDARE is closely associated with the presence of autoreactive
antibodies against NMIDAR1 in the cerebrospinal fluid (CSF) and
serum of patients [5]. Both in vitro and in vivo studies have shown
that patient-derived anti-NMDAR1 antibodies (N\MDAR1-Ab) lead
to internalization and reduction of cell surface NMDART1, resulting
in NMDAR hypofunction such as decreased NMDAR-mediated
synaptic currents [6-8]. Since NMDAR plays important roles in
glutamatergic synaptic transmission, learning, and behavior [9],
NMDAR hypofunction is thought to account for the psychiatric
and behavioral symptoms in NMDARE. Though these core clinical
features of NMDARE could be explained by NMDAR hypofunction
[10-12], some clinical manifestations such as epileptic seizures are

not well explained by NMDAR hypofunction. Though several
studies reported that NMDAR1-Ab alone could lead to seizures
[13-16], other studies showed that antibodies targeting NMDAR1
caused hypo neuroactivities rather than seizures [6-8, 12, 17].
Whether NMDAR1-Ab themselves cause all NMDARE symptoms
including seizures needs further validation.

In addition to NMDART1-Ab, brain inflammation may also play
important roles in NMDARE'®. Studies showed that molecules
including cytokines and chemokines related to brain-blood-barrier
damage and brain inflammation were significantly elevated in CSF
of NMDARE patients [18-23]. Some studies proposed that both
NMDART1-Ab and brain inflammation contribute to the NMDARE
phenotypes [24-26]. These studies provided new disease insights,
but more evidence is needed to deepen our understanding of
NMDARE.

Our current understanding of the molecular mechanisms of
NMDARE is mainly based on in vitro 2D cell cultures and animal
models. These models are limited to fully recapitulate the complex
cellular interactions [27, 28] and human immune response
specificity [29] involved in NMDARE, respectively. A human cell-
based model that recapitulates key features of the human brain is
urgently needed for the study of NMDARE.
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Human brain organoids, the recently developed pluripotent stem
cell-derived 3D cell cultures, have become attractive models that
recapitulate complex cellular architecture and physiological function
of the human brain [30, 31]. Brain organoids have been used to
model viral encephalitis caused by herpes simplex virus 1 infection
[32], providing potential improvement for the current therapeutic
strategies. Given the merits of brain organoids, leveraging this
model to study NMDARE facilitates uncovering the disease
pathogenesis and improving the current therapeutic strategies.

Here we performed transcriptomic and metabolomic analysis
based on human forebrain organoids (hFOs), showing that both
monoclonal anti-NMDAR1 IgG antibodies and purified patient
CSF-derived 1gG antibodies led to NMDAR hypofunction that
caused a reduction of glutamate content and neuroactivities in
hFOs. The following proteomic analysis and animal experiments
identified that the activated interleukin-17A (IL-17) signaling
pathway in patient CSF mediated the seizure phenotypes in
NMDARE. Together, this study indicated that the IL-17 signaling
pathway and NMDAR1-Ab shape NMDARE. Neutralizing IL-17 may
be a therapeutic strategy for NMDARE.

MATERIALS AND METHODS

CSF sample collection

All NMDARE patients in this study met the clinical diagnostic criteria for
anti-NMDARE revised in 2016 [33]. Patient CSF samples were collected
before initiating immunotherapy. CSF samples from non-affected controls
were collected from individuals negative for the detection of brain
inflammation and NMDAR1-Ab. The study was approved by the ethics
committee of the First Affiliated Hospital of University of South China.
Informed consent documents were signed by all the participants in this
study. The demographic and clinical data of all participants are presented
in Supplementary Table 1. The collected CSF samples were centrifuged at
1000 x g for 10 min at 4 °C. The supernatants were collected and stored at
—80 °C for downstream analysis.

IgG purification and depletion from CSF

IgG antibodies were purified from CSF using the NAb™ Protein G Spin Kit
(Thermo Fisher, 89979) according to the manufacturer's instructions. In
brief, set the centrifuge to 1000 x g and equilibrate the NAb spin column
and buffers to room temperature in advance. Place the column in a 15 mL
collection tube and centrifuge for 1 min to remove the storage solution.
Discard the flow-through. Equilibrate the column by adding 2 mL Binding
Buffer. Centrifuge for 1 min and discard the flow-through. After that, the
column was ready for IgG purification or depletion.

Prepare CSF samples for purification by diluting them to 2mL in the
Binding Buffer. Add the CSF samples to the column and mix end-over-end
for 10 min at room temperature. Transfer the column to a new 15mL
collection tube and centrifuge for 1 min. The flow-through solution was
collected as IgG-depleted CSF samples. IgG antibodies were retained in the
column. After the elution and neutralization steps, the purified 1gG was
obtained and concentrated with a freeze dryer (SCIENTZ, 10 N/A). The
concentration of purified IgG was calibrated to 1 mg/mL with double-
distilled water.

Cell culture

The human induced pluripotent stem cells (hiPSCs) derived from one healthy
female donor (U2F) were obtained from the Cellapy Technology (Beijing,
China). The pluripotency and karyotype of U2F hiPSCs were confirmed by
immunofluorescence and karyotype analysis as shown in our previous study
[34]. The hiPSCs were cultured in Matrigel (Corning, 354277)-coated plate
supplemented with the mTeSR Plus medium (STEMCELL Technologies,
05825). The HEK 293 T cells were cultured in high-glucose DMEM (Gibco,
C11995500BT) supplemented with 10% fetal bovine serum (Gibco,
A3161001C) and 1% penicillin/streptomycin (Gibco, 10378016).

Cell-based assay

We performed a cell-based assay in HEK 293 T cells to confirm the presence
of NMDAR1-Ab in CSF of NMDARE patients. The pcDNA3.1 plasmid
containing NMDAR1 coding sequence was transfected into HEK 293 T cells
using Lipofectamine 3000 transfection reagent (Thermo Fisher, L3000001).
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48 h post-transfection, cells were fixed in 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. Subsequently, cells were incubated
with patient CSF (1:10) or rabbit anti-NMDAR1 primary antibody (Abcam,
ab109182, 1:100) which was used as a positive control. Following this, cells
were incubated with appropriate secondary antibodies FITC Anti-Human
IgG antibody (Abcam, ab81051, 1:500) or Alexa Fluor 594-conjugated goat
anti-rabbit IgG (Thermo Fisher, A11012, 1:500). After incubation with the
DAPI nuclei staining solution (10 ug/ml, Invitrogen, D1306), fluorescent
figures were taken using a microscope (Zeiss, Axio Vert A1).

Generation of hFOs

The U2F hiPSCs were used to generate hFOs based on our published
methods [34] with some modifications. Briefly, on day 0, hiPSCs were
dissociated into single-cell suspension using Accutase solution (Sigma-
Aldrich, A6964). 1 x 10* cells per well were seeded into the 96-well round-
bottom ultra-low attachment plate (Corning, 7007) and cultured in the
embryoid body formation medium for 5 days. On day 5, half of the
medium was replaced with the Neural Induction Medium. On day 7, the
medium was completely replaced with the Neural Induction Medium. On
day 11, hFOs were cultured in the Organoid Differentiation Medium. From
day 30, hFOs were cultured in the Organoid Maturation Medium. The
Organoid Differentiation and Maturation Media were changed every
4-5 days. hFOs were characterized by the immunostaining analysis.

Immunostaining analysis

hFOs were fixed with 4% paraformaldehyde in PBS for 1h at room
temperature. hFOs were then incubated in 30% sucrose solution overnight
at 4 °C. After embedding in O.C.T Compound (Tissue-Tek, 4583), hFOs were
sectioned at a thickness of 16 um using a cryostat (Leica, CM1950). The
sections were permeabilized with 0.1% Triton X-100 in PBS for 30 min at
room temperature. For staining of cell surface NMDAR1, hFOs sections
were not treated with 0.1% Triton X-100. After washing with PBS three
times, sections were blocked with 5% bovine serum albumin (Solarbio,
A8020) for 1h at 37°C. Sections were then incubated with primary
antibodies (e.g., Mouse Anti-NMDAR1, Abcam, ab134308) overnight at 4 °C.
After washing with PBS three times, sections were incubated with
secondary antibodies for 1h and DAPI solution for 5min at room
temperature. Images were taken using a fluorescent microscope. The
primary and secondary antibodies used in this study are shown in
Supplementary Table 2.

Bulk organoid RNA sequencing (RNA-seq) and data analysis
For bulk organoid RNA-seq, two hFOs were randomly pooled together as
one mixed sample in the NMDAR1-Ab exposure or control group. At least
three mixed samples in each group were used for total RNA extraction with
the miRNeasy Mini Kit (Qiagen, 217004). After assessing their quality, RNA
samples were used for polyA+ selection RNA-seq library construction. The
constructed libraries were then sequenced on the BGI DNBseq platform
(150 bp, paired-end).

Raw RNA-seq reads were filtered to get clean reads using FastQC
(v0.20.0). The clean reads were then aligned to the human genome hg38
using STAR (v2.7.6a). Gene expression quantification was conducted using
RSEM (v1.3.0). The filterByExpr function in the edgeR package (v3.36.0) was
used to filter out low-expression genes. The sva function in the SVA
package (v3.42.0) was used to estimate the batch effect and other artifacts.
Differential gene expression analysis between the NMDAR1-Ab exposure
and control group was performed using the DEseq2 package (v1.34.0). P
values were adjusted using the Benjamini-Hochberg method.

Protein-protein interaction (PPI) analysis

We used the downregulated differentially expressed genes (DEGs) in
NMDAR1-Ab-exposed hFOs to construct a high-confidence (interaction
score > 0.7) PPl network based on the STRING database (v11.5) (http://
www.string-db.org/). Active interaction sources included text mining,
experiments, databases, coexpression, neighborhood, gene fusion, and co-
occurrence. The constructed PPl network was visualized using Cytoscape
(v3.9.1). CytoHubba [35], a Cytoscape plugin, was used to explore hub
nodes in the PPl network.

Real-time quantitative PCR (RT-qPCR) analysis
Total RNA extracted from two mixed hFOs was used to generate
complementary DNA using the HiScript Ill RT SuperMix for gPCR (+gDNA
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wiper) (Vazyme, R323-01). RT-qPCR assay was performed using the ChamQ
SYBR gPCR Master Mix (Vazyme, Q711-02) on the Real-Time PCR System
(Thermo Fisher, QuantStudio 3). GAPDH was used as the internal reference
gene. At least three technical replicates were used in the RT-gqPCR analysis.
Sequences of RT-qPCR primers are provided in Supplementary Table 3.

Metabolomic analysis of bulk hFOs

For the metabolomic analysis, three hFOs (day 110) from the NMDAR1-Ab
exposure or control group were randomly pooled together as one mixed
sample. Five mixed samples in each group were then used for targeted
metabolomic analysis on the 600MRM platform (Biotree, China). Briefly,
hFOs or quality control samples were lysed in 1000 L acetonitrile-
methanol-H,O (2:2:1, containing isotope internal standards). After sonica-
tion, samples were incubated at —40 °C for 2 h. The lysate was centrifuged
(13000 g, 4 °C, 15 min) to get the supernatant. 800 pL supernatant of each
sample was transferred to a new tube and concentrated with a freeze
dryer. 160 pL of 60% acetonitrile was added to the dried samples, followed
by centrifugation at 13000 g, 4 °C, 15 min. The supernatant of each sample
was collected for LC-MS/MS analysis on the SCIEX QTRAP 6500+ system.
Typical ion source parameters were: lonSpray Voltage = +5000 V/-4500V,
Curtain Gas = 35 psi, Temperature = 400 °C, lon Source Gas 1= 50 psi, lon
Source Gas 2 = 50 psi. The content of metabolites (hmol/g) was quantified
based on the formula (C*V*1.25/m), where C represents the calculated
concentration (umol/L), V represents the final sample volume (160 uL), and
m represents the sample weight (mg).

To filter out outline samples and identify differentially expressed
metabolites, the Orthogonal projections to latent structures-discriminant
analysis (OPLS-DA) model was used. The variable importance in projection
(VIP) value of the first principal component in the OPLS-DA model was
calculated. Metabolites with VIP>1 and P < 0.05 (Two-tailed t-test) were
considered differentially expressed between the NMDAR1-Ab exposure
and control hFOs. Functional annotation for the differentially expressed
metabolites was performed using the online tool MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/).

Microelectrode array (MEA) assay

MEA assays were used to assess electrophysiological properties after
NMDAR1-Ab or patient CSF exposure in hFOs. Briefly, hFOs (day 110) were
plated on a Matrigel-coated 24-well MEA culture plate. After 7 days of
culture, hFOs were exposed to NMDAR1-Ab or patient CSF or controls for
24 h. The neuroactivities of hFOs were recorded using the MEA system
(Axion Biosystems, Master Edge). Each recording duration was 15 min. The
MEA data including the number of spikes, burst frequency, and network
synchronization were analyzed using the software Axis Navigator (v3.6.2.2).

Calcium imaging analysis

For calcium imaging analysis, hFOs were loaded with 5uM Fluo-4 AM
(Beyotime, S1060) for 30 min at 37 °C. Imaging was performed using a
fluorescent microscope (Zessi, Axio Vert A1) at a frequency of 2 Hz for
3 min. The resulting images were then analyzed using ImageJ (v2.1.0) as
described previously [30]. Regions of interest (ROls) were manually
selected and mean fluorescence was calculated for each time frame. For
each RO, the change in fluorescence was calculated as follows: (F-Fyasa)/
Foackgroundr Where Fy,sa was the lowest mean fluorescence value across all
frames, and Fpackgrouna Was the average mean fluorescence across all
frames. In a given time period, the number of spikes represented the
intensity of the calcium transient activities.

Olink proteomic analysis

CSF samples from 6 NMDARE patients and 6 non-affected controls were
used for proteomic analysis using the Olink® target 96 inflammation panel
(Olink Proteomics AB, Sweden). The proximity extension assay technology
used for the Olink protocol enabled 92 inflammation-related proteins to be
analyzed simultaneously. In brief, each targeted protein was tagged by
pairs of oligonucleotide-labeled antibody probes. When matching pairs of
antibodies bind to the protein, the oligonucleotides hybridize and finally
create a unique PCR target sequence, which was subsequently detected
and quantified using a microfluidic real-time PCR instrument (Signature
Q100, LC-Bio Technology CO., Ltd., China). The final assay read-out is
presented in normalized protein expression values and subsequently log2-
transformed for statistical analysis. The Welch's two-tailed t-test was used
to identify differentially expressed proteins between the NMIDARE patients
and non-affected controls with a P value cutoff of 0.05.
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Animals

Healthy C57BL/6 male mice (aged 8-10 weeks, weight 22-28 g) were
bought from the Tiangin Biotechnology (Changsha, China) and habituated
for one week before surgery. The room was maintained at a controlled
temperature (21 + 1 °C) and humidity (55 + 10%) with 12 h light/12 h dark
cycles. Food and water were available ad libitum. During all the animal
experiments, mice were randomly allocated into different groups. The
order of treatments and measurements, or animal/cage location were
randomized to minimize potential confounders. All procedures were
conducted in accordance with the Regulations for the Administration of
Affairs Concerning Experimental Animals (China) and were approved by
the Animal Care and Use Committee of the University of South China.

Intracerebroventricular infusion of human CSF in mice

To generate a mouse model of epileptic seizures, intracerebroventricular
infusion of human CSF was performed using the micro-osmotic pumps
(0.25 pL/h, model 1002, Alzet) and Brain Infusion Kit 3 (0008851, Alzet). The
surgical procedures were based on the published methods [10] with some
modifications. Briefly, the osmotic pumps were pre-loaded with 100 pL
mixed patient CSF or mixed non-affected control CSF or 100 uL patient CSF
premixed with 100 ug anti-IL-17 monoclonal antibodies (AIN457, Selleck,
A2025). The pumps were then connected to the brain infusion cannula and
vinyl catheter tubes in the Brain Infusion Kit 3. Mice were anaesthetized
with 1.5% isoflurane and placed on a stereotaxic frame. A hole was drilled
through the skull according to the following location: 0.02 mm anterior
and 1.00 mm lateral from bregma, depth 0.22 mm. The infusion cannula
was then inserted into one side of the lateral ventricles. Holes were
secured with dental cement and pumps were subcutaneously implanted
on the back of the mice. After the surgery, mice were immediately placed
on a warmed heat pad until complete recovery.

Evaluation of seizure stages

Mice were observed continuously for at least 5min to evaluate their
seizure-like phenotypes after pentylenetetrazol (PTZ) injection. The severity
of seizure was evaluated using the Racine scale [36]. A higher Racine scale
score indicated a more severe seizure stage. Scoring of the Racine scale
refers to the following standards: 0, normal behavior; 1, immobile, staring;
2, head nodding, shivering, facial clonus; 3, partial-body clonus, stiff and
upright tail; 4, whole-body tonic-clonus, loss of postural control, falling; 5,
non-intermittent tonic-clonus, supine, violent jumping and running; 6,
death. Before evaluation of seizure stages, mice died for unknown reasons
were excluded. Investigators were blinded to the group allocation. Data
were processed in a blindness manner.

Statistical analysis

Data were presented as mean +SEM unless indicated elsewhere. Data
normality and variance were assessed using GraphPad Prism 9.0. Sample
size was determined based on preliminary data and previous studies. No
statistical methods were used to estimate sample size. Differences
between two groups with normally distributed data were assessed using
a two-tailed t-test. The Kruskal-Wallis test was used for multiple
comparisons in non-normally distributed data. Two-way ANOVA was used
for the statistical analysis of the MEA data. The hypergeometric test was
used to assess the enrichment between NMDAR1-Ab exposure-induced
DEGs and brain disorder-associated gene sets. P values in the differential
gene expression analysis were adjusted using the Benjamini-Hochberg
method to adjust for multiple testing. Statistical significance was defined
as a P value less than 0.05 in all the statistical analyses.

RESULTS

NMDAR1-Ab exposure reduces cell surface NMDAR1 intensity
in hFOs

To initiate this study, we investigated the functional effects of
NMDAR1-Ab exposure using hFOs. hFOs were generated from
hiPSCs derived from one healthy donor based on our published
methods [34] (Fig. 1a). The generated hFOs were featured with
forebrain identity (FOXG1+) and contained ventricle-like struc-
tures marked by neural progenitors (SOX2 +), intermediate zone
marked by intermediate progenitors (TBR2+), and cortical-like
regions containing neurons (MAP2 +) (Fig. 1b) at early differentia-
tion stage (< 40 days). In addition to neural lineage cell types

SPRINGER NATURE
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Fig. 1 NMDAR1-Ab exposure reduces cell surface NMDART1 intensity in hFOs. a Schematic diagram for hFOs culture. SB, SB431542; LDN,
LDN193189; b Immunostaining characterization for representative control hFOs (day 30). Ventricular zone markers, SOX2 and ki67;
intermediate zone marker, TBR2; cortical plate marker, MAP2; forebrain-specific marker, FOXG1. Scale bars, 50 pm and 25 pm.
¢ Immunostaining characterization for major brain cell types in representative control hFOs (day 110). Neural stem cell marker, PAX6;
neuron marker, MAP2; astrocyte marker, GAFP; oligodendrocyte marker, OLIG3; Scale bar, 25 pm. (d-g) Density of cell surface NMDAR1 and
PSD95 in hFOs after exposure to monoclonal NMDAR1-Ab (d, e) or IgG purified from CSF of NMDARE patients (f, g). Synaptic marker, PSD95.
At least 3 independent hFOs per group were used for the immunostaining analysis. Data are shown as Mean + SEM. Scale bar, 20 um. Two-
tailed t-test, **P < 0.01; NS, non-significance.
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(PAX6+ and MAP2+), cells that expressed astrocyte marker
(GFAP +) or oligodendrocyte marker (OLIG3 +) were also pre-
sented in hFOs (day 110) (Fig. 1c), indicating that the hFOs
contained major cell types emerging in the developing human
brain. Importantly, the immunostaining confirmed the widespread
expression of NMDAR1 in hFOs (Fig. 1c).

A previous study used both commercial antibody targeting the
N-terminal domain of NMDAR1 and human NMDAR1-Ab to
construct the NMDARE model [37]. Here, hFOs on day 110 were
exposed to the commercial monoclonal antibody targeting the
N-terminal domain of NMDAR1 (Abcam, ab134308,10 pg/mL) or
control IgG (CTRL-IgG) for 24 h, according to the concentration of
anti-NMDAR1 IgG used in previous studies [8, 38]. The immunos-
taining analysis showed that NMDAR1-Ab exposure did not affect
the total density of neurons (PSD95+) but led to an almost
complete absence of cell surface NMDART (NMDAR1 +) in hFOs
(Fig. 1d, e). To validate these findings in NMDARE patients, we
collected CSF samples from 6 patients diagnosed with NMDARE
and 6 non-affected controls (Supplementary Table 1). The cell-
based assay confirmed the presence of anti-NMDAR1 IgG
antibodies in all patient CSF samples (Methods and Supplemen-
tary Fig. 1). We then purified IgG antibodies from mixed CSF
samples from the NMDARE patients (P-CSF-IgG) or non-affected
controls (C-CSF-IgG). hFOs exposed to patient CSF-derived IgG
antibodies also showed a nearly complete absence of cell surface
NMDART1 without changing the total density of neurons in hFOs
(Fig. 1f, g). To confirm the apparent lack of cell surface NMDART1 is
not due to antibody competition in immunostaining, we directly
incubate the sections of hFOs exposed to NMDAR1-Ab or control
IgG with corresponding secondary antibodies without permeabi-
lization. As shown in Supplementary Fig. 2, no fluorescence signal
was detected in hFOs exposed to control IgG, and very few
fluorescence signals for cell surface NMDAR1 were detected in
hFOs exposed to either monoclonal NMDAR1-Ab or P-CSF-IgG.
Notably, apparent fluorescence signals were detected in sections
of hFOs exposed to either NMDAR1-Ab or P-CSF-IgG after
permeabilization (Supplementary Fig. 2). These results indicated
that the lack of cell surface NMDAR1 in immunostaining is not due
to antibody competition but the consequence of antibody-
mediated NMDAR1 internalization.

NMDART1-Ab exposure in hFOs affects expression of genes
enriched in synaptic transmission and glutamatergic
pathways

We next performed RNA-seq analysis to investigate the functional
impacts of NMDAR1-Ab exposure in hFOs. hFOs on day 110 were
exposed to 10 pg/mL monoclonal NMDAR1-Ab or control 1gG for
24 h, and were subsequently used for RNA-seq. Differential gene
expression analysis between the NMDAR1-Ab-exposed and
control hFOs identified a total of 2958 DEGs [False Discovery Rate
(FDR) < 0.05]. Among the 2958 DEGs, 1646 genes were upregu-
lated and 1312 genes were downregulated in NMDAR1-Ab-
exposed hFOs (Fig. 2a and Supplementary data 1).

By performing functional annotation for the DEGs using
WebGestalt [39], we found that the 1646 upregulated DEGs were
enriched for biological functions including generation of precursor
metabolites and energy, ribonucleoprotein complex biogenesis, and
RNA splicing (FDR < 2.20E-16). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis implicated the 1646 upregulated
DEGs in pathways including thermogenesis, Huntington's disease,
Alzheimer’s disease, Parkinson’s disease, and oxidative phosphoryla-
tion (FDR < 2.20E-16) (Fig. 2b). For the 1312 downregulated DEGs,
Gene Ontology (GO) enrichment analysis revealed their significant
enrichment in axon development (FDR < 2.20E-16), regulation of
trans-synaptic signaling (FDR < 2.20E-16), synaptic vesicle cycle
(FDR = 4.20E-16), and calcium ion regulated exocytosis (FDR = 4.87
E-13). The KEGG pathway analysis implicated the 1312 down-
regulated DEGs in nicotine addiction (FDR =7.74E-10), morphine
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addiction (FDR = 9.52E-8), axon guidance (FDR = 1.53E-06), GABAer-
gic synapse (FDR=5.26E-06), and glutamatergic synapse (FDR=
6.60E-04) (Fig. 2c). These results highlighted that NMDAR1-Ab
exposure downregulated sets of genes enriched in multiple
neuronal functions, including the glutamatergic synapse.

We focused on the downregulated DEGs and used them to
construct a PPl network based on the STRING database [40]. We
then used CytoHubba [35] to explore key regulators in the PPI
network that may mediate the effects of NMDAR1-Ab exposure.
Nine of the twelve algorithms available in CytoHubba identified
GRIN1 (NMDART1) and GRIA2 as the top two hub nodes in the PPI
network (Fig. 2d). To be noted, GRINT and GRIA2 are two genes
encoding the NR1 subunit of NMDAR and AMPA-selective
glutamate receptor 2 [41], respectively. Mutations in these two
genes have been reported to be associated with neurodevelop-
mental disorders [42, 43]. Using RT-qPCR analysis, we confirmed
the decreased expression of GRINT and GRIA2 in NMDAR1-Ab-
exposed hFOs as compared to controls (Fig. 2e).

To validate the RNA-seq results, we treated the hFOs with IgG
antibodies (10 pg/mL) purified from CSF of NMDARE patients or
non-affected controls for 24 h. The RT-gPCR analysis showed that
hFOs exposed to patient CSF-derived IgG antibodies also led to a
decreased expression of GRINT and GRIA2 (Fig. 2f). These results
together with the RNA-seq findings indicated that NMDAR1-Ab
exposure functioned through affecting the glutamatergic synapse.

Genes affected by NMDAR1-Ab exposure are enriched for
neuropsychiatric disorders

To explore the connection of NMDAR1-Ab exposure to human
disease, we utilized the 1312 downregulated DEGs to perform the
gene-disease association analysis using DisGeNET [44]. The
association analysis displayed that the 1312 downregulated DEGs
were significantly enriched with brain disorders including schizo-
phrenia, absence epilepsy, autism spectrum disorders, intellectual
disability, and bipolar disorder (FDR < 2.99E-05) (Supplementary
Fig. 3 and Supplementary data 2). Notably, both GRINT and GRIA2
are associated with various neuropsychiatric disorders (Supple-
mentary data 2). FUMA-GWAS [45] analysis also showed an
enrichment of the 1312 downregulated DEGs with genes
genetically associated with brain disorders, including schizophre-
nia (FDR = 3.42E-04), cognitive ability (FDR = 3.77E-04), epilepsy
(FDR = 7.84E-03), and general factor of neuroticism (FDR = 9.37E-
03) (Supplementary Fig. 3 and Supplementary data 2). These
results implicated that NMDAR1-Ab exposure accounted for the
neuropsychiatric symptoms presented in patients with NMDARE.

Metabolomic analysis confirms the decreased glutamate
levels in NMDAR1-Ab-exposed hFOs

Since  RNA-seq analysis revealed the effects of NMDAR1-Ab
exposure on glutamatergic synapse, we performed metabolomic
analysis to examine whether NMDAR1-Ab exposure decreased
glutamate levels in hFOs. After exposure to monoclonal NMIDAR1-
Ab (10 pg/mL) or control IgG for 24 h, hFOs (day 110) were used for
metabolomic analysis. Of the 206 metabolites detected in hFOs, a
total of 12 metabolites were differentially expressed between the
NMDAR1-Ab exposure and control hFOs (Fig. 3a and Supplementary
data 3). Among the 12 differential metabolites, 4 metabolites were
upregulated and 8 metabolites including L-glutamic acid were
downregulated in NMDAR1-Ab-exposed hFOs, respectively. KEGG
pathway analysis showed that these 12 differential metabolites
were associated with pathways including ascorbate and aldarate
metabolism, arginine biosynthesis, and glutathione metabolism
(P <0.05) (Fig. 3b). Notably, hFOs exposed to purified patient CSF-
derived IgG antibodies also led to a reduction of L-glutamic acid
content as measured by the enzyme-linked immunosorbent assay
(ELISA) (Fig. 3c). These results suggested that NMDAR1-Ab exposure
decreased cell surface NMDAR1 and led to the subsequent
reduction of glutamate levels in hFOs.
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Fig.2 RNA-seq analysis after NMDAR1-Ab exposure in hFOs. a Heatmap and volcano plots for RNA-seq data of NMDAR1-Ab exposure and
control hFOs. Outlier samples were excluded based on the hierarchical cluster analysis. (b, ¢) GO and KEGG pathway analysis for upregulated
(b) and downregulated (c) DEGs in NMDAR1-Ab-exposed hFOs, respectively. GO terms are shown with red bars, and KEGG pathways are
shown with blue bars. d PPl network analysis for the downregulated DEGs in NMDAR1-Ab-exposed hFOs. The top 10 hub nodes with the most
connections are highlighted in red. (e, f) RT-gPCR analysis for GRINT and GRIA2 (The hub nodes in the PPI network) in hFOs after exposure to
monoclonal NMDAR1-Ab (e) or IgG purified from CSF of NMDARE patients (f). N> 3 technical replicates per group. Data are shown as

Mean + SD. Two-tailed t-test, *P < 0.05, ***P < 0.001.

To be noted, the RNA-seq and RT-qPCR analysis displayed that
hFOs exposed to NMDAR1-Ab upregulated expression of GLUDT and
GLUL, two genes that encode the enzymes that respectively convert
glutamate into a-ketoglutaric acid and glutamine. While the
expression of GLS, a gene that encodes glutaminase to catalyze

SPRINGER NATURE

the production of glutamate, was unchanged upon NMDAR1-Ab
exposure (Fig. 3d). These results suggested that enhanced expres-
sion of GLUDI and GLUL may exacerbate the conversion of
glutamate to downstream metabolites that caused a reduction of
glutamate content after NMDAR1-Ab exposure in hFOs.
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Fig.3 Metabolomic analysis after NMDAR1-Ab exposure in hFOs. a Scatter plot and volcano plot for the NMDAR1-Ab exposure and control
hFOs. The orthogonal projections to latent structures-discriminant analysis (OPLS-DA) was used to cluster the hFOs and identify differentially
expressed metabolites. VIP, variable importance in projection of the first principal component in the OPLS-DA model. b KEGG pathway
analysis for the differentially expressed metabolites. ¢ ELISA was used to measure glutamate levels in hFOs after exposure to IgG purified from
CSF of NMDARE patients or non-affected controls. Data are shown as Mean + SEM. N =3 independent hFOs per group. Two-tailed t-test,
*P < 0.05. d RT-qPCR analysis for GLUD1, GLUL, and GLS in hFOs after exposure to NMDAR1-Ab or control IgG. N = 3 technical replicates per
group. Data are shown as Mean + SD. Two-tailed t-test, **P < 0.01; NS, non-significance.

NMDART1-Ab exposure leads to hypo neuroactivities in hFOs

The RNA-seq and metabolomic analyses indicated the inhibited
glutamatergic function upon NMDAR1-Ab exposure, we used MEA
assays to examine whether NMDAR1-Ab exposure affected neuroac-
tivities. After exposure to monoclonal NMDAR1-Ab for 24 h, hFOs
exhibited a decreased number of spikes and weighted mean firing
rate when compared with controls (Fig. 4a). The hypo neuroactivities
after NMDAR1-Ab exposure were further confirmed by the calcium
imaging analysis (Fig. 4b). Intriguingly, the purified patient CSF-
derived IgG antibodies also led to hypo neuroactivities in hFOs as
detected by the MEA assays (Fig. 4c). Together, these results
indicated that NMDAR1-Ab alone led to hypo neuroactivities rather
than neuronal hyperexcitability observed in patients with NMDARE.

hFOs exposed to either patient CSF or lgG-depleted patient
CSF causes hyper neuroactivities

We next tested how patient CSF exposure could affect neuroactivities.
To ensure hFOs were exposed to 10 pg/mL IgG antibodies, the CSF
samples were diluted in hFOs culture medium according to their IgG
concentrations determined by ELISA. hFOs (day 110) were then
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exposed to the diluted CSF from the NMDARE patients or non-
affected controls for 24 h. The immunostaining analysis showed that
patient CSF dramatically decreased the density of cell surface
NMDAR1(Fig. 5a and Supplementary Fig. 4a) without changing the
total density of neurons (PSD95 +) in hFOs (Supplementary Fig. 4b).
We then performed MEA and calcium imaging analyses, finding that
hFOs exposed to the mixed patient CSF exhibited neuronal
hyperexcitability when compared with non-affected controls (Fig. 5b).
Given purified patient CSF-derived IgG antibodies led to hypo
neuroactivities, these results indicated that the presence of substances
in patient CSF rather than IgG antibodies accounted for the neuronal
hyperexcitability. To confirm this, we removed IgG antibodies from
the CSF and examined how IgG-depleted CSF supernatant affected
neuroactivities. After confirming the complete removal of IgG from
CSF samples by cell-based assay (Supplementary Fig. 5), hFOs were
treated with lgG-depleted CSF supernatant for 24 h. As shown by the
MEA assays, hFOs treated with IgG-depleted patient CSF exhibited
neuronal hyperexcitability as compared to controls (Fig. 5¢c). Together,
the above results verified that substance in patient CSF rather than
NMDAR1-Ab accounted for the neuronal hyperexcitability.
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Fig. 4 NMDAR1-Ab exposure causes hypo neuroactivities in hFOs. a MEA analysis for hFOs after exposure to monoclonal NMDAR1-Ab or
control IgG. Data are shown as Mean £ SEM (N> 3 hFOs per group). Number of spikes and weighted mean neuron firing rate at 0 h were
normalized to 1. Two-way ANOVA, **P < 0.01, ****P <0.0001. Scale bar, 200 pm. b Calcium imaging analysis for hFOs after exposure to
monoclonal NMDAR1-Ab or control IgG. Regions of interest (ROls), N=24 from 3 independent hFOs per group. Data are shown as
Mean + SEM. Two-tailed t-test, ***P < 0.001. Scale bar, 100 pm. ¢ MEA analysis for hFOs after exposure to IgG purified from CSF of NMDARE
patients or non-affected controls. Number of spikes and weighted mean neuron firing rate at 0 h were normalized to 1. N> 3 independent
hFOs per group. Data are shown as Mean + SEM. Two-way ANOVA, *P < 0.05, **P < 0.01; NS, non-significance. Scale bar, 200 pm.
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Activated IL-17 signaling pathway in patient CSF accounts for hyperexcitability. We then performed Olink proteomic analysis

the neuronal hyperexcitability using CSF samples from 6 NMDARE patients and 6 non-affected
Since elevated brain inflammation usually emerges in NMDARE controls, which allowed sensitive high-throughput profiling of CSF
patients [18] and plays important roles in regulating neuroactiv- proteins with low cross-reactivity and off-target [47]. Of the 92
ities [46], we proposed that elevated levels of proinflammatory proteins in the Olink® Target 96 inflammation panel, 14 differential
factors in patient CSF took response for the neuronal proteins including the proinflammatory factors IL-6 and
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Fig. 5 NMDARE patient CSF and IgG-depleted patient CSF cause hyper neuroactivities in hFOs. a Density of PSD95 and cell surface
NMDART1 in hFOs after exposure to mixed CSF from NMDARE patients or non-affected controls. N> 3 independent hFOs per group were used
for the immunostaining analysis. Scale bar, 20 pm. b MEA and calcium imaging analysis for hFOs after exposure to mixed CSF from NMDARE
patients or non-affected controls. Data are shown as Mean + SEM. Number of spikes and weighted mean neuron firing rate at 0 h were
normalized to 1. N> 3 independent hFOs per group for MEA analysis. Two-way ANOVA for MEA analysis, *P < 0.05, **P < 0.01, ***P < 0.001; NS,
non-significance. N =24 ROIs from 3 independent hFOs in each group for calcium imaging analysis. Two-tailed t-test for calcium imaging
analysis, ***P < 0.001; NS, non-significance. Scale bars, 200 pm and 100 pm. ¢ MEA analysis for hFOs after exposure to mixed CSF from NMDARE
patients or non-affected controls with IgG depletion. N > 3 independent hFOs per group. Data are shown as Mean + SEM. Number of spikes
and weighted mean neuron firing rate at 0 h were normalized to 1. Two-way ANOVA, *P < 0.05. Scale bar, 200 pm.

interferon-gamma (IFN-y) were identified (Fig. 6a and Supplemen-
tary data 4). Notably, all the 14 differential proteins were
upregulated in NMDARE patient CSF. The 14 upregulated proteins
were enriched in positive regulation of response to external
stimulus (FDR = 1.27E-04), T cell activation (FDR = 3.25E-04), and
IL-17 signaling pathway (FDR = 1.86E-03) (Fig. 6b). Since IL-17
plays critical roles in driving inflammation [48], the activation of IL-
17 signaling pathway may indicate inflammation in CSF of
NMDARE patients. To be noted, a recent meta-analysis showed
that the contents of proinflammatory factors including IL-17, IL-6,
and IFN-y were significantly higher in CSF from NMDARE patients
than those in non-affected controls [23]. Given that IL-17 could
induce the release of IL-6 and IFN-y [49-51], activation of IL-17
signaling pathway may be the origin that caused neuronal
hyperexcitability.

To validate this hypothesis, we treated the hFOs with IL-17 for
24h at 100 ng/mL, a concentration reported to induce neuronal
hyperexcitability in mouse brain slice cultures [52]. RT-gPCR
analysis confirmed the upregulation of two key activators of IL-17
signaling pathway (ACTT and TRAF6) after IL-17 exposure in hFOs
(Fig. 6¢), indicating that the IL-17 signaling pathway was activated.
The following MEA and calcium imaging analysis showed that
hFOs exposed to IL-17 showed neuronal hyperexcitability when
compared with controls (Fig. 6d, e). To further confirm the role of
IL-17 in neuroactivities, hFOs were exposed to IgG-depleted
patient CSF with or without anti-IL-17 monoclonal antibodies
(AIN457, 100 pg) and IgG-depleted control CSF. The following MEA
assay showed that neutralizing IL-17 alleviates neuronal hyper-
excitability in hFOs exposed to IgG-depleted patient CSF when
compared to controls (Fig. 6f). These results indicated that the
activated IL-17 signaling pathway in patient CSF accounted for the
neuronal hyperexcitability.

Neutralizing IL-17 alleviates seizure-like behaviors in mice
exposed to CSF from NMDARE patients

To further validate the effects of IL-17 signaling pathway on
neuroactivities in vivo, we generated a mouse model intracer-
ebroventricularly injected with CSF from NMDARE patients or non-
affected controls using osmotic pumps (Methods and Fig. 7a). In
the initial 7 days, mice injected with either control CSF or patient
CSF did not develop any seizure-like behaviors. To induce a
seizure-like phenotype in mice following the CSF injection, PTZ
was intraperitoneally injected at a subthreshold dosage (40 mg/
kg) on day 7. Under this PTZ dose, mice co-injected with PTZ and
control CSF did not develop seizure-like phenotypes, while all of
the mice co-injected with PTZ and CSF from NMDARE patients
exhibited seizure-like behaviors in 5min after PTZ injection
(Supplementary Movie 1). These results suggested that mice
exposed to CSF from NMDARE patients are more vulnerable to
seizures than controls. Interestingly, the severity of seizure-like
phenotypes indicated by scores of the Racine scale could be
alleviated (lower Racine scores) in mice that were pretreated with
anti-IL-17 monoclonal antibodies (AIN457, 100 pg) (Fig. 7b and
Supplementary Movie 1). These results supported that the
activated IL-17 signaling pathway accounted for the neuronal
hyperexcitability.

SPRINGER NATURE

DISCUSSION

Discovered only a few years ago, NMDARE has emerged as one of
the most common types of nonviral encephalitis. The lack of a
clear understanding of the disease pathogenesis has led to
challenges in precision diagnosis and treatment. The current
therapeutic strategy for NMDARE relies on various forms of
immunotherapy such as glucocorticoid therapy. However, this
treatment lacks a precision target and may cause side effects.
Patients with NMDARE usually take a long time to recover and
may experience long-term sequelae and relapse after symptom
onset [53, 54]. Discovering a newly effective therapeutic target will
improve the treatment strategy and outcome.

By leveraging human brain organoids as a model, our study
showed that NMDART-Ab exposure alone led to NMDAR
hypofunction as indicated by the reduction of cell surface
NMDART1, GRINT expression, glutamate content, and synaptic
transmission in hFOs. Given that activation of NMDAR requires
extracellular glutamate, the reduction of GRINT expression and
glutamate content after NMDAR1-Ab treatment implicates the
existence of a feedback mechanism to maintain homeostasis in
response to NMDAR hypofunction. The NMDAR hypofunction may
account for the psychiatric symptoms in patients with NMDARE
since expression of many neuropsychiatric disorder-related genes
was altered after NMDAR1-Ab exposure. Though NMDAR1-Ab
exposure did not cause a seizure-like electrophysiological
phenotype in hFOs, expression of a large set of epilepsy-related
genes was altered. These altered genes including STX1B, SCN1A,
and RYR2 were significantly overlapped with those identified by
the exome sequencing [55] and genome-wide association studies
for epilepsy [56]. These results suggested that NMDAR1-Ab
exposure may alter the threshold of epileptic seizures. Interest-
ingly, as shown in several studies [16, 57], NMDAR1-Ab treatment
in rats or mice caused NMDAR hypofunction but hyperexcitability
of hippocampal circuits, highlighting the complexity of circuit
disturbance that may lead to seizures. These studies may explain
the relationship between NMDAR hypofunction and increased
seizure susceptibility from the aspect of brain circuits. In addition
to disturbed brain circuits, NMDAR1-Ab treatment was found to
cause seizures and hippocampal inflammation in mice with
increased levels of inflammatory markers [13], suggesting that
activation of brain inflammation may also contribute to the seizure
phenotype in NMDARE.

IL-17, a proinflammatory cytokine, was found to cause neuronal
hyperexcitability in this study. A previous study also showed that
IL-17 induced neuronal hyperexcitability in mouse brain slice
cultures, and IL-17A receptor knock-out mice displayed signifi-
cantly delayed seizure onset in a kainic acid-induced seizure
model [52]. Our study also showed that neutralizing IL-17
alleviated seizure-like phenotypes in hFOs and a mouse model
exposed to NMDARE CSF. Importantly, IL-17 levels in CSF were
found to be higher in NMDARE patients in a meta-analysis [23].
Given higher levels of IL-17 in CSF were significantly correlated
with poor prognosis and relapse of NMDARE patients [58, 59],
evaluating IL-17 levels in CSF may benefit predicting the seizure
probability and prognosis of the patients. More importantly,
selectively blocking IL-17A receptor or neutralizing IL-17 to
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inactivate the IL-17 signaling pathway may be an effective
therapeutic strategy for NMDARE.

IL-17 plays important roles in host defense response, inflamma-
tion modulation, and the maintenance of barrier integrity [60, 61].
IL-17 was shown to induce a disruption of the blood-brain barrier
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[62]. The activation of IL-17 signaling in CSF of NMDARE patients
suggested a break of the blood-brain barrier. The loss of blood-
brain barrier may facilitate the entry of NMDAR1-Ab or proin-
flammation factors such as IL-6 [63] into the brain microenviron-
ment. Neutralizing IL-17 or its signaling has the potential to
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Fig. 6 Activated IL-17 signaling pathway in patient CSF accounts for the neuronal hyperexcitability. a Volcano plot for the differential
proteins between CSF from NMDARE patients and non-affected controls. b GO and KEGG pathway analysis for the differential proteins. The
top 10 terms are shown. ¢ RT-qPCR analysis for ACT1 and TRAF6 after IL-17 exposure in hFOs. N > 3 technical replicates per group. Data are
shown as Mean + SD. Two-tailed t-test, *P < 0.05, ***P < 0.001. d Calcium imaging analysis for hFOs after exposure to IL-17. N = 24 ROIs from 3
independent hFOs per group. Data are shown as Mean + SEM. Two-tailed t-test, ***P < 0.001. Scale bar, 100 pm. e MEA analysis for hFOs (N> 3
hFOs per group) after exposure to IL-17. f MEA analysis for hFOs (N> 3 hFOs per group) after exposure to IgG-depleted control CSF, IgG-
depleted patient CSF with or without IL-17 neutralizing antibody (AIN457). Isotype control IgG was used as control for AIN457. e, f Data are
shown as Mean + SEM. Number of spikes and weighted mean neuron firing rate at 0 h were normalized to 1. Two-way ANOVA, *P < 0.05; NS,

non-significance. Scale bar, 200 pm.
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Fig. 7 Neutralizing IL-17 alleviates neuronal hyperexcitability in mice exposed to NMDARE patient CSF. a Schematic diagram for
generating a mouse model of epileptic seizure. Created with BioRender.com. b score of the Racine scale (seizure stage) was used to indicate
the severity of seizures. N> 7 mice in each group. The Kruskal-Wallis test, *P < 0.05, ***P < 0.001; NS, non-significance.

alleviate brain inflammation and psychiatric symptoms in
NMDARE. In addition, we noticed that differential cytokines in
CSF of NMDARE patients were enriched for T cell activation. Given
that IL-17 was mainly produced from Th17 T cells, targeting the
Th17 cell lineage may be an alternative solution for NMDARE
treatment.

In summary, using hFOs-based multi-omics analyses, this study
reveals the molecular mechanisms underlying NMDARE. Given the
genetic variabilities across iPSC lines, we replicated key experi-
ments in hFOs derived from other two normal iPSC lines (F1F and
GD1405101) to improve the generalizability. Key findings includ-
ing NMDAR internalization and hypofunction, and neuronal hypo
activities caused by NMDART-Ab exposure were validated
(Supplementary Fig. 6-8). The contribution of activated IL-17
signaling pathway to neuronal hyperexcitability was also validated
in these two iPSC lines-derived hFOs (Supplementary Fig. 8).

These findings support the notion that the anti-NMDAR1
antibodies and IL-17 signaling pathway shape NMDARE. However,
several limitations of this study should also be noted. First,
electrophysiological experiments in this study are limited for in-
depth analysis, more detailed electrophysiological recordings with
respect to excitatory and inhibitory currents are needed to explain
the origin of neuronal hyperexcitability caused by patient CSF or
IL-17 treatment. Second, whether the activated IL-17 signaling
pathway is the primary driver for neuronal hyperexcitability could
not be determined since IL-6 and IFN-y could both increase
neuronal excitability [64, 65] and were also elevated in NMDARE
patient CSF. The third, though CSF IL-17 levels can potentially
predict the seizure probability and prognosis of NMDARE patients,
more clinical details and correlations are needed to assess the
accuracy. Moreover, whether IL-17 neutralization improves other
NMDARE symptoms such as cognitive decline and behavioral
abnormalities needs further investigations. The fourth, Olink
proteomic analysis in this study only covered a panel that
included 92 inflammation-associated proteins, other molecules
that contribute to disease phenotypes may not be discovered. On
the other hand, the sample size used for Olink proteomic analysis
is small, more CSF samples could be collected for further study to
strengthen our findings and discover more disease-associated

SPRINGER NATURE

molecules. Last, though major brain cell types existed in hFOs, the
lack of microglia makes hFOs limited to fully resemble the
immune response system in the human brain. Microglia-
containing brain organoids or a brain organoid co-culture system
containing T cells and B cells could be developed as more
complex models to better mimic NMDARE immune responses in
the future.

DATA AVAILABILITY

RNA-seq data generated in this study have been deposited in the Gene Expression
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