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Anti-N-methyl-D-aspartate receptor encephalitis (anti-NMDARE) and anti-leucine-rich
glioma-inactivated 1 encephalitis (anti-LGI1E) are the two most common types of
antibody-mediated autoimmune encephalitis. We performed a comprehensive analysis of
the B-cell immune repertoire in patients with anti-NMDARE (n = 7) and anti-LGI1E (n = 10)
and healthy controls (n = 4). The results revealed the presence of many common clones
between patients with these two types of autoimmune encephalitis, which were mostly
class-switched. Additionally, many differences were found among the anti-NMDARE, anti-
LGIE, and healthy control groups, including the diversity of the B-cell immune repertoire
and gene usage preference. These findings suggest that the same adaptive immune
responses occur in patients with anti-NMDARE and anti-LGI1E, which deserves
further exploration.

Keywords: anti-N-methyl-D-aspartate receptor encephalitis, anti-leucine-rich glioma-inactivated 1 encephalitis,
B-cell immune repertoire, common clones, adaptive immune responses

INTRODUCTION

Anti-N-methyl-D-aspartate receptor encephalitis (anti-NMDARE) is mediated by antibodies
against NMDA receptors. The main binding site of anti-NMDAR IgG is the N368/G369 amino
acids at the N-terminal of the NR1 subunit of NMDA receptors (1-3). The main classes of
pathogenic antibodies in anti-NMDARE are IgG1 and IgG3, which are synthesized intrathecally (4).
The positive rate of anti-NMDAR IgG in the cerebrospinal fluid of patients is nearly 100% (4), but
this rate is only 71.4%-85.6% in serum samples (5, 6). There are two main triggers of anti-
NMDARE: tumor, usually a teratoma of the ovary, and herpes simplex virus infection (7-9);
approximately 50% of young women with this disease have an ovarian teratoma (10). There is also
evidence indicating that NR1 antigens are expressed in anti-NMDARE patients with a history of
teratoma (11, 12). Additionally, approximately 50% of the patients have unknown immunologic
triggers (8). Previous studies have revealed that anti-NMDAR antibodies can alter the normal
interaction between NMDA receptors and EphB2, displacing these receptors from synaptic to
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extrasynaptic sites, resulting in internalization of NMDA
receptors (8, 13). The internalization of NMDA receptors leads
to a reduction in NMDA receptor-mediated synaptic currents,
impaired long-term potentiation, and a syndrome characterized
by encephalopathy, memory deficits, and other neuropsychiatric
manifestations (8, 13). The typical clinical symptoms of patients
with anti-NMDARE include rapidly progressive psychiatric
symptoms, cognitive impairment, seizures, abnormal movements,
or coma (14). Approximately 80% of patients with anti-NMDARE
recover or substantially improve with immunotherapy directed to
remove the antibodies and antibody-producing plasma cells
(corticosteroids, intravenous immunoglobulins, plasma exchange,
rituximab, or cyclophosphamide), tumor resection (when needed),
and symptomatic care (13).

Anti-leucine-rich glioma inactivated 1 encephalitis (anti-
LGI1E) is mediated by antibodies against LGI1, a component
of the voltage-gated potassium channel complex (1). Antibodies
in patients with anti-LGI1E mostly recognize the leucine-rich
repeat or the epitempin repeat domains of LGI1 (15). Therefore,
epitopes of anti-LGI1 encephalitis are relatively more complex
and diverse. Previous studies have revealed that the main
pathogenic role of anti-LGI1 antibodies is to inhibit ligand-
receptor interactions between LGI1 and ADAM22 or ADAM23,
decreasing the total and synaptic levels of the voltage-gated
potassium channels Kvl.1 and alpha-amino-3-hydroxy-5-
methyl-4-isoxazole propionate receptors (AMPAR), resulting
in a severe impairment of neuronal transmission, plasticity,
and memory (13, 16, 17). The main subclass of antibodies is
IgG4 (16), and the sensitivity of antibody detection in serum is
higher than that in cerebrospinal fluid (100% vs. 88%) (14, 18).
Moreover, 5%-10% of patients with anti-LGI1E have thymoma
(1). Seizures and cognitive disturbances are common initial
symptoms of anti-LGI1E, and faciobrachial dystonic seizures
are typical of anti-LGI1E (16). Immunotherapy for anti-LGI1E is
similar to that for anti-NMDARE, and approximately 70% of
patients had a favorable outcome at >2 years of follow-up (16).

Immune repertoire studies have been used to identify
potential diagnostic markers and help understand the

pathogenesis of diseases (19-21). Few studies have examined
the B-cell immune repertoire in patients with anti-NMDARE
and anti-LGI1E (15, 22-24). These studies have revealed the
pathogenicity of anti-NMDAR antibodies and anti-LGI1
antibodies and provided evidence suggesting that the anti-LGI1
antibodies are synthesized intrathecally. Little is known about
how the B-cell repertoire changes in patients with these two types
of autoimmune encephalitis. To identify potential biomarkers for
anti-NMDARE and anti-LGI1E and help understand their
pathogenesis with respect to the immune repertoire, we
performed a comparative analysis of peripheral circulating B
cells in patients with these two types of autoimmune encephalitis
and healthy individuals.

MATERIALS AND METHODS

Study Design

Peripheral blood samples from 7 patients with anti-NMDARE (1
patient provided blood samples from the first episode and at
recurrence: N12—N22, and 1 patient provided blood samples
from before and after the first immune treatment: N26—N32)
and from 10 patients with anti-LGI1E were collected from
December 2019 to November 2020. Peripheral blood samples
from four healthy controls (HC) were also collected. This study
was approved by the Institutional Review Board of Peking Union
Medical College Hospital (IRB JS-891). Written informed consent
was obtained from each patient or their legal surrogate. All
patients with anti-NMDARE and anti-LGI1E fulfilled the
diagnostic criteria of definite autoimmune encephalitis proposed
by Graus et al. (1). The cerebrospinal fluid and serum samples of
patients were tested for anti-NMDAR IgG and anti-LGI1E IgG
antibodies by indirect immunofluorescence using EU 90 cells
transfected with the NR1 subunit of the NMDAR complex or
LGI1 and immobilized on commercially available biochips
(EUROIMMUN, Liibeck, Germany). The clinical information of
patients is summarized in Table 1.

TABLE 1 | Clinical features of studied subjects.

Category Anti-NMDARE (n = 7) Anti-LGHE (n = 10) HC (n =4)
Age (years) 30.43 + 3.4 55.1 + 9.07 36.3 +4.8
Female:male 3:4 (42.86%:57.14%) 3:7 (30%:70%) 2:2 (50%:50%)
Abnormal mental behavior 7 (100%) 0 0
Conscious disturbance 4 (57.14%) 0 0
Seizure 6 (85.71%) 10 (100%) 0
Memory deficit 4 (57.14%) 6 (60%) 0
Tumor 0 0 0
Psychiatric symptoms 0 1 (10%) 0
FBDS 0 3 (30%) 0

Vig 6 (85.71%) 8 (80%) 0
Steroids 6 (85.71%) 8 (80%) 0
MMF 1(14.29%) 4 (40%) 0
Antibody positivity in cerebrospinal fluid 7 (100%) 3 (30%) 0
Antibody positivity in serum 2 (28.57%) 9 (90%) 0

Anti-NMDARE, anti-N-methyl-D-aspartate receptor; anti-LGI1E, anti-leucine-rich glioma-inactivated 1, HC, healthy control; FBDS, faciobrachial dystonic seizures; IVIg, intravenous

immunogloblin; MMF, mycophenolate mofetil.
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Flow Cytometry

All fresh samples were transported at 4°C. Peripheral blood
samples were mixed with an equal volume of 0.9% NaCl and
centrifuged at 800g for 20 min using a Lymphoprep separation
solution (Axis-Shield, Norway) to obtain peripheral blood
mononuclear cells. The next steps were performed using
previously published protocols (25). Briefly, B cells were
labeled with various antibodies [NR1-FITC, OriGene; anti-
CD19-percp/Cy5.5, Biolegend; LGI1-green fluorescent protein
(GFP), our lab] and 4',6-diamidino-2-phenylindole for sorting
and counting. FlowJo software (version 10.7) was used for
quantitative analysis of the flow cytometry, and the numbers of
NRI1-positive and LGI-positive B cells were calculated in 100,000
peripheral blood mononuclear cells from each sample.

LGI1-GFP Recombinant

Protein Preparation

The recombined plasmid pcmv3-lgil-gfp (SinoBiological) was
generated with ClonExpress (Vazyme), and “linker” and “His”
tag sequences were added after the GFP sequence to obtain the
complete expression sequence of LGI1-GFP-His. The
recombinant plasmid was transfected (Vazyme) into HEK
293T cells, and the supernatant from the culture medium after
cell lysis was collected 72 h later. LGI1-GFP-His recombinant
protein was purified with Ni-NTA resin (TransGen).

Single B-Cell Receptor Sequencing

Sequences of the B-cell receptor (BCR) heavy chains of NRI-
positive and LGI1-positive B cells were obtained according to a
previously reported method (25). Briefly, reverse transcription of
single B cells was performed. Then, two rounds of nested
polymerase chain reaction were conducted for BCR amplification.
The products of polymerase chain reaction were gel extracted,
ligated, and cloned, and the sequences were obtained by
Sanger sequencing.

High-Throughput Bulk Sequencing of the
BCR Heavy Chain

Bulk sequencing of the BCR heavy chain was performed by
CapitalBio Technology via the following steps: cDNA was
obtained by reverse transcription with OligodT with 1 pg of
mRNA from peripheral blood samples (for samples with less than
1 pug of mRNA, a volume of 10 pl was used to prepare libraries);
second-strand synthesis was performed with IGH constant
domain-specific primers and FR3 region-specific primers for BCR
heavy chains (not shown). Illumina adapters were added by
polymerase chain reaction amplification. The library was
quantified and purified by Qubit 3.0 and gel extraction, and
finally, raw data were obtained by 150-base paired-end Illumina
sequencing. More than 6,000,000 reads were sequenced for each
sample, and the number of times each clone was recovered was
positively correlated with its degree of clonal expansion.

Processing of Raw Reads

Raw data were analyzed using MiXCR (26) to identify productive
clones. VDJtools (27) (version 3.0.13) was used to analyze the gene
usage preference of IGHV, IGHJ, and the IGHV-IGH]J gene

combination. The proportions of reads of each IGHV gene, IGH]
gene, and IGHV-IGH] gene combination were calculated and
compared among the anti-NMDARE, anti-LGI1E, and HC
groups. The somatic hypermutation rate of the BCR (FR3 region)
was calculated by the Defineclone.py of the Change-O toolkit (28).
The amino acid length of complementary determining region 3
(CDR3) was analyzed and plotted using VDJtools and the R package
(version 4.0.2) immunarch.

The Gini coefficient is commonly used to measure income
inequality in economic studies, and it has also been used to measure
the equality of distribution in individual immune repertoires (29,
30). A Gini coefficient of 0 indicates equal frequencies of all clones,
and a Gini coefficient of 1 indicates a monoclonal sample. The Gini
coefficient of each isotype was calculated using the R package
immunarch and was used to compare the degree of clonal
expansion in the repertoire of each sample (30).

Chaol is a non-parametric asymptotic estimator of species
richness (number of species in a population) (31). The
normalized Chaol estimate calculated using VDJtools was used
to assess the diversity of the immune repertoire. Normalization was
performed by downsampling datasets to the size of the smallest
dataset and computing the estimate for the resulting dataset.
Analysis of clonality showed the proportions of hyperexpanded
clones and rare clones. Chao1 and clonality were analyzed using the
R package immunarch.

Similarities of the B-cell immune repertoire (common clones,
similar clones, Morisita index, t-distributed stochastic neighbor
embedding clustering) were analyzed and plotted using the R
package immunarch. Common clones were defined if the
sequences were encoded by the same BCR IGHV/IGH]J gene
segments and possessed identical amino acids in the CDR3
region. Sequences that possessed identical amino acids in the
CDR3 region were defined as similar clones.

Statistical Analysis

Statistical analysis was performed using R (version 4.0.2). The
Kruskal-Wallis test was used for multiple group comparisons,
and Holm-Bonferroni correction was performed to determine
the adjusted P-value (P.gj). A P,g-value <0.05 was considered
statistically significant. Comparisons of numbers of antigen-
positive B cells between the HC and anti-NMDARE groups
and between the HC and anti-LGI1E groups were performed
using the Mann-Whitney test. Moreover, a value of P <0.05 was
considered statistically significant.

RESULTS

Autoimmune Encephalitis-Associated

BCR Clones

The results of flow cytometric analysis showed significantly higher
NRI-positive B-cell (CD19*NR1") levels in the peripheral blood of
patients with anti-NMDARE than those of the HC group (P=0.0317)
(Figure 1A), and the level of LGI1-positive B cells (CD19"LGI1") in
the peripheral blood of patients with anti-LGI1E was also
significantly higher than that of the HC group (P = 0.0091)
(Figure 1B). Some partial BCR clones of antigen-positive B cells
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were identified in patients by single-cell sequencing, and the
sequences are summarized in Supplementary Table 1.

Next, we analyzed the high-throughput data and did not find
any BCR clones that were significantly overexpressed in the two
encephalitis groups, but we found a few BCR clones with
increased expression in the HC group (Supplementary Table 2).

Basic Analysis of the B-Cell Imnmune
Repertoire in Peripheral Blood Samples
From the Anti-NMDARE, Anti-LGI1E,

and HC Groups

The basic characteristics of the sequencing data of the BCR heavy
chain, including the number of total reads and total unique BCR
clones, from patients with anti-NMDARE and anti-LGI1E and
HC are summarized in Table 2. On average, 21,665,199,
12,431,273, and 17,668,993 reads were sequenced from the
anti-NMDARE, anti-LGI1E, and HC groups.

Analysis of the characteristics of IGHV and IGH] gene usage
preference (Figure 2A and Supplementary Table 3) showed that
patients with anti-NMDARE had significant differences
compared with HC, including increased IGHJ4 (P,g; = 0.028)
and decreased IGHV3-71 (P,q; = 0.036) levels; furthermore,
patients with anti-NMDARE had significant differences
compared with patients with anti-LGI1E, including increased
IGHV1-67 (P,gj = 0.043) and IGHV4-4 (P,g; = 0.006) levels.

After comparing the usage frequency, significant differences
in a total of 5 IGHV-IGH] gene combinations were observed
between patients with anti-NMDARE and HC (Table 3). Among
them, IGHV1-3_IGHJ1 was used more frequently in patients
with anti-NMDARE, whereas the other combinations (four
IGHV-IGH]J gene combinations, namely, IGHV3-48_IGH]J]I,
IGHV3-49_IGH]J1, IGHV3-48_IGH]J3, IGHV5-78_IGH]J3)
exhibited an increased usage frequency in HC. Additionally,
significant differences in 15 IGHV-IGH]J gene combinations
were observed between patients with anti-LGI1E and HC
(Table 3), whereas 14 IGHV-IGH] gene combinations
exhibited significantly higher frequencies in HC, namely
IGHV3-64_IGH]J1, IGHV4-39_IGH]J1, IGHV7-4-1_IGH]J]I,
IGHV3-43_IGH]J2, IGHV3-64_IGHJ2, IGHV3-48_IGH]3,
IGHV3-64_IGH]3, IGHV3-64_IGHJ4, IGHV3-73_IGH]J4,
IGHV3-49_IGH]J5, IGHV3-64_IGH]J5, IGHV3-71_IGH]5,
IGHV5-78_IGH]J5, and IGHV3-64_IGH]J6, and only IGHV1-
2_IGH]J5 was used more frequently in patients with anti-LGI1E.
Additionally, 14 IGHV-IGH] gene combinations with significant
differences were observed between patients with anti-NMDARE
and patients with anti-LGI1E; most of these combinations were
used more frequently in patients with anti-NMDARE, including
IGHV6-1_IGH]J1, IGHV1-69D_IGH]J2, GHV4-4_IGH]2,
IGHV3-73_IGH]J3, IGHV4-4_IGH]3, IGHV1-67_IGH]J4,
IGHV3-11_IGHJ4, IGHV3-7_IGHJ4, IGHV5-51_IGHJ4, and
IGHV1-67_IGH]5.
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FIGURE 1 | Comparison of NR1-positive B cells and LGI1-positive B cells in peripheral blood samples among the anti-NMDARE, anti-LGIHE, and HC groups.
(A) Results of flow cytometric analysis of NR1-positive B cells in the anti-NMDARE and HC groups. (B) Results of flow cytometric analysis of LGI1-positive B cells in
the anti-LGI1E and HC groups. Anti-NMDARE, anti-N-methyl-D-aspartate receptor; anti-LGI1E, anti-leucine-rich glioma-inactivated 1; HC, healthy control. *P < 0.05,
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TABLE 2 | Summary of BCR heavy chain sequencing data from the anti-NMDARE, anti-LGI1E, and HC groups.

Group Subject

HC H1
H2
H3
Ha4
Anti-LGHE L1
L13
Li5
L18
L2
L24
L3
L5
L6
L7
Anti-NMDARE N12
N14
N22
N23
N26
N32
N33
N37
N41

Number of total reads

Number of unique BCR clones

19,443,564 477,441
17,097,390 511,128
18,088,592 89,273
16,046,426 837,891
12,871,142 81,116
18,662,269 26,088
11,821,081 64,711

17,404,636 316,828
7,239,595 25,883
11,022,181 38,722
10,936,758 21,600
11,105,016 15,721

9,813,657 4,541

13,436,392 6,478

25,491,885 37,532
30,465,831 79,895
23,508,911 208,781
26,085,766 294,683
20,844,353 220,347
13,418,562 5,624

24,117,896 89,593
20,513,964 36,504
10,539,620 66,187

Anti-NMDARE, anti-N-methyl-D-aspartate receptor; anti-LGI1E, anti-leucine-rich glioma-inactivated 1, HC, healthy control.

Analysis of the distribution of CDR3 amino acid lengths
showed that the anti-NMDARE, anti-LGI1E, and HC groups had
similar CDR3 amino acid distributions that approximated the
Gaussian distribution (Figure 2B). The mean lengths in the HC,
anti-NMDARE, and anti-LGI1E groups were 17.89, 18.20, and
17.99, respectively.

As shown in Figure 2C, a significant difference was observed in
the somatic hypermutation rate of the FR3 region among the anti-
NMDARE, anti-LGI1E, and HC groups (P =2.2 x 107'%). The anti-
NMDARE group had the highest somatic hypermutation rate
(mean = 3.26 x 1072), the anti-LGI1E group had a lower somatic
hypermutation rate (mean = 1.39 x 107%), and the HC group had a
relatively high somatic hypermutation rate (mean = 2.78 x 1072).

Comparison of the Clonal Expansion per
Isotype, Diversity, and Clonality of the
B-Cell Immune Repertoire in Peripheral
Blood Samples From the Anti-NMDARE,
Anti-LGHE, and HC Groups
A comparison of the Gini coefficient per isotype showed no
significant difference in clonal expansion of each isotype among
the anti-NMDARE, anti-LGI1E, and HC groups (Figure 3A).
Rarefaction analysis of the repertoire showed that the degree of
diversity in the HC group did not reach saturation, and the
number of unique clones was significantly higher in the HC
group than in the anti-LGI1E group (Figure 3B). A comparison
of the diversity of repertoire using the normalized Chaol estimate
also showed that the HC group had the highest diversity (mean +
SEM = 530,865 + 176,642) (Figure 3C), which was significantly
higher than that in the anti-LGI1E group (mean + SEM = 76,599 +
35,949) (P,g; = 0.009). The HC group showed a trend toward
greater diversity than the anti-NMDARE group (mean + SEM =

163,558 + 46,615), although the difference was not statistically
significant (P,q; = 0.328).

The clonality of the immune repertoire is displayed in
Figure 3D and Supplementary Figure 2. The HC group had
more “rare clones” (0 < frequency < 1 x 107°) than the anti-
NMDARE and anti-LGI1E groups, especially compared with the
anti-LGI1E group (P,gj = 0.040), and this was consistent with the
result of Chaol value. The anti-NMDARE group had more
“large clones” (0.001 < frequency < 0.01) than the anti-LGI1E
group (P.gj = 0.026), and the anti-LGI1E group seemed to have
more “hyperexpanded clones” (0.01 < frequency < 1).

Similarity of the B-Cell Inmune Repertoire
in Peripheral Blood Samples From the
Anti-NMDARE, Anti-LGIHE, and HC Groups
Overall, 1.02, 0.62, and 2.06 million unique BCR clones were
identified in the anti-NMDARE, anti-LGI1E, and HC groups,
respectively. We determined the degree of overlap between each
group. There were 3,247 types of common clones shared by patients
with anti-NMDARE and anti-LGI1E, and there were 3,719 types of
common clones shared by patients with anti-NMDARE and HC
(Figure 4A). Next, we calculated the proportions of reads of
common clones shared by the anti-NMDARE, anti-LGI1E, and
HC groups, and we found that the proportions of reads of common
clones shared by these two encephalitis groups were the highest
(Figure 4B). We calculated the frequency of these common clones
shared by patients with anti-NMDARE and anti-LGI1E per isotype,
and most of them were IgA/IgD/IgE/IgG (i.e., class-switched)
(Figure 4C). To determine which samples contained these
common clones, we analyzed the number of common clones in
each sample (Figure 4D). Common clones shared by patients with
anti-NMDARE and anti-LGI1E were not from a single sample, but
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FIGURE 2 | Basic analysis of the B-cell immune repertoire in peripheral blood samples from the anti-NMDARE, anti-LGI1E, and HC groups. (A) Analysis of IGHV
and IGHJ gene usage preferences. (B) Analysis of the CDR3 amino acids length. (C) Analysis of the somatic hypermutation rate. Anti-NMDARE, anti-N-methyl-D-
aspartate receptor encephalitis; anti-LGI1E, anti-leucine-rich glioma-inactivated 1 encephalitis; HC, healthy control; AA, amino acids. *Paq; < 0.05, **P,q < 0.001.

rather from portions of both groups with varying degrees of clone
overlap (Figure 4D). There were 7,317 types of common clones
between N12 and N14 and 5,945 types of common clones between
N23 and N41 (Figure 4D). There were 2,877, 2,087, 1,046, and 924
common clones between L13 and N26, L3 and N22, L18 and N23,
and L2 and N22, respectively (Figure 4D). Additionally, N12 and
N14 had the highest Morisita index of 7.84 x 107>, and L2 had
higher Morisita index of 4.41 x 10~ and 6.14 x 10> with N12 and
N14, separately (Supplementary Figure 1). It should be noted that
N12 and N14 and the samples from the anti-LGI1E group were not
in the same batch during library construction and sequencing.
Additionally, we performed t¢-distributed stochastic neighbor
embedding analysis of the BCR (Figure 4E), which indicated
partial crossover between patients with anti-NMDARE and
anti-LGI1E.

Identification of Clones That Were the
Same as or Similar to Common Clones
Shared by Patients With Anti-NMDARE
and Anti-LGIHE in Public BCR Datasets
Previous studies have shown that mining B-cell immune
repertoire data can be used to identify highly similar antibodies

with known functions (32-34). We next sought to determine
whether these common clones shared by patients with anti-
NMDARE and anti-LGI1E but not with HC contained biological
signatures from past disease exposures. Therefore, we searched
for these common clones in public databases containing
BCR sequences.

Initially, we searched for common clones of these two types of
autoimmune encephalitis in GenBank (35) and found that some
were similar to the sequences of clones in patients with
myasthenia gravis. Therefore, we mined the BCR sequencing
data of myasthenia gravis patients from the Sequence Read
Archive database. Additionally, because anti-NMDARE and
anti-LGI1E are autoimmune diseases, we examined BCR data
from other autoimmune diseases from the Sequence Read
Archive database. Public data from patients with myasthenia
gravis, multiple sclerosis, rheumatoid arthritis, systemic sclerosis,
and Sjogren’s syndrome were obtained. By analyzing common
and similar clones among these autoimmune diseases, we found
that few of these common clones shared by these two
encephalitis groups appeared in the other autoimmune diseases
(Figure 5A). However, there were a few common clones between
patients with autoimmune encephalitis and systemic sclerosis
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TABLE 3 | Summary of IGHV-IGHJ gene combinations with significant difference among the anti-NMDARE, anti-LGI1E, and HC groups.

IGHV-IGHJ P-value (Kruskal-Wallis test)
IGHV1-3_IGHJ1 0.032*
IGHV3-48_IGHJ1 0.044*
IGHV3-49_IGHJ1 0.037*
IGHV3-64_IGHJ1 0.036*
IGHV4-39_IGHJ1 0.041*
IGHV6-1_IGHJ1 0.028*
IGHV7-4-1_IGHJ1 0.013*
IGHV1-69D_IGHJ2 0.025*
IGHV3-43_IGHJ2 0.005**
IGHV3-64_IGHJ2 0.036*
IGHV4-4_IGHJ2 0.011*
IGHV3-48_IGHJ3 0.008**
IGHV3-64_IGHJ3 0.036*
IGHV3-73_IGHJ3 0.027*
IGHV4-4_IGHJ3 0.009**
IGHV5-78_IGHJ3 0.031*
IGHV1-67_IGHJ4 0.013*
IGHV3-11_IGHJ4 0.023*
IGHV3-64_IGHJ4 0.036*
IGHV3-7_IGHJ4 0.045*
IGHV3-73_IGHJ4 0.011*
IGHV4-4_IGHJ4 0.006**
IGHV5-51_IGHJ4 0.031*
IGHV1-2_IGHJ5 0.034*
IGHV1-67_IGHJ5 0.010*
IGHV3-49_IGHJ5 0.020*
IGHV3-64_IGHJ5 0.036*
IGHV3-71_IGHJ5 0.034*
IGHV5-78_IGHJ5 0.029*
IGHV6-1_IGHJ5 0.008**
IGHV2-26_IGHJ6 0.015*
IGHV2-5_IGHJ6 0.015*
IGHV3-64_IGHJ6 0.036*

P.qj (pairwise comparison) Note
0.027* Anti-NMDARE > HC
0.039* HC > anti-NMDARE
0.031* HC > anti-NMDARE
0.032* HC > anti-LGIHE
0.035* HC > anti-LGHE
0.035* Anti-NMDARE > anti-LGIHE
0.010* HC > anti-LGHE
0.038* Anti-NMDARE > anti-LGIHE
0.009* HC > anti-LGIHE
0.032* HC > anti-LGHE
0.008** Anti-NMDARE > anti-LGI1E
0.028* HC > anti-NMDARE
0.009* HC > anti-LGHE
0.032* HC > anti-LGHE
0.023* Anti-NMDARE > anti-LGIHE
0.008* Anti-NMDARE > anti-LGIHE
0.028* HC > anti-NMDARE
0.013* Anti-NMDARE > anti-LGIHE
0.026* Anti-NMDARE > anti-LGIHE
0.032* HC > anti-LGHE
0.040* Anti-NMDARE > anti-LGIHE
0.011* HC > anti-LGHE
0.004* Anti-NMDARE > anti-LGIHE
0.029* Anti-NMDARE > anti-LGIHE
0.035* Anti-LGHE > HC
0.020* Anti-NMDARE > anti-LGIHE
0.037* HC > anti-LGHE
0.032* HC > anti-LGIHE
0.040* HC > anti-LGHE
0.035* HC > anti-LGHE
0.015* Anti-NMDARE > anti-LGIHE
0.025* Anti-LGHE > anti-NMDARE
0.025* Anti-LGHE > anti-NMDARE
0.011* HC > anti-LGHE

Anti-NMDARE, anti-N-methyl-D-aspartate receptor; anti-LGI1E, anti-leucine-rich glioma-inactivated 1; HC, healthy control.

*Pagy < 0.05, *Pagj < 0.01.

(Figure 5A), and many similar clones were observed among the
anti-NMDARE, anti-LGI1E, multiple sclerosis, myasthenia
gravis, and systemic sclerosis groups (Figure 5B).

The Immune Epitope Database is a widely used resource for
collecting BCR and TCR information (36). The database
contains sequences of 1,825 types of BCRs and their antigens.
We searched for common clones shared by patients with anti-
NMDARE and anti-LGI1E in the Immune Epitope Database to
identify antigens that can bind to these common clones, but none
was found in this database.

DISCUSSION

We characterized the role of B cells in patients with anti-
NMDARE and anti-LGI1E and HC at the BCR level. To our
knowledge, this is the first study comparing the two most
common types of autoimmune encephalitis by analyzing the B-
cell immune repertoire. Identification of relatively high
frequencies of common clones in BCR repertoires in patients
with anti-NMDARE and anti-LGI1E was unexpected and
interesting. Although there were also many common clones

shared by the anti-NMDARE and HC groups, the proportion
of reads of common clones shared by the anti-NMDARE and
anti-LGI1E groups was the highest, indicating these clones had
higher expansion in both of these two types of encephalitis.
These two groups had relatively high BCR similarity (Morisita
index and t-distributed stochastic neighbor embedding
classification), and the majority of the common clones in
these two types of encephalitis were class-switched, which
may indicate that the same or similar adaptive immune
responses occur in the circulating blood cells of patients with
anti-NMDARE and anti-LGI1E. Although some of these
common clones might be driven by exposure to common
antigens (37), whether the same antigens were present in the
anti-NMDARE and anti-LGI1E groups was not clear. Our
study may be of importance for identifying similarities in
the pathogenesis and treatment of these two types of
autoimmune encephalitis.

Additionally, some common and similar clones were present
in patients with anti-NMDARE, anti-LGI1E, systemic sclerosis,
myasthenia gravis, and multiple sclerosis. Although the reason
for the presence of common clones between these different types
of autoimmune diseases is not known, our study has implications
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for future research on the existence of similar immune responses
in different autoimmune diseases.

The results of flow cytometric analysis demonstrated that
patients with anti-NMDARE or anti-LGI1E had more B cells in
the peripheral blood that can combine with the NR1 antigen or
LGI1 antigen than HC. Although the majority of patients with
anti-NMDARE enrolled in this study had negative peripheral
blood antibody tests, this does not mean that there were no
NR1-positive B cells in their peripheral blood. Other than these
antigen-positive BCR clones, we did not find other autoimmune
encephalitis-related BCR clones by high-throughput sequencing
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FIGURE 3 | Comparison of the clonal expansion per isotype, diversity, and clonality of the B-cell immune repertoire in peripheral blood samples from the anti-NMDARE,
anti-LGI1E, and HC groups using a multinomial model. (A) Gini coefficient of each isotype in the anti-NMDARE, anti-LGI1E, and HC groups. (B) Rarefaction analysis of
BCRs showing the number of unique clones in a subsample plotted against its size (number of BCR cDNA molecules); solid and dashed lines indicate interpolated and
extrapolated regions of rarefaction curves, respectively; points indicate the exact sample size and diversity. (C) Chao1 value of the anti-NMDARE, anti-LGI1E, and HC
groups. (D) Analysis of clonality in each group. Anti-NMDARE, anti-N-methyl-D-aspartate receptor encephalitis; anti-LGI1E, anti-leucine-rich glioma-inactivated 1
encephalitis; HC, healthy control; BCR, B-cell receptor. *Pagq; < 0.05, **P,g < 0.01.

as reported in previous studies (25, 38). This might result from
the relatively small number of subjects included. Additionally, in
the anti-NMDARE group, only two of the enrolled patients had
serum antibody positivity. More patients with antibody-positive
serum or cerebrospinal fluid samples may be needed.
Compared with the HC group, patients with anti-NMDARE or
anti-LGI1E showed a decreased diversity of the B-cell repertoire,
with the smallest value in the anti-LGI1E group. The two
encephalitis groups also had lower Chaol values, fewer rare
clones, and more hyperexpanded clones, which suggests the
existence of antigen-driven expanded BCR clones in autoimmune
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(A) Number of common clones among the anti-NMDARE, anti-LGI1E, and HC groups in a Venn diagram. (B) The proportions of reads of common clones shared by
each two groups of the anti-NMDARE, anti-LGI1E, and HC groups. (C) The result of frequency of common clones shared by the anti-NMDARE and anti-LGI1E
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anti-LGI1E, and HC groups in a circos plot; the area of each color represents the number of unique clones shared by two samples. (E) t-stochastic neighbor
embedding plot of the BCR in samples from the anti-NMDARE and anti-LGI1E groups. Anti-NMDARE, anti-N-methyl-D-aspartate receptor encephalitis; anti-LGI1E,
anti-leucine-rich glioma-inactivated 1 encephalitis; HC, healthy control; BCR, B-cell receptor.

encephalitis. Other antigen-driven changes observed in these
patients included the IGHV/IGH] gene usage preference, IGHV-
IGHJ combination usage preference, and somatic mutation rate.
NRI-positive sequences from patients with anti-NMDARE have

been reported as more likely to have a low mutation rate or no
mutations (39). Our study showed that the circulating BCRs were
hypermutated, and the somatic hypermutation rate was lower in the
anti-LGI1E group. We suggest that these changes in framework
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regions might help the complementary determining regions
recognize antigens; therefore, they might be antigen-
driven characteristics.

Many questions remain. Here, we examined peripheral
circulating blood cells; however, many lymphocyte populations
involved in the pathogenesis of autoimmune encephalitis are
present in the brain parenchyma and cerebrospinal fluid. This
study included a small number of subjects, and more samples are
needed for further exploration. The biological functions of
common clones shared by patients with anti-NMDARE and
anti-LGI1E need to be investigated.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://ngdc.cncb.ac.
cn/gsa-human/browse/HRA001102, HRA001102.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the Institutional Review
Board of Peking Union Medical College Hospital (PUMCH)
(IRB JS-891). Written informed consent to participate in this
study was provided by the participants’ legal guardian/next
of kin.

AUTHOR CONTRIBUTIONS

The project was mainly conceived by JF. Sample preservation and
preparation of antigen were conducted by YS. Flow cytometry and
single-cell sequencing were conducted by YS and JF. Data were
analyzed by JF. The manuscript was mainly drafted by JF. YS
provided assistance to this work. The manuscript was revised by JF
and SF. Samples and the clinical information of patients were collected
by SF and HR. The research was supervised by HG and JW. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the CAS Key Laboratory of Mental
Health, Institute of Psychology, Chinese Academy of Sciences
and Peking Union Medical College Hospital Youth Program
(Grant No. pumch201911390).

ACKNOWLEDGMENTS

The authors thank Junying Jia, Institute of Biophysics of CAS, for
flow cytometry and Shiqun Liu for software and code support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
717598/full#supplementary-material

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 717598


https://ngdc.cncb.ac.cn/gsa-human/browse/HRA001102
https://ngdc.cncb.ac.cn/gsa-human/browse/HRA001102
https://www.frontiersin.org/articles/10.3389/fimmu.2021.717598/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.717598/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Feng et al.

B-Cell Repertoire of Autoimmune Encephalitis

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Graus F, Titulaer MJ, Balu R, Benseler S, Bien CG, Cellucci T, et al. A Clinical
Approach to Diagnosis of Autoimmune Encephalitis. Lancet Neurol (2016)
15:391-404. doi: 10.1016/S1474-4422(15)00401-9

. Gleichman AJ, Spruce LA, Dalmau J, Seeholzer SH, Lynch DR. Anti-NMDA

Receptor Encephalitis Antibody Binding Is Dependent on Amino Acid
Identity of a Small Region Within the Glunl Amino Terminal Domain.
J Neurosci (2012) 32:11082-94. doi: 10.1523/JNEUROSCI.0064-12.2012

. Castillo-Gomez E, Oliveira B, Tapken D, Bertrand S, Klein-Schmidt C, Pan H,

et al. All Naturally Occurring Autoantibodies Against the NMDA Receptor
Subunit NR1 Have Pathogenic Potential Irrespective of Epitope and
Immunoglobulin Class. Mol Psychiatry (2017) 22:1776-84. doi: 10.1038/
mp.2016.125

. Tuzun E, Zhou L, Baehring JM, Bannykh S, Rosenfeld MR, Dalmau J.

Evidence for Antibody-Mediated Pathogenesis in Anti-NMDAR
Encephalitis Associated With Ovarian Teratoma. Acta Neuropathol (2009)
118:737-43. doi: 10.1007/s00401-009-0582-4

. Gresa-Arribas N, Titulaer MJ, Torrents A, Aguilar E, McCracken L, Leypoldt

F, et al. Antibody Titres at Diagnosis and During Follow-Up of Anti-NMDA
Receptor Encephalitis: A Retrospective Study. Lancet Neurol (2014) 13:167-
77. doi: 10.1016/S1474-4422(13)70282-5

. XuX,LuQ,HuangY, Fan S, Zhou L, YuanJ, et al. Anti-NMDAR Encephalitis: A

Single-Center, Longitudinal Study in China. Neurol Neuroimmunol
Neuroinflamm (2020) 7. doi: 10.1212/NXI.0000000000000633

. Armangue T, Leypoldt F, Malaga I, Raspall-Chaure M, Marti I, Nichter C,

et al. Herpes Simplex Virus Encephalitis Is a Trigger of Brain Autoimmunity.
Ann Neurol (2014) 75:317-23. doi: 10.1002/ana.24083

. Dalmau J. NMDA Receptor Encephalitis and Other Antibody-Mediated

Disorders of the Synapse: The 2016 Cotzias Lecture. Neurology (2016)
87:2471-82. doi: 10.1212/WNL.0000000000003414

. Hu S, Lan T, Bai R, Jiang S, Cai J, Ren L. HSV Encephalitis Triggered Anti-

NMDAR Encephalitis: A Case Report. Neurol Sci (2021) 42:857-61. doi:
10.1007/s10072-020-04785-9

Titulaer MJ, McCracken L, Gabilondo I, Armangue T, Glaser C, lizuka C, et al.
Treatment and Prognostic Factors for Long-Term Outcome in Patients With
Anti-NMDA Receptor Encephalitis: An Observational Cohort Study. Lancet
Neurol (2013) 12:157-65. doi: 10.1016/S1474-4422(12)70310-1

Jiang XY, Lei S, Zhang L, Liu X, Lin MT, Blumcke I, et al. Co-Expression of
NMDA-Receptor Subunits NR1, NR2A, and NR2B in Dysplastic Neurons of
Teratomas in Patients With Paraneoplastic NMDA-Receptor-Encephalitis: A
Retrospective Clinico-Pathology Study of 159 Patients. Acta Neuropathol
Commun (2020) 8:130. doi: 10.1186/s40478-020-00999-2

Tachibana N, Shirakawa T, Ishii K, Takahashi Y, Tanaka K, Arima K, et al.
Expression of Various Glutamate Receptors Including N-Methyl-D-Aspartate
Receptor (NMDAR) in an Ovarian Teratoma Removed From a Young
Woman With Anti-NMDAR Encephalitis. Intern Med (2010) 49:2167-73.
doi: 10.2169/internalmedicine.49.4069

Dalmau J, Geis C, Graus F. Autoantibodies to Synaptic Receptors and Neuronal
Cell Surface Proteins in Autoimmune Diseases of the Central Nervous System[]J].
Physiol Rev (2017) 97(2):839-87. doi: 10.1152/physrev.00010.2016

Dalmau J, Armangue T, Planaguma J, Radosevic M, Mannara F, Leypoldt F,
et al. An Update on Anti-NMDA Receptor Encephalitis for Neurologists and
Psychiatrists: Mechanisms and Models. Lancet Neurol (2019) 18:1045-57. doi:
10.1016/S1474-4422(19)30244-3

Ramberger M, Berretta A, Tan JMM, Sun B, Michael S, Yeo T, et al. Distinctive
Binding Properties of Human Monoclonal LGI1 Autoantibodies Determine
Pathogenic Mechanisms. Brain (2020) 143:1731-45. doi: 10.1093/brain/awaal 04
van Sonderen A, Petit-Pedrol M, Dalmau J, Titulaer MJ. The Value of LGI1,
Caspr2 and Voltage-Gated Potassium Channel Antibodies in Encephalitis.
Nat Rev Neurol (2017) 13:290-301. doi: 10.1038/nrneurol.2017.43
Petit-Pedrol M, Sell J, Planaguma ], Mannara F, Marija Radosevic F,
Haselmann H, et al. LGI1 Antibodies Alter Kvl.1 and AMPA Receptors
Changing Synaptic Excitability, Plasticity and Memory. Brain (2018) 141
(11):3144-59. doi: 10.1093/brain/awy253

van Sonderen A, Thijs RD, Coenders EC, Jiskoot LC, Sanchez E, Bruijn MAAM,
et al. Anti-LGI1 Encephalitis: Clinical Syndrome and Long-Term Follow-Up.
Neurology (2016) 87:1449-56. doi: 10.1212/WNL.0000000000003173

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Emerson RO, DeWitt WS, Vignali M, Gravley ], Hu JK, Osborne EJ, et al.
Immunosequencing Identifies Signatures of Cytomegalovirus Exposure
History and HLA-Mediated Effects on the T Cell Repertoire. Nat Genet
(2017) 49:659-65. doi: 10.1038/ng.3822

Ahmed R, Omidian Z, Giwa A, Cornwell B, Majety N, Bell DR, et al. A Public
BCR Present in a Unique Dual-Receptor-Expressing Lymphocyte From Type
1 Diabetes Patients Encodes a Potent T Cell Autoantigen. Cell (2019)
177:1583-99. doi: 10.1016/j.cell.2019.05.007

Wang L, Zhang P, Li ], Lu H, Peng L, Ling J, et al. High-Throughput
Sequencing of CD4+ T Cell Repertoire Reveals Disease-Specific Signatures
in Igg4-Related Disease. Arthritis Res Ther (2019) 21:295. doi: 10.1186/
513075-019-2069-6

Lehmann-Horn K, Irani SR, Wang S, Palanichamy A, Jahn S, Greenfield AL,
et al. Intrathecal B-Cell Activation in LGI1 Antibody Encephalitis. Neurol
Neuroimmunol Neuroinflamm (2020) 7. doi: 10.1212/NXI.0000000000000669
Malviya M. NMDAR Encephalitis: Passive Transfer From Man to Mouse by a
Recombinant Antibody. Ann Clin Transl Neurol (2017) 4:768-83. doi:
10.1002/acn3.444

Sharma R, Al-Saleem FH, Panzer J, Lee J, Puligedda RD, Felicori LF, et al.
Monoclonal Antibodies From a Patient With Anti-NMDA Receptor
Encephalitis. Ann Clin Transl Neurol (2018) 5:935-51. doi: 10.1002/acn3.592
FengJ, Fan S, Sun Y, Zhang Z, Ren H, Li W, et al. Study of B Cell Repertoire in
Patients With Anti-N-Methyl-D-Aspartate Receptor Encephalitis. Front
Immunol (2020) 11:1539. doi: 10.3389/fimmu.2020.01539

Bolotin DA, Poslavsky S, Mitrophanov I, Shugay M, Mamedov 1Z, Putintseva
EV, et al. Mixcr: Software for Comprehensive Adaptive Immunity Profiling.
Nat Methods (2015) 12:380-1. doi: 10.1038/nmeth.3364

Shugay M, Bagaev DV, Turchaninova MA, Bolotin DA, Britanova OV,
Putintseva EV, et al. Vdjtools: Unifying Post-Analysis of T Cell Receptor
Repertoires. PloS Comput Biol (2015) 11:¢1004503. doi: 10.1371/
journal.pcbi.1004503

Gupta NT, Heiden JAV, Uduman M, Gadala-Maria D, Yaari G, Kleinstein SH.
Change-O: A Toolkit for Analyzing Large-Scale B Cell Immunoglobulin
Repertoire Sequencing Data. Bioinformatics (2015) 31:3356-8. doi: 10.1093/
bioinformatics/btv359

Thomas PG, Handel A, Doherty PC, La Gruta NL. Ecological Analysis of
Antigen-Specific CTL Repertoires Defines the Relationship Between Naive
and Immune T-Cell Populations. Proc Natl Acad Sci USA (2013) 110:1839-44.
doi: 10.1073/pnas.1222149110

Cowan GJM, Miles K, Capitani L, Giguere SSB, Johnsson HJ, Goodyear C,
et al. In Human Autoimmunity, a Substantial Component of the B Cell
Repertoire Consists of Polyclonal, Barely Mutated Igg+Ve B Cells. Front
Immunol (2020) 11:395. doi: 10.3389/fimmu.2020.00395

Chao A, Colwell RK, Lin CW, Gotelli NJ. Sufficient Sampling for Asymptotic
Minimum Species Richness Estimators. Ecology (2009) 90:1125-33. doi:
10.1890/07-2147.1

Kovaltsuk A, Leem J, Kelm S, Snowden ], Deane CM, Krawczyk K. Observed
Antibody Space: A Resource for Data Mining Next-Generation Sequencing of
Antibody Repertoires. J Immunol (2018) 201:2502-9. doi: 10.4049/
jimmunol.1800708

Krawczyk K, Raybould MIJ, Kovaltsuk A, Deane CM. Looking for Therapeutic
Antibodies in Next-Generation Sequencing Repositories. MAbs (2019)
11:1197-205. doi: 10.1080/19420862.2019.1633884

Soto C, Bombardi RG, Kozhevnikov M, Sinkovits R, Chen EC, Branchizio A,
et al. High Frequency of Shared Clonotypes in Human T Cell Receptor
Repertoires. Cell Rep (2020) 32(2):107882. doi: 10.1016/j.celrep.2020.107882
Sayers EW, Cavanaugh M, Clark K, Ostell J, Pruitt KD, Karsch-Mizrachi I.
Genbank. Nucleic Acids Res (2020) 48:D84-6. doi: 10.1093/nar

Vita R, Mahajan S, Overton JA, Dhanda SK, Martini S, Cantrell JR, et al. The
Immune Epitope Database (IEDB): 2018 Update. Nucleic Acids Res (2019) 47:
D339-43. doi: 10.1093/nar/gky1006

Soto C, Bombardi RG, Branchizio A, Kose N, Matta P, Sevy AM, et al. High
Frequency of Shared Clonotypes in Human B Cell Receptor Repertoires.
Nature (2019) 566:398-402. doi: 10.1038/s41586-019-0934-8

Liu X, Zhang W, Zhao M, Fu L, Liu L, Wu J, et al. T Cell Receptor Beta
Repertoires as Novel Diagnostic Markers for Systemic Lupus Erythematosus
and Rheumatoid Arthritis. Ann Rheum Dis (2019) 78:1070-8. doi: 10.1136/
annrheumdis-2019-215442

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 717598


https://doi.org/10.1016/S1474-4422(15)00401-9
https://doi.org/10.1523/JNEUROSCI.0064-12.2012
https://doi.org/10.1038/mp.2016.125
https://doi.org/10.1038/mp.2016.125
https://doi.org/10.1007/s00401-009-0582-4
https://doi.org/10.1016/S1474-4422(13)70282-5
https://doi.org/10.1212/NXI.0000000000000633
https://doi.org/10.1002/ana.24083
https://doi.org/10.1212/WNL.0000000000003414
https://doi.org/10.1007/s10072-020-04785-9
https://doi.org/10.1016/S1474-4422(12)70310-1
https://doi.org/10.1186/s40478-020-00999-2
https://doi.org/10.2169/internalmedicine.49.4069
https://doi.org/10.1152/physrev.00010.2016
https://doi.org/10.1016/S1474-4422(19)30244-3
https://doi.org/10.1093/brain/awaa104
https://doi.org/10.1038/nrneurol.2017.43
https://doi.org/10.1093/brain/awy253
https://doi.org/10.1212/WNL.0000000000003173
https://doi.org/10.1038/ng.3822
https://doi.org/10.1016/j.cell.2019.05.007
https://doi.org/10.1186/s13075-019-2069-6
https://doi.org/10.1186/s13075-019-2069-6
https://doi.org/10.1212/NXI.0000000000000669
https://doi.org/10.1002/acn3.444
https://doi.org/10.1002/acn3.592
https://doi.org/10.3389/fimmu.2020.01539
https://doi.org/10.1038/nmeth.3364
https://doi.org/10.1371/journal.pcbi.1004503
https://doi.org/10.1371/journal.pcbi.1004503
https://doi.org/10.1093/bioinformatics/btv359
https://doi.org/10.1093/bioinformatics/btv359
https://doi.org/10.1073/pnas.1222149110
https://doi.org/10.3389/fimmu.2020.00395
https://doi.org/10.1890/07-2147.1
https://doi.org/10.4049/jimmunol.1800708
https://doi.org/10.4049/jimmunol.1800708
https://doi.org/10.1080/19420862.2019.1633884
https://doi.org/10.1016/j.celrep.2020.107882
https://doi.org/10.1093/nar
https://doi.org/10.1093/nar/gky1006
https://doi.org/10.1038/s41586-019-0934-8
https://doi.org/10.1136/annrheumdis-2019-215442
https://doi.org/10.1136/annrheumdis-2019-215442
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Feng et al.

B-Cell Repertoire of Autoimmune Encephalitis

39. Wenke NK, Kreye J, Andrzejak E, Casteren A, Leubner J, Murgueitio MS, et al. N-
Methyl-D-Aspartate Receptor Dysfunction by Unmutated Human Antibodies
Against the NR1 Subunit. Ann Neurol (2019) 85:771-6. doi: 10.1002/ana.25460

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Feng, Fan, Sun, Ren, Guan and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 717598


https://doi.org/10.1002/ana.25460
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Comprehensive B-Cell Immune Repertoire Analysis of Anti-NMDAR Encephalitis and Anti-LGI1 Encephalitis
	Introduction
	Materials and Methods
	Study Design
	Flow Cytometry
	LGI1-GFP Recombinant Protein Preparation
	Single B-Cell Receptor Sequencing
	High-Throughput Bulk Sequencing of the BCR Heavy Chain
	Processing of Raw Reads
	Statistical Analysis

	Results
	Autoimmune Encephalitis-Associated BCR Clones
	Basic Analysis of the B-Cell Immune Repertoire in Peripheral Blood Samples From the Anti-NMDARE, Anti-LGI1E, and HC Groups
	Comparison of the Clonal Expansion per Isotype, Diversity, and Clonality of the B-Cell Immune Repertoire in Peripheral Blood Samples From the Anti-NMDARE, Anti-LGI1E, and HC Groups
	Similarity of the B-Cell Immune Repertoire in Peripheral Blood Samples From the Anti-NMDARE, Anti-LGI1E, and HC Groups
	Identification of Clones That Were the Same as or Similar to Common Clones Shared by Patients With Anti-NMDARE and Anti-LGI1E in Public BCR Datasets

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


