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Abstract

Background and Objectives

Deposition of myelin-associated glycoprotein (MAG) immunoglobulin M (IgM) antibodies in
the sural nerve is a key feature in anti-MAG neuropathy. Whether the blood-nerve barrier
(BNB) is disrupted in anti-MAG neuropathy remains elusive.We aimed to evaluate the effect of
sera from anti-MAG neuropathy at the molecular level using our in vitro human BNB model
and observe the change of BNB endothelial cells in the sural nerve of anti-MAG neuropathy.

Methods

Diluted sera from patients with anti-MAG neuropathy (n = 16), monoclonal gammopathies of
undetermined significance (MGUS) neuropathy (n = 7), amyotrophic lateral sclerosis (ALS, n
= 10), and healthy controls (HCs, n = 10) incubated with human BNB endothelial cells to
identify the key molecule of BNB activation using RNA-seq and a high-content imaging system,
and exposed with a BNB coculture model to evaluate small molecule/IgG/IgM/anti-MAG
antibody permeability.

Results

RNA-seq and the high-content imaging system showed the significant upregulation of tumor
necrosis factor (TNF-a) and nuclear factor-kappa B (NF-kB) in BNB endothelial cells after
exposure to sera from patients with anti-MAG neuropathy, whereas the serum TNF-a con-
centration was not changed among the MAG/MGUS/ALS/HC groups. Sera from patients
with anti-MAG neuropathy did not increase 10-kDa dextran or IgG permeability but enhanced
IgM and anti-MAG antibody permeability. Sural nerve biopsy specimens from patients with
anti-MAG neuropathy showed higher TNF-a expression levels in BNB endothelial cells and
preservation of the structural integrity of the tight junctions and the presence of more vesicles in
BNB endothelial cells. Neutralization of TNF-a reduces IgM/anti-MAG antibody permeability.

Discussion
Sera from individuals with anti-MAG neuropathy increased transcellular IgM/anti-MAG an-
tibody permeability via autocrine TNF-a secretion and NF-kB signaling in the BNB.
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Glossary

ALS = amyotrophic lateral sclerosis; ANOVA = analysis of variance; BCL-2 = B-cell lymphoma 2; BNB = blood-nerve barrier;
B-SNR-B = blood-spinal nerve root barrier; CIDP = chronic inflammatory demyelinating polyneuropathy; CXCL = C-X-C
motif chemokine ligand; FITC = fluorescein isothiocyanate; HC = healthy control; IgM = immunoglobulin M; IL = interleukin-
6; LDL = low-density lipoprotein; MAG = myelin-associated glycoprotein; MGUS = monoclonal gammopathies of
undetermined significance; MGUS = monoclonal gammopathy of uncertain significance; NF-kB = nuclear factor-kappa B;
PCA = principal component analysis; PNS = peripheral nervous system; QALB = serum albumin quotient; SGPG =
sulfoglucuronosyl para-globoside; TNF = tumor necrosis factor; VWF = von Willebrand Factor.

Polyneuropathy associated with immunoglobulin M (IgM)
monoclonal gammopathy of uncertain significance (MGUS) is a
paraproteinemic polyneuropathy. Approximately half of patients
with MGUS are positive for anti-myelin-associated glycoprotein
(MAG) IgM antibodies." Patients with anti-MAG neuropathy
typically show a chronic, progressive, predominantly sensory
distal demyelinating neuropathy with ataxia and sometimes
postural tremor.”* In some patients, immunologic treatments,
including plasma exchange, IV immunoglobulin, rituximab,
steroids, or anticancer drugs, may help reduce the MAG anti-
body titer and slow or prevent the progression of the disease.*

MAG is a member of the sialic acid-binding Ig-like lectins and is
located in the Schwann cells of the peripheral nervous system
(PNS), including the paranodal loops and Schmidt-Lanterman
incisures.” Anti-MAG IgM autoantibodies recognize the human
natural killer 1 epitope on MAG or coreact with an acidic gly-
colipid, identified as sulfoglucuronosyl para-globoside (SGPG),
in the ganglioside fraction of the human peripheral nerve.® Sural
nerve biopsies from patients with anti-MAG neuropathy show
demyelination, widening of the myelin lamellae, and the de-
position of IgM and complement on the myelin sheath and
myelin lamellae, suggesting that MAG IgM antibodies cause
demyelination with complement.”® Furthermore, systemic in-
jection of purified IgM from individuals with anti-MAG neu-
ropathy into susceptible host animals results in ataxic
neuropathy and reproduces the human pathology (segmental
peripheral nerve demyelination with deposition of IgM on the
outer myelin lamellae and splitting of the myelin sheath), sug-
gesting the pathogenicity of this antibody.'"*

It is not clear how serum MAG IgM antibody reaches the
peripheral nerve. Nerve conduction studies show a uniformly
slow conduction velocity with prolonged distal motor and
sensory latencies, suggesting distal demyelination."> MAG IgM
antibody possibly accesses the dorsal root ganglia and periph-
eral nerve terminal, which lack a blood-CSF barrier and blood-
nerve barrier (BNB)."'*'* A recent study showed that the al-
bumin quotient, which is an accurate marker of blood-spinal
nerve root barrier (B-SNR-B) permeability, was increased in
MAG neuropathy, indicating the disrupted B-SNR-B.'® Path-
ologic observation of sural biopsy specimens demonstrated
gaps between adjacent endothelial cells of small endoneurial
vessels in the patients with Waldenstrom macroglobulinemia,
suggesting disruption of the BNB."” Breakdown of the BNB

Neurology: Neuroimmunology & Neuroinflammation

| Volume 10, Number 3 |

may cause the entry of anti-MAG IgM antibodies into the PNS
space and the binding of this antibody to the Schwann cells.

In the present study, we evaluated the contribution of sera from
patients with anti-MAG neuropathy to BNB disruption using
our human in vitro BNB model. We found that IgM and MAG
IgM antibody permeability was increased after exposure to the
sera of patients with anti-MAG neuropathy without an increase
in small molecule permeability. RNA-Seq and a high-content
imaging system showed the upregulation of autocrine/paracrine
tumor necrosis factor (TNF)-a secreted by BNB endothelial
cells and the induction of nuclear factor-kappa B (NF-«B) sig-
naling after exposure to patient sera, suggesting the contribution
of TNF-a/NF-xB signaling to increased IgM permeability.

Methods

Patient Serum Samples

Sera were collected from 16 patients with anti-MAG neurop-
athy with anti-MAG antibodies (males, n = 13; females, n = 3;
mean age, 71.3 years) before immunomodulatory treatment, 7
patients with IgM monoclonal gammopathy-associated neu-
ropathy (IgM-MG) who had IgM monoclonal gammopathies
of undetermined significance (MGUS) or Waldenstrém mac-
roglobulinemia without anti-MAG antibodies (males, n = 4;
females, n = 3; mean age, 71.8 years), 10 patients with amyo-
trophic lateral sclerosis (ALS; male, n = 7; female, n = 3; mean
age, 74.2 years) as disease controls and healthy controls (HCs;
male, n = 6; female, n = 4; mean age, 32 years). Table 1 shows
clinical information of patients with anti-MAG neuropathy and
IgM-MG neuropathy. The anti-MAG antibody titer was
assayed using an EK-MAG anti-MAG Autoantibodies ELISA
(BUHLMANN Laboratories AG, Table 1). The cutoff value
was taken as +3SD of the anti-MAG antibody titer in HCs
(eFigure 1, links.Iww.com/NXI/A810).

All sera were stored at —80°C until use. Sera were inactivated
at 56°C for 30 minutes before the experiments.

Standard Protocol Approvals, Registrations,
and Patient Consents

We obtained written informed consent from each participant.
This research was approved by the ethics committees of the
Medical Faculties of Yamaguchi Universities (IRB#: H26-031-2).
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Table 1 Clinical Information of Patients

Pt. Age MAG-Ab titer IgM Bone marrow M Duration CSF protein
Nos (y) Sex (BTU) (mg/dL) findings Protein (y, mo) (mg/dL)
1 73 M 50,000 428 MGUS IgMk 6y NA
2 59 M 25,000 642 MGUS IgMk 5y 165
3 82 M 120,000 172 MGUS IgMk 2y 82
4 72 M 100,000 475 MGUS lgMK 7y 62
5 70 M 100,000 678 MGUS IgMk 2y2mo 78
6 74 M 100,000 450 MGUS IgMk 18y 38
7 67 M 25,000 335 MGUS IgMk Ty1mo 58
8 74 M 50,000 217 MGUS IgMk 5y5mo NA
9 76 F 100,000 337 MGUS IgMk 4y 82
10 60 F 110,000 3,465 WM IgMk 8y 141
1 81 M 110,000 1,001 MGUS IgMk 22y 45
12 80 M 120,000 314 Myelopoietic IgMk 7 mo 56
disease
13 77 F 110,000 440 MGUS IgMk 17y 75
14 86 M 15,000 1900 MGUS IgMk 10y 147
15 62 M 15,000 724 WM IgMA 2y2mo 61
16 49 M 110,000 688 MGUS IgMk 5y 64
IgMA
17 59 F - 2020 WM IgMA 8 mo 47
18 70 M - 707 WM 1gMKk Ty2mo 99
19 83 M - 2700 WM IgMk 7 mo NA
20 77 M - 305 WM IgMk 24y 60
22 79 F - 194 MGUS IgMK 1y9mo 9
23 74 M - 539 MGUS IgMA 5y7mo 80
24 61 F - 931 WM IgMk 4 mo 62

Abbreviations: - = negative; IgM = immunoglobulin M; NA = not available; Pt nos = patient numbers; SGPG/MAG = sulfated glucuronyl paragloboside/myelin-

associated glycoprotein; WM = Waldenstrom macroglobulinemia.

Immunocytochemistry of NF-kB and TNF-a
Using a High-Content Imaging Assay

Human BNB-comprising endothelial cells, immortalized with
temperature-sensitive SV40 large T antigen (tsAS8) and
telomerase, named FH-BNB cells, were previously de-
scribed.'® All experiments were performed 2 days after the shift
in temperature from 33 to 37°C to inactivate immortalization.
The high-content imaging system protocol was previously
described." Briefly, 5,000 cells per well were plated and
maintained on CELLSTAR® 96-well plates (Greiner) and
then cultured in MCDB 131 medium containing 10% sera
from patients with anti-MAG neuropathy, IgM-MG neurop-
athy, and ALS or HCs after substitution for MCDB 131 me-
dium for 1 hour (NF-xB p6S immunostaining) and 24 hours
(TNF-a immunostaining). For immunostaining, FH-BNB
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cells were (1) fixed with 4% paraformaldehyde, (2) incubated
with 0.3% Triton X-100, (3) blocked for 12 hours in 5% fetal
bovine serum/0.3% Triton X-100 in phosphate-buffered sa-
line, (4) incubated with primary Abs (NF-kB p65 monoclonal
antibody or TNF-a monoclonal antibody [Novus]), and (5)
incubated with secondary Abs (Alexa Fluor 488 goat anti-
rabbit IgG and Alexa Fluor 488 goat anti-mouse IgG [ Thermo
Fisher Scientific]).

Images in the plate were captured using an In Cell Analyzer
2000 (GE Healthcare) at x20 magnification with 4 fields of
view per well (equivalent to 800-1,000 cells). The images were
then analyzed with the IN Carta image analysis software pro-
gram (Cytiva) or the In Cell Analyzer software program
(Cytiva). The data represent the mean values of 3 experiments.
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Whole Transcriptome Analyses With RNA-Seq
We incubated MCDB 131 medium containing 10% sera from
4 patients with anti-MAG neuropathy, 4 patients with IgM-
MG neuropathy, or 4 HCs with FH-BNB cells for 12 hours at
37°C. We used FH-BNB cells without incubation with 10%
sera as controls. The method of the whole transcriptome
analysis with RNA-seq was previously described.”® In brief,
total RNA was extracted from FH-BNB cells using the
RNeasy Mini Kit (Qiagen), and mRNA was purified. Com-
plementary DNA libraries were produced using a NEBNext
Ultra I RNA Library Prep kit (New England Biolabs, NEB)
and NEBNextplex Oligos for Illumina, as described pre-
viously. In this approach, mRNA was fragmented in NEBNext
First Strand Synthesis Reaction Buffer at 94°C for 15 minutes
in the presence of NEBNext Random Primers and was reverse
transcribed with NEBNext Strand Synthesis Enzyme Mix.
The library fragments were then concentrated, and index se-
quences were inserted during PCR amplification. The prod-
ucts were purified using AMPure XP beads (Beckman
Coulter), and the quality of the library was confirmed with an
Agilent 2200 TapeStation (D1000, Agilent Thermo Fisher).
The libraries mixed to equal molecular amounts were se-
quenced on an Illumina NextSeq DNA sequencer with a 75-
bp pair-end cycle sequencing kit (Illumina). The data were
then trimmed and mapped to the mouse reference genome
GRCm38 release 92 using the CLC Genomics Workbench
software program (ver.8.01; Qiagen) as previously described.
The mapped read counts were normalized to transcripts per
million, which were converted to log2 values after the addition
of 1. For pathway analysis, factor loadings were calculated
with principal component analysis (PCA) of JMP Pro
ver.15.0.0 software, the 178 genes contributed to negative
direction of principal component (PC)2 were selected, and
the pathway analysis for the detected genes was examined
using Ingenuity Pathway Analysis (Qiagen).

10-kDa Dextran/FITC-Labeled 1gG/IgM/Anti-
MAG Antibody Permeability

FH-BNB cells on the luminal side and human peripheral nerve
pericytes on the abluminal side were cultured on 24-well
collagen-coated Transwell culture inserts (pore size: 0.4 mm;
Corning) for § days. MCDB 131 medium containing individual
10% sera from patients with anti-MAG neuropathy, IgM-MG
neuropathy, and ALS and HCs was incubated with luminal FH-
BNB cells for 24 hours at 37°C. After the cells were washed,
FITC 10k-Da dextran fluorescence (Sigma-Aldrich) or
fluorescein isothiocyanate (FITC)-IgG (Sigma-Aldrich) was
added to the luminal insert (concentration, 1 mg/mL for 10-
kDa dextran; mg/mL for IgG). A total of 100 pL of medium
was then transferred from the abluminal chamber into 96-well
black plates over 40 minutes. Fluorescence signals were cal-
culated at 490/520 nm (absorption/emission) using a Flex-
Station 3 Multi-Mode Microplate Reader (Molecular Devices).

To evaluate IgM or anti-MAG antibody permeability, each
MCDB 131 medium containing 10% sera from patients with
anti-MAG neuropathy, IgM-MG neuropathy, and ALS and HCs

Neurology: Neuroimmunology & Neuroinflammation

| Volume 10, Number 3 |

was incubated in the luminal chamber for 24 hours (150 mL of
conditioned medium including sera was incubated in the luminal
chamber, and 300 mL of MCBD131 was added to the abluminal
chamber). Then, MCBD131 in both the luminal and abluminal
chambers was collected, and the IgM concentration/anti-MAG
antibodies within both chambers were measured using an EK-
MAG anti-MAG Autoantibodies ELISA (BUHLMANN Labo-
ratories AG) or Human IgM ELISA Kit (Abcam). The absor-
bance of the blank was used as the background, and data were
normalized to the absorbance value of the blank.

Immunohistochemistry and Electronic
Microscopy of Sural Nerve Specimens From
Patients With Anti-MAG Neuropathy
Immunohistochemistry was performed to analyze 4-um-thick
sections from paraffin-embedded sural nerve specimens from 4
patients with anti-MAG neuropathy, 2 patients with ALS
(controls), and 1 patient with chronic inflammatory de-
myelinating polyneuropathy (CIDP). All paraffin sections were
deparaffinized, and antigen (TNF-a) was activated by heating at
98°C for 10 minutes in citrate buffer. Indirect immunofluores-
cence was performed with anti-TNF-a antibodies (dilution 1:50,
Novus) as primary antibodies and anti-rabbit secondary fluo-
rescent antibodies (Alexa Fluor 488 goat anti-rabbit IgG, Invi-
trogen, dilution 1:200) as secondary antibodies. Electron
microscopy was performed using 80-nm-thick sections from
epoxy resin-embedded specimens stained with uranyl acetate
and lead acetate. We collected the CSF data from 4 patients with
anti-MAG neuropathy who received sural nerve biopsy (eTa-
ble 1, links.Iww.com/NXI/A810). Q Alb LIM was calculated as
([age/15] + 4) as the cutoff value. The BNB damage was clas-
sified into 4 patterns ([1] absent, serum albumin quotient
(QALB) < QAIbLIM; [2] mild BNB damage, QALB/QAIbLIM
1.0-2.0; [3] moderate BNB damage, QALB/QAIbLIM 2.0-5.0;
and [4] severe BNB damage, QALB/QAIbLIM >5.0).1

Treatment With TNF-a-Neutralizing Antibody
To evaluate the effect of TNF-a on IgM or anti-MAG antibody
permeability, cocultured in vitro BNB cells (luminal: FH-BNB
cells/abluminal: peripheral nerve pericytes) were incubated
with the MCBD media containing 10% sera from 2 patients
with anti-MAG neuropathy, 1 patient with IgM-MG neurop-
athy, or 1 HC with/without 200 ng/mL of TNF-a—neutralizing
antibody (R&D) in the luminal chamber for 24 hours. Then,
MCBD131 in both the luminal and abluminal chambers was
collected, and the IgM concentration and anti-MAG antibodies
within both chambers were measured using an EK-MAG anti-
MAG Autoantibodies ELISA (BUHLMANN Laboratories
AG) or Human IgM ELISA Kit (Abcam).

Serum TNF-a Concentration
The concentrations of serum TNF-a were measured using an
ELISA (Abcam) according to the manufacturer’s protocol.

Statistical Analyses
All statistical analyses were performed using the Prism 7 soft-
ware program (Graph Pad). A paired Student ¢ test (2 sided)
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Figure 1 Whole Transcriptome Analysis (Using RNA-Seq) of PnMECs After Exposure to Sera From Patients With

Anti-MAG Neuropathy
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Human PNnMECs were incubated with 10% sera from patients with anti-MAG neuropathy (MAG, n = 4), HCs (n = 4), and patients with IgM-MG (n = 4). PnMECs
without exposure to IgGs were also used as controls. In the network analysis of upregulated genes, TNF-a and NF-kB were detected in the center of the
network analysis in anti-MAG neuropathy in comparison to in HCs (A and B) or IgM-MG neuropathy (C and D). The red nodes show the upregulated genes in
the RNA-seq analysis (FC > 1.5; p <0.05). Anti-MAG = anti-MAG neuropathy; HC = healthy control; IgM-MG = IgM-monoclonal gammopathy neuropathy; MAG =
myelin-associated glycoprotein; NF-kB = nuclear factor-kappa B; PNMECs = peripheral nerve microvascular endothelial cells; TNF = tumor necrosis factor.

was used for single comparisons. For multiple comparisons, a
one-way analysis of variance (ANOVA) was used with Tukey
multiple comparison test when the data were normally dis-
tributed. p Values of *p < 0.0S, **p < 0.01, and ***p < 0.001 were
considered to indicate statistical significance.

Data Availability

Data not provided within this article are available in anony-
mized form and can be shared by request from any qualified
investigator. Sharing requires approval of a data transfer
agreement by Yamaguchi University.
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Results

Profiling of the Altered Gene Expression in
FH-BNB After Exposure to Sera From Patients
With MAG-Ab Neuropathy

FH-BNB cells were incubated with 10% sera from each patient
with anti-MAG neuropathy (MAG group: n = 4) and neurop-
athy with IgM monoclonal gammopathy without anti-MAG
neuropathy (IgM-MG group: n = 4) or HC (n = 4) for whole
transcriptome analysis using RNA-seq. Over 32,000 genes of
FH-BNB cells were detected from approximately 30 million
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Figure 2 Changes in the TNF-a and NF-kb of PNMECs After Exposure to Sera From Patients With MAG Neuropathy
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(A) Immunostaining for TNF-a and NF-kB p65 (green) in PNMECs after exposure to 10% sera from patients with MAG neuropathy. Images were captured by an
In cell analyzer 2000. Scale bar, 50 ym. Arrows indicate representative cells with NF-kB p65-positive nuclei. (B and C) Scatter plots of the intensity of TNF-a (B)
or the number of nuclear NF-kB p65-positive PNMECs (C), as determined by high-content imaging after exposure to sera from patients with MAG neuropathy
(MAG, n = 16), patients with polyneuropathy associated with IgM-MG neuropathy (n = 8), patients with ALS (n = 10), and HCs (n = 10). (D) The concentration of
serum TNF-a was assayed among patients with MAG neuropathy (MAG: n = 16), patients with IgM-MG neuropathy (n = 8), patients with ALS (n = 10), and HCs (n
=10). The data were normalized to cultures that had not been exposed to sera and represent values obtained from 3 independent experiments. Data are
shown as the mean + standard error of the mean (SEM). p Values were determined by a one-way ANOVA followed by the Tukey multiple comparison test (*p <
0.05 and **p < 0.01 vs IgM-MG, ALS, or HC followed by the Tukey multiple comparison test). ALS = amyotrophic lateral sclerosis; ANOVA = analysis of variance;
HC = healthy control; IgM-MG = IgM-monoclonal gammopathy neuropathy; MAG = myelin-associated glycoprotein; NF-kB = nuclear factor-kappa B; PnMECs =
peripheral nerve microvascular endothelial cells; TNF = tumor necrosis factor.

reads in each sample. PCA revealed the separation on PC2
between the patients with MAG-Ab-associated disorder (n = 4)
and HC/control groups (n = 4) (eFigure 2, links.lww.com/
NXI/A810). Ingenuity Pathway Analysis was performed using
100 genes in IgM-MG or 178 genes in HC negatively con-
tributed to the PC2 separation (factor loadings < —0.5) as
shown in the heatmap to determine the signaling pathway of
FH-BNB after exposure to IgGs from the MAG group in
comparison to the HCs (eFigure 3, links.lww.com/NXI/A810)
or IgM-MG group (eFigure 4, linkslww.com/NXI/A810). In
the network analysis of the upregulated genes, TNF-a and NF-
kB were detected in the center of the network analysis in the
MAG group in comparison to in the HC (Figure 1, A and B)
and IgM-MG group (Figure 1, C and D). Interleukin (IL)-6, IL-
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12, C-X-C motif chemokine ligand (CXCL)2, and CXCL3 were
observed as downstream molecules of NF-xB signaling in the
MAG group in comparison to the IgM-MG group (eFigure 6,
links.lww.com/NXI/A810). CCL20, IL1A, CXCL1, CXCL3,
and CXCLS as downstream molecules of NF-kB signaling were
observed in the MAG group in comparison to the HC group
(eFigure S, links.lww.com/NXI/A810).

Sera From Patients With Anti-MAG Neuropathy
Induced the Increase of TNF-a and NF-kB

To confirm the data suggested by RNA-seq and the pathway
analysis, the change in the protein levels of TNF-a and NF-xB
after exposure to 10% sera from patients with MAG, IgM-MG,
and ALS or HCs was evaluated using a high-content imaging

May 2023 Neurology.org/NN


http://links.lww.com/NXI/A810
http://links.lww.com/NXI/A810
http://links.lww.com/NXI/A810
http://links.lww.com/NXI/A810
http://links.lww.com/NXI/A810
http://links.lww.com/NXI/A810
http://neurology.org/nn

Figure 3 Changes of the 10-kDa Dextran, IgG, IgM, and Anti-MAG Antibody Permeability Evaluated Using an In Vitro Human
BNB Coculture Model Exposed to Sera From Individuals With MAG Neuropathy
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system (MAG,n = 16; IgM-MG,n=7; ALS,n=10; HC,n= 10).
The amount of TNF-a in the FH-BNB was significantly increased
in patients with MAG neuropathy in comparison to patients with
IgM-MG, patients with ALS, and HCs, and the proportion of NF-
kB p6S nuclear-positive cells was also significantly increased in
patients with MAG neuropathy in comparison to patients with
ALS and HCs (Figure 2, A-C). The serum TNF-a concentration
was not changed among the groups (Figure 2D).

IgM and Anti-MAG Antibody Permeability
Across the BNB Was Increased After Exposure
to Sera From Patients With MAG Neuropathy
Using an in vitro coculture BNB model with FH-BNB and
peripheral nerve pericytes, 10-kDa dextran, IgG, IgM, and
MAG IgM antibody permeability was measured after expo-
sure to 10% sera from patients with MAG, IgM-MG, and ALS
or HCs (eFigure 7, links.lww.com/NXI/A810). The 10-kDa
dextran and IgG permeability was not changed (Figure 3, A
and B); however, IgM permeability and MAG IgM antibody
concentration in the lower chamber were found to be sig-
nificantly increased after incubation with sera from patients
with anti-MAG neuropathy, in comparison to after incubation
with sera from patients with ALS and HCs (Figure 3, C and
D). The anti-MAG antibody permeability index could not be
determined because the anti-MAG antibody titer was below
the limit of detection in both the upper and lower chambers in
many of the samples from patients with IgM-MG neuropathy
and ALS and HCs (eTable 2, links.Iww.com/NXI/A810).
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Upregulation of TNF-a Was Observed in BNB
Endothelial Cells of Sural Nerve Biopsy
Specimens From Patients With

Anti-MAG Neuropathy

We observed sural nerve biopsy specimens from 4 patients
with anti-MAG neuropathy, 2 patients with ALS as non-
inflammatory control samples, and 1 patient with CIDP as
inflammatory neuropathy control samples. TNF-a immu-
nostaining showed the expression of TNF-a in BNB endo-
thelial cells from patients with anti-MAG neuropathy but not
in noninflammatory and inflammatory controls (Figure 4A).
In addition, electronic microscopy demonstrated the hyper-
trophy of endothelial cells and the preservation of the tight
junctions between adjacent endothelial cells of BNB endo-
neurial vessels (Figure 4B) and more vesicles in the BNB
endothelial cells from patients with anti-MAG neuropathy in
comparison to BNB endothelial cells from noninflammatory
and inflammatory controls (Figure 4C).

Treatment With TNF-a-Neutralizing Antibody
Attenuated the IgM and MAG IgM Antibody
Permeability Across the BNB Induced by Sera
To analyze the contribution of TNF-a to the penetration of
MAG IgM antibody across the BNB, TNF-a activity was
inhibited using TNF-a-neutralizing antibody. IgM and MAG
IgM antibody permeability across the BNB was significantly
attenuated after exposure to sera from 2 patients with anti-
MAG neuropathy incubated with TNF-a-neutralizing
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Figure 4 Sural Nerve Biopsy Specimens From Patients With Anti-MAG Neuropathy
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Sural nerve biopsy specimens obtained from 4 patients with
MAG IgM neuropathy, 2 patients with ALS as non-
inflammatory control samples and 1 patient with CIDP as
inflammatory control were analyzed. (A) TNF-a immunos-
taining showed the expression of TNF-a in BNB endothelial
cells of biopsy specimens from patients with anti-MAG neu-
ropathy (arrows), but not those from noninflammatory or
inflammatory controls. Nuclear staining of TNF-a observed
in all samples of MAG neuropathy, CIDP, and ALS was non-
specific (arrowheads). Upper panel: TNF-a (green); middle
panel: Von Willebrand Factor (vWF) (red), an endothelial cell
marker; lower panel: merge TNF-a (green)/VWF (red)/DAPI
(blue). (B and C) Electronic microscopy showed the hyper-
trophy of endothelial cells and the preservation of the tight
junctions between adjacent endothelial cells of BNB endo-
neurial vessels in biopsy specimens from patients with anti-
MAG neuropathy (B) and more abundant vesicles in BNB
endothelial cells in biopsy specimens from patients with anti-
MAG neuropathy, in comparison to those from patients with
ALS and CIDP (C). Scale bar, 1 pm. ALS = amyotrophic lateral
sclerosis; BNB = blood-nerve barrier; CIDP = chronic in-
flammatory demyelinating polyneuropathy; IgM-MG = IgM-
monoclonal gammopathy neuropathy; MAG = myelin-asso-
ciated glycoprotein; TNF = tumor necrosis factor.

antibody (Figure S, A and B). Sera from 1 patient with IgM-
MG and 1 HC as controls did not have the same effect on the
BNB coculture model with/without TNF-a-neutralizing an-
tibodies (Figure S, A and B).

Discussion

MAG IgM antibodies are considered pathogenic because IgM
and complement are deposited on the myelin sheath in sural
nerve biopsy specimens from patients with anti-MAG neu-
mpathy.1 However, it is still elusive how this IgM antibody,
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which is a high-molecular-weight protein, passes through the
intact BNB. We therefore hypothesized that the breakdown of
the BNB may induce the entry of IgM into the peripheral
nerves in anti-MAG neuropathy. In the present study, we first
found that the genes associated with TNF-a, NF-xB, and
downstream pathway molecules of NF-«xB (IL-6, IL-12,
CXCL2, and CXCL3) were significantly upregulated after
exposure to sera from patients with anti-MAG neuropathy, in
comparison to sera from those with IgM-MG neuropathy and
HCs, using whole RNA-seq and a pathway analysis. Next, a
high-content imaging system showed the induction of TNF-a
upregulation and NF-xB nuclear translocation in the BNB
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Figure 5 Effect of the Inhibition of TNF-a From Sera of Patients With MAG Neuropathy on IgM and MAG Antibody
Permeability in the BNB Coculture Model

A. IgM permeability index B. MAG-Ab permeability
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TNF-a inhibition using TNF-a-neutralizing antibody from 2 10% sera with MAG neuropathy (MAG1 and MAG?2) significantly decreased the IgM (A) and MAG
antibody (B) permeability by approximately 50% in an in vitro human BNB coculture model consisting of both PnMECs on the luminal side and peripheral
nerve pericytes on the abluminal side. After exposure to 10% sera from patients with IgM-MG (IgM-MG) or HCs, TNF-a-neutralizing antibody did not change
the IgM/MAG antibody permeability. Data are shown as the mean + SEM of 4 independent experiments. Statistical significance was determined by a paired 2-
tailed t test. +TNF-a-neutralizing antibody, sera with TNF-a-neutralizing antibody. BNB = blood-nerve barrier; HC = healthy control; IgM-MG = IgM-
monoclonal gammopathy neuropathy; MAG = myelin-associated glycoprotein; PNMECs = peripheral nerve microvascular endothelial cells; TNF = tumor

necrosis factor.

endothelial cells after exposure to sera from patients with anti-
MAG neuropathy, in comparison to sera from patients with
IgM-MG neuropathy and ALS and HCs. Serum TNF-a
concentration did not differ among patients with anti-MAG
neuropathy, IgM-MG neuropathy, and ALS or HCs, sug-
gesting that autocrine/paracrine TNF-a secretion induced by
the sera from patients from anti-MAG neuropathy can acti-
vate BNB endothelial cells. The 10-kDa dextran and IgG
permeability was not changed, although IgM and MAG IgM
antibody permeability was significantly increased after in-
cubation with sera from the MAG group, in comparison to
that from ALS/HC groups. This result suggests that the
penetration of IgM/MAG IgM antibodies across the BNB
occurs without disruption of the tight junction and increased
small molecule permeability. Pathologic analyses revealed the
expression of TNF-a in BNB endothelial cells, preservation of
the structural integrity of the tight junctions, and greater
numbers of vesicles in BNB endothelial cells from patients
with anti-MAG neuropathy. Finally, the neutralization of
TNF-a after exposure to sera from patients with anti-MAG
neuropathy resulted in the reduction of IgM and MAG IgM
antibody permeability, suggesting that autocrine/paracrine
TNF-a-induced activation of BNB endothelial cells may lead
to increased MAG IgM antibody permeability, possibly
through transcytosis (eFigure 8, links.lww.com/NXI/A810).

A previous study revealed increased serum IL-6 and IL-10, but
not serum TNF-q, in patients with anti-MAG neuropathy.”'
Our study also demonstrated that the serum TNF-a con-
centration was not increased in patients with anti-MAG
neuropathy. We demonstrated that sera from patients with
anti-MAG neuropathy induced the upregulation of TNF-a in
the BNB endothelial cells, which influences the BNB
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endothelial cells via NF-kB signaling in an autocrine/
paracrine manner. In this study, we could not clarify the
precise factors, including anti-MAG IgM antibodies or other
soluble factors, in the sera, which had this effect. TNF-a is
known to be a major proinflammatory cytokine and is one of
the most potent physiologic inducers of the NF-kB.>* Several
reports have demonstrated that the activation of NF-xB stim-
ulates the expression of additional inflammatory cytokines and
adhesion molecules and increases the receptor-mediated
transcytosis of low-density lipoprotein (LDL) via the LDL
receptor in endothelial cells.***” In addition, TNF-a/NF-xB
signaling induced the upregulation of SGPG in endothelial
cells,” suggesting that expression of receptor against MAG
IgM antibodies become more abundant after the stimulation of
TNF-a. In our study, electron microscopy revealed more ves-
icles in BNB endothelial cells in sural nerve biopsy specimens
from patients with anti-MAG neuropathy. We speculate that
the autocrine TNF-a/NF-kB signal may stimulate the expres-
sion of SGPG and activate the receptor-mediated transcytosis
of MAG IgM antibodies through SGPG across the BNB
(eFigure S, links.lww.com/NXI/A810). Further analysis re-
garding the upregulation of endosomal vesicles in in vitro BNB
endothelial cells after exposure to sera from anti-MAG neu-
ropathy will be required to support this hypothesis.

It is still unclear whether the BNB disruption was observed in
patients with anti-MAG neuropathy. Our in vitro study and
pathologic observation revealed that the tight junction in the
BNB was preserved in anti-MAG neuropathy. This suggests
that there is little paracellular entry of MAG IgM antibodies
into the peripheral nerve. These observations support the
findings that the deposition of IgM is abundant in the dorsal
root ganglia and peripheral nerve terminal without the BNB."
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We previously showed a decrease of the tight junction protein,
claudin-5, after exposure to sera from patients with CIDP
using our in vitro BNB model and in the sural nerve of pa-
tients with CIDP, unlike anti-MAG neuropathy.*

In conclusion, the present study shows increased transcellular
IgM/MAG IgM antibody permeability via TNF-a/NF-xB
signaling in anti-MAG neuropathy. Several TNF-a inhibitors
have been administered, but the effect of these antibodies
against anti-MAG neuropathy has not been established. The
present study shows that TNF-a inhibitors may have the
potential to reduce the deposition of anti-MAG antibodies on
myelin. Some studies showed the efficacy of rituximab in anti-
MAG neuropathy, although rituximab leads to neurologic
improvement in only 30%-50% of these patients.1’4’30 Rit-
uximab possibly has no effect on decreasing the penetration of
anti-MAG antibodies across the BNB but reduces anti-MAG
antibody-producing B cells in sera because this drug cannot
inhibit TNF-a/NF-kB signaling in the BNB endothelial cells
induced by sera from patients with anti-MAG neuropathy.
The combination of rituximab plus chemotherapy, including
B-cell lymphoma 2 (BCL2) inhibitor treatment, has recently
been proven to improve the level of treatment response in
anti-MAG neuropathy.®’ Our findings suggest the possibility
that combination treatment with rituximab plus an anti-TNEF-
a inhibitor may reduce the amount of anti-MAG antibodies in
both sera and the peripheral nerves and prevent the accu-
mulation of deposition of anti-MAG antibodies on myelin,
thereby leading to neurologic improvement in anti-MAG
neuropathy. Further in vivo analyses and clinical trials to
evaluate the efficacy of the combination treatment with rit-
uximab plus anti-TNF-a inhibitor in patients with anti-MAG
neuropathy are required to clarify the pathophysiology of anti-
MAG neuropathy.
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