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Abstract
Background and Objectives
Breakdown of the blood-nerve barrier (BNB) is observed in patients with Guillain-Barré
syndrome (GBS); however, the molecular mechanism underlying this phenomenon remains
unclear.The aim of this study was to identify antibodies against the BNB-endothelial cells that
initiate BNB breakdown in patients with GBS.

Methods
We purified IgGs from the serum samples of patients with GBS (n = 77) during the acute phase,
disease controls ([DCs], n = 51), and healthy controls ([HCs], n = 24). Human peripheral
nerve microvascular endothelial cells (PnMECs) were incubated with IgG. Molecular changes
in PnMECs after GBS-IgG exposure were evaluated using RNA-seq and a high-content imaging
system. U1-small nuclear ribonucleoprotein (U1-snRNP) autoantibodies were detected using
an ELISA. The clinical information of U1-snRNP antibody–positive GBS patients was verified.

Results
GBS-IgGs significantly increased NF-κB nuclear translocation and permeability of the 10-kDa
dextran in PnMECs compared with DC-IgGs or HC-IgGs. RNA-seq analyses of PnMECs
demonstrated that NF-κB p65 in the center of the network analysis, snRNPs as upstream genes
of NF-κB p65, and CXCR5 as downstream genes of NF-κB p65 were important molecules after
GBS-IgG exposure. The protein level of claudin-5 and U1-snRNP was significantly reduced
while that of CXCR5 was significantly increased after incubation with IgG from patients with
GBS, compared with that fromHCs. The rate of U1-snRNP antibody positivity was 36% (28 of
77) in patients with GBS, 7% (2 of 28) in DCs, and 0% (0 of 16) in HCs. The serum titer of
snRNP antibody decreased after treatment. Both cerebral spinal fluid protein and albumin
quotient (QALB)/QALBLIM were higher in snRNP antibody–positive GBS patients than in
snRNP antibody–negative GBS patients. IgG from U1-snRNP antibody–positive GBS patients
decreased the barrier function and claudin-5 expression more than that from HCs in an in vitro
BNB coculture model. The reduction in U1-snRNP antibody decreased the biological effect of
IgG from GBS patients with U1-snRNP antibody on the increased permeability of PnMECs.

Discussion
U1-snRNP autoantibodies are associated with the breakdown of BNB in GBS, through the
reduction of U1-snRNP and claudin-5 and the induction of NF-κB activation in BNB-
endothelial cells. A temporary autoantibody response against snRNP may be boosted by the
periodic response to infection in GBS.
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Introduction
Guillain-Barré syndrome (GBS) is an acute immune-
mediated neuropathy characterized by rapidly progressive
weakness of the extremities, occasional sometimes re-
spiratory insufficiency (in approximately 25% of patients),
and/or autonomic dysfunction after an antecedent in-
fection.1-4 Molecular mimicry of pathogen-borne antigens is
considered the pathogenesis of GBS, and anti-glycolipid
antibodies produced by the immune response after ante-
cedent infection can cross-react with gangliosides at the
nerve membrane.2 The diagnosis is usually made based on
clinical characteristics; however, findings of protein eleva-
tion in the CSF, presence of demyelination and/or axonal
changes in a nerve conduction study, and the assay of anti-
ganglioside autoantibodies can support the diagnosis of
GBS and differentiate demyelinating from axonal subtypes.5

Campylobacter jejuni is responsible for at least one-third of
antecedent infections; however, other infections, including
those caused by cytomegalovirus (CMV), Epstein-Barr virus
(EBV), Mycoplasma pneumoniae, Haemophilus influenzae,
influenza A virus, Zika virus, and hepatitis E virus, are also
reportedly related to the pathogenesis of GBS.6

The disruption of the blood-nerve barrier (BNB) is critical
for GBS development because the BNB functions as a bar-
rier restricting the entry of humoral factors from blood into
the peripheral nerve.7,8 Several clinical findings suggest
BNB abnormalities in cases of GBS, including an increase in
the CSF/serum albumin quotient (Q-Alb), gadolinium
enhancement of the lumbosacral nerve root on MRI, and
the accumulation of inflammatory cells such as mono-
nuclear leukocytes and monocytes around endoneurial
microvessels on pathologic examinations.9-11 However, the
molecular mechanism underlying the BNB breakdown in
GBS remains unclear, despite major advances in molecular
biology.

This study assessed the contribution of serum IgG from in-
dividual patients with GBS to BNB impairment using human
peripheral nerve microvascular endothelial cells (PnMECs)
with RNA-seq, high-content imaging, and functional assays.
We identified the U1-small nuclear ribonucleoprotein (U1-
snRNP) autoantibodies responsible for initiating BNB
breakdown in GBS.

Methods
Study Protocol Approvals, Registrations, and
Patient Consents
The ethics committees of the Medical Faculties of Yamaguchi
University approved this research (IRB# 2024-016). We
obtained the written informed consent from each participant.

Patient IgG Samples
We collected serum samples from 77 patients with GBS in the
acute phase after the onset of weakness and before treatment,
all of whom had undergone medical examinations or were
referred to Yamaguchi University Hospital for the assessment
of the presence of serum anti-glycolipid antibodies. We also
included serum samples from 24 healthy controls (HCs), 24
inflammatory disease controls (DCs) during the acute phase
within 14 days of relapse before treatment (DC1s: multiple
sclerosis, n = 14; neuromyelitis optica, n = 10), and 27 non-
inflammatory DCs (DC2s: amyotrophic lateral sclerosis, n =
17; multiple system atrophy, n = 3; hereditary peripheral
neuropathy, n = 2; cervical spondylosis, n = 2; spinocerebellar
degeneration, n = 1; normal pressure hydrocephalus, n = 1;
progressive supranuclear palsy, n = 1). Serum samples were
stored at −80°C until the experiments. Before the experi-
ments, the serum samples were inactivated (at 56°C, for
30 minutes). We prepared purified IgG from patient serum
samples according to a Melon Gel IgG Spin Purification Kit
(Thermo Fisher Scientific).

Clinical Information From Patients With GBS
We collected the following information from patients with
GBS: sex, age, causative bacteria/virus for the antecedent
infection (C. jejuni, CMV, EBV, H. influenzae, and M. pneu-
moniae),12 anti-ganglioside antibodies (anti-GM1, GD1a,
GalNAc-GD1a, GT1a, GQ1b IgG antibodies),13 GBS Dis-
ability Scale (GDS) score on admission/peak, and DGDS
score (peak GDS score-admission GDS score).

Immunohistochemistry of NF-κB in
High-Content Imaging Assays
For all experiments, we used human PnMECs, specifically the
FH-BNB cell line, which are immortalized human BNB-
containing endothelial cells with a temperature-sensitive SV40
large T antigen and telomerase.14 All experiments were con-
ducted 2 days after the temperaturewas changed from33 to 37°C.

Glossary
ADEM = acute disseminated encephalomyelitis; BNB = blood-nerve barrier; CIDP = chronic inflammatory demyelinating
polyradiculoneuropathy; CMV = cytomegalovirus; CXCL13 = C-X-C motif ligand 13; CXCR5 = C-X-C chemokine receptor
type 5; DC = disease control; EBV = Epstein-Barr virus; FBS = fetal bovine serum; FC = fold-change; GBS = Guillain-Barré
syndrome; GDS = GBS Disability Scale; HC = healthy control; ICAM-1 = intercellular adhesion molecule 1; IPA = ingenuity
pathway analysis; IVIg = IV immunoglobulin;MCTD = mixed connective tissue disease;NFAT = nuclear factor of activated T
cells; NMOSD = neuromyelitis optica spectrum disorder; PBS = phosphate-buffered saline; PnMEC = peripheral nerve
microvascular endothelial cell; RT = room temperature; SNAPC1 = small nuclear RNA activating complex polypeptide 1.
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The cells were maintained in the MCDB 131 medium con-
taining 500 μg/mL of IgG from patients with GBS, DC1s,
DC2s, or HCs with blind experiments on collagen type1–
coated CELLSTAR 96-well plates (Greiner) after MCDB 131
medium substitution for 1 hour. Cells were fixed with 4%
paraformaldehyde (PFA), permeabilized with 0.3% Triton X-
100, and blocked overnight in 5% fetal bovine serum (FBS)/
0.3% Triton X-100 in phosphate-buffered saline (PBS). The
cells were incubated with NF-κB p65 monoclonal antibodies
(Cell Signal Technology) and then with secondary antibodies
(Alexa Fluor 488 anti-rabbit IgG [Thermo Fisher Scientific]).

For high-content imaging,15 5,000 cells/well were seeded in
96-well plates. After immunostaining, images per well were
captured at ×20 with 4 fields of view (800–1,000 cells) using
an In Cell Analyzer 2000 (GEHealthcare) and then evaluated
using the In Cell Analyzer software program (Cytiva). Data
were obtained from the mean values of 6 experiments.

Paracellular Permeability of 10-kDa Dextran
FH-BNB cells were cultured on 0.4-mm pore 24-well
collagen-coated Transwell culture inserts (Corning) on the
luminal side for 3 days at 33°C and for 2 days at 37°C. The
cells were incubated with 500 μg/mL of individual IgG from
patients with GBS (n = 19), DC1s (n = 10), DC2s (n = 10), or
HCs (n = 12) for 24 hours at 37°C. After washing the cells,
fluorescein isothiocyanate (FITC)-labeled 10-kDa dextran
(1 mg/mL, Sigma-Aldrich) was incubated to the luminal
chamber. After 40 minutes, 100 μL of the medium was moved
from the abluminal chamber into 96-well plates. Fluorescence
intensity at 490/520 nm (absorption/emission) was analyzed
using a FlexStation 3 Multi-Mode microplate reader (Mo-
lecular Devices). Data were obtained from themean value of 4
experiments.

RNA-seq and Pathway Analyses
Samples of 500 μg/mL of IgGs from 4 patients with GBS or 4
HCs were incubated for 12 hours with FH-BNB cells. RNA-
seq and pathway analysis methods have been described
(eFigure 1).16 We normalized the mapped read counts to
transcripts per million. We calculated p values with an un-
paired Student t test and determined the fold-change (FC) by
subtracting the average values of the HCs from those of
patients with GBS for volcano plots. We used genes with a p
value < 0.05 and a >50% change in FC for the ingenuity
pathway analysis (IPA) to analyze the detected genes
(Qiagen).

Immunohistochemistry of CXCR5, SNAPC1,
NFAT, ICAM-1, snRNP, and Claudin-5 According
to High-Content Imaging Assays
The methods used were almost the same as those used for
NF-κB immunostaining. Cells (5,000 cells/well) were cul-
tured in the MCDB 131 medium containing IgG (500 μg/
mL) from patients with GBS (n = 22) or HCs (n = 7) in 96-
well plates after MCDB 131medium substitution for 24 hours
for immunostaining of C-X-C chemokine receptor type 5

(CXCR5), small nuclear RNA activating complex polypeptide
1 (SNAPC1), nuclear factor of activated T cells (NFAT),
intercellular adhesion molecule 1 (ICAM-1), snRNP, and
claudin-5.

For CXCR5, SNAPC1, NFAT, ICAM-1, and snRNP, the cells
were fixed with 4% PFA, permeabilized with 0.3% Triton X-
100, and blocked overnight in 5% FBS/0.3% Triton X-100 in
PBS. For ICAM-1, the cells were fixed with 4% PFA and
blocked overnight in 5% FBS in PBS. For claudin-5, cells were
fixed with 100% ethanol, permeabilized with 1% Triton X-
100, and blocked overnight in 5% FBS/0.3% Triton X-100
in PBS.

The cells were incubated with primary monoclonal antibodies
(CXCR5 [Abcam], SNAPC1 [Abcam], NFAT [Santa Cruz]
or ICAM-1 [Santa Cruz], snRNP [Santa Cruz], and claudin-5
[Thermo Fisher Scientific]) and then with each secondary
antibody (Alexa Fluor 488 anti-rabbit/mouse/goat IgG
[Thermo Fisher Scientific]).

The images were analyzed using the In Cell Analyzer software
program (Cytiva). Data were obtained from the mean value of
3 experiments for CXCR5, SNAPC1, NFAT, ICAM-1,
snRNP, and claudin-5.

Detection of U1-snRNP Antibodies in Patients
With GBS by ELISA
Serum samples from 77 patients with GBS, 16 HCs, 28 DCs,
26 patients with chronic inflammatory demyelinating poly-
radiculoneuropathy (CIDP) before treatments, 7 patients
with acute disseminated encephalomyelitis (ADEM) within
14 days from onset, 18 patients with multiple sclerosis (AMS)
of the acute phase within 14 days from relapse before treat-
ment, 9 patients with secondary progressive MS, and 15
patients with neuromyelitis optica spectrum disorder
(NMOSD) within 21 days before treatment were used for an
ELISA (anti-RNP-70, RUO632, Sebia). Serum samples were
tested according to the manufacturer’s instructions. In brief,
diluted serum samples and positive and negative control
samples were placed in a 96-well plate coated with RNP-70.
After 30 minutes of incubation at room temperature (RT)
on a shaker, the well contents were discarded and washed 3
times. Next, the enzyme conjugate containing horseradish
peroxidase (HRP)–labeled anti-human IgG antibodies was
incubated for 15 minutes. After incubating tetrame-
thylbenzidine substrate solution for 15 minutes, the stop so-
lution was added. Well absorbance was measured at 450 nm
using an ELISA plate reader (Molecular Devices). A calibra-
tion curve was constructed by plotting the calibrator con-
centration on the x-axis (log scale) against the absorbance of
the calibrators on the y-axis (linear scale). We also included 4
samples from patients with GBS in the acute phase before IV
immunoglobulin (IVIg) treatment, who were being treated
with IVIg, and who had been in clinical remission for at least
one month. Available clinical information including causative
bacteria/virus for antecedent infection (C. jejuni, CMV, EBV,
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H. influenzae, and M. pneumoniae), CSF protein level, IgG
index, QALB/QALBLIM, and DGBS score was collected.
Both QALB (CSF/serum albumin ratio) and QALBLIM
[(age/15) + 4] were calculated for the functional assessment
of blood–spinal nerve root barrier (B-SNR-B) permeability.17

Assessing for the Function of snRNPAntibodies
Using an In Vitro BNB Model
Commercial snRNP Abs (sc-390899; Santa Cruz Bio-
technology) and mouse polyclonal Abs (sc-2025; Santa Cruz
Biotechnology) as a control IgG were used. We prepared
GBS-IgG purified from 20 GBS patients with U1-snRNP
antibodies and control-IgG from pooled 10 healthy individ-
uals. To prepare the monolayer in vitro BNB coculture model,
we maintained FH-BNB cells on the luminal side and human
peripheral nerve pericytes on the abluminal side on Transwell
culture inserts for 5 days (pore size: 0.4 mm, 24-well; Corn-
ing). To prepare spheroids, FH-BNB cells and human pe-
ripheral nerve pericytes were resuspended at 5,000 cells/
microwell in a 1:1 ratio in a seeding volume of 100 μL per well
(Cell-able). The cells were grown in a humidified incubator at
37°C in 5% CO2 for 3 days to allow the self-assembly of
multicellular organoids.

Cultured cells were incubated with this snRNP-Abs/cont-Abs
(10 μg/mL) or GBS-IgG/cont-IgG (500 μg/mL) for 12 hours
to evaluate the snRNP expression and permeability of 10-kDa
dextran in the coculture model and to observe the claudin-5
expression and permeability of 10-kDa dextran in the spher-
oid model.

Three-lane organoplates with 400 μm × 220 μm (w × h)
channels (Mimetas BV) were used to create microfluidic
in vitro BNB coculture models.18,19 After loading the cell
suspension with human peripheral nerve pericyte (2.5 × 106

cells/mL) in collagen I gel (2 μL) into the middle channel,
PnMECs were seeded and cultured in the top channel to
establish a BNB microfluidic coculture model. CB medium
and fresh Sciencell pericyte medium were used to assess
their influence on barrier function. For the barrier integrity
assay, 20 μL of the CB medium without fluorescence was
added to the bottom-channel inlets and outlets. After the
CB medium containing 0.5 mg/mL of FITC-dextran
(20 kDa, FD20S, Sigma, St. Louis, MO) was added to the
PnMEC microvessel in the top channel (40 μL on inlet;
30 μL on outlet), images were acquired. Fluorescent mol-
ecule leakage from the lumen of the microvessel to the
adjacent middle channel was imaged using a BZ-X800 mi-
croscope (KEYENCE).

Knockdown of snRNP Using Small
Interfering RNA
Cells were cultured at 37°C in a CO2 incubator until 80%
confluency. The cells were then transfected with snRNP
siRNA (Santa Cruz) or control siRNA following the siRNA
transfection protocol.

Immunoadsorption of U1-snRNP Antibody
From GBS-IgG
We prepared GBS-IgG positive for anti-snRNP antibody
purified from 20 GBS patients with U1-snRNP antibodies
(U1-snRNP antibody–positive GBS-IgG), U1-snRNP anti-
body–negative GBS-IgG purified from 20 GBS patients
without U1-snRNP antibodies, and HC-IgG from pooled 10
healthy individuals. U1-snRNP antibody–positive GBS-IgG
was incubated on an ELISA plate with immobilized U1-
snRNP for 2 hours at RT. We then collected the supernatant
for subsequent analyses as GBS-IgG after the removal of the
U1-snRNP antibody. The titer of U1-snRNP antibody is as
follows: (1) U1-snRNP antibody–positive GBS-IgG 55 U/
mL, (2) U1-snRNP antibody–negative GBS-IgG 10 U/mL,
(3) GBS-IgG after removal of U1-snRNP antibody 20 U/mL,
and (4) HC-IgG 2 U/mL.

Statistical Analyses
We used the Prism 7 software program (Graph Pad) to per-
form all statistical analyses. We used an unpaired Student t test
(2-sided) for single comparison analyses, 1-way analysis of
variance with the Tukey multiple comparisons test for mul-
tiple comparison analyses, and Pearson correlation coef-
ficients for association assessments. *p < 0.05, **p < 0.01, and
***p < 0.001 were considered statistically significant.

Data Availability
Any data not provided in 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.

Results
IgGs From Patients With GBS Induced NF-κB
Nuclear Translocation in BNB-Endothelial Cells
The experimental design of this study is illustrated in eFig-
ure 2. First, we evaluated the number of NF-κB p65 nuclear
translocations in FH-BNB among patients with GBS, DC1s
(inflammatory controls), DC2s (noninflammatory controls),
and HCs (Figure 1A). The percentage of NF-κB p65 nucle-
ar–positive cells in the GBS group was significantly higher
than in other groups (Figure 1A), with no marked difference
in the percentage between infection controls and HCs
(eFigure 3). Next, we compared the association between the
proportion of nuclear NF-κB–positive cells and antecedent
infections (caused by C. jejuni, CMV, EBV, H. influenzae, and
M. pneumoniae) and serum anti-ganglioside antibodies (GM1,
GD1a, GalNAc-GD1a, GT1a, and GQ1b) (Figure 1, B and
C). IgG from GBS patients with antecedent infection with C.
jejuni, H. influenzae, and M. pneumoniae or without the de-
tection of an antecedent infection significantly increased NF-
κB nuclear translocation in FH-BNB, compared with that
from DC1s, DC2s, and HCs (Figure 1B). In addition, IgG
from GBS patients with antibodies against GM1, GQ1b, or
GT1a, or that from GBS patients without anti-ganglioside
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antibodies significantly increased the percentage of NF-κB
nuclear translocations in FH-BNB compared with that from
DC1s and HCs (Figure 1C). No association between the
percentage of NF-κB nuclear–positive cells and the GDS
score on admission/peak was observed (eFigure 4).

We then selected the top 24 GBS-IgGs with increasing effects
on NF-κB and measured the permeability of 10-kDa dextran
after exposure to these IgGs. Permeability was significantly
increased after exposure to IgG from the GBS group com-
pared with that from the other groups (Figure 1D).

Figure 1 NF-κB p65 Activation of Blood-Nerve Barrier (BNB)–Endothelial Cells after Exposure to IgG From Patients With
Guillain-Barré Syndrome

(A) Immunostaining of human peripheral
nerve microvascular endothelial cells
(PnMECs) for NF-κB p65 (green) after expo-
sure to IgG (500 μg/mL) from patients with
Guillain-Barré syndrome (GBS), in-
flammatory disease controls (DC1s), non-
inflammatory disease controls (DC2s), or
healthy controls (HCs). The images were
captured using a confocal microscope.
Scale bar, 50 μm. Scatter plots of the num-
ber of nuclear NF-κB p65–positive PnMECs,
as determined using a high-content imaging
system after exposure to IgG from patients
with GBS (n = 77), DC1s (n = 24), DC2s (n =
27), and HCs (n = 24). The data were nor-
malized to cultures that had not been ex-
posed to human IgG and are shown as the
mean ± SEM from 4 independent experi-
ments, performed in triplicate. p values
were determined using the Tukey multiple
comparisons test. (B) Scatter plots of the
number of nuclear NF-κB p65–positive
PnMECs, as determined by high-content
imaging, after exposure to IgG from GBS
patients with antecedent infection with
Campylobacter jejuni (C. jejuni: n = 24), CMV
(n = 4), EBV (n = 4), H. influenzae (H. influ: n =
6), andM. pneumoniae (M. pneu: n = 4) or no
antecedent infection detected (N/D, n = 38),
DC1s (n = 24), DC2s (n = 27), andHCs (n = 24).
The p values were determined by the Tukey
multiple comparisons test (*p < 0.01, vs
DC1, DC2, and HC groups). (C) Scatter plots
of the number of nuclear NF-κB
p65–positive PnMECs, as determined by
high-content imaging, after exposure to IgG
from GBS patients with antibodies against
GM1, GD1a, GalNAc-GD1a, GT1a, and GQ1b
and with no anti-ganglioside antibodies (N/
D), DC1s, DC2s, and HCs. p values were de-
termined by the Tukey multiple compar-
isons test (*p < 0.05, vs DC1 and HC groups).
(D) The change in the 10-kDa dextran per-
meability coefficient in PnMECs was de-
termined after exposure to IgG (500 μg/mL)
from patients with GBS (n = 24), DC1s (n =
10), DC2s (n = 10), and HCs (n = 12). p values
were determined using the Tukey multiple
comparisons test. CMV = cytomegalovirus.
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Identification of an Altered Gene Expression in
BNB-Endothelial Cells After Exposure to IgG
From Patients With GBS Using RNA-seq
We selected IgG samples from 4 patients with GBS showing
the strongest influence on the induction of NF-κB p65 nuclear
translocation in FH-BNB cells for RNA-seq. To identify im-
portant signaling pathways, a whole transcriptome analysis
with RNA-seq in FH-BNB cells was performed after exposure
to IgG from patients with GBS (n = 4) and HCs (n = 4). Over
57,000 genes were detected in each sample, and heat maps
showed that 156 genes were significantly upregulated (FC >
1.5; p < 0.05) between the patients with GBS (n = 4) and HC
groups (n = 4) (eFigure 5). In the IPA network analysis of the
upregulated genes in FH-BNB cells, RELA (NF-κB p65) was
detected in the center of the network analysis and snRNP,
RN7SKRNU1-4, RNU1-1, and RNU1-28P were upregulated
after exposure to GBS-IgGs. snRNP was identified as an up-
stream gene of NF-κB, and CXCR5 was detected as a down-
stream molecule of NF-κB (eFigure 1).

Effect of IgGs From Patients With GBS on
Expression of CXCR5, SNAPC1, snRNP, and
Claudin-5 in BNB-Endothelial Cells
We observed changes in the amounts of proteins suggested by
RNA-seq data, including CXCR5, SNAPC1, NFAT, ICAM-1,
snRNP, and claudin-5, after incubation with IgGs from
patients with GBS (Figure 2, A and B). A high content-
imaging system showed that the expression of CXCR5 and
SNAPC1 was significantly increased (Figure 2, A and B),
whereas that of snRNP and claudin-5 was significantly de-
creased (Figure 2, A and B) in FH-BNB cells after incubation
with IgGs from the GBS group compared with those from the
HC group. The expression of NFAT and ICAM-1 was not
markedly changed after exposure to IgG from patients with
GBS or HCs (Figure 2, A and B).

Increase in U1-snRNP Autoantibodies in
Patients With GBS
Our RNA-seq and pathway analyses showed upregulation of
NF-κB signaling and identified snRNP as upstream of NF-κB
in the GBS group. An evaluation with a high-content imaging
system demonstrated a significant decrease in snRNP and
a significant increase in NF-κB and SNAPC1 in patients with
GBS compared with HCs. We hypothesized that U1-snRNP
antibodies can be detected in patients with GBS and that these
antibodies may induce the loss of U1-snRNP because these
data suggest that the reduction of snRNP protein was an
upstream signal mediating the breakdown of BNB. Titers of
U1-snRNP antibodies were assayed in serum samples from
patients with GBS or CIDP; DCs or HCs; and patients with
ADEM, MS, NMOSD, and meningitis by an ELISA
(Figure 3A). The rate of U1-snRNP antibody positivity was
36% (28/77) in patients with GBS, 7% (2/28) in DCs, 0% (0/
16) in HCs, 0% (0/26) in patients with CIDP, 0% (0/10) in
patients with meningitis, 0% (0/7) in patients with ADEM,
0% (0/18) in patients with AMS, 0% (0/9) in patients
with secondary progrsessive multiple sclerosis (SPMS), 0%

(0/15) in patients with NMOSD (Figure 3A). The cutoff
value between positive and negative U1-snRNP antibodies
was defined as the mean of HCs + 2SD (15U/L). The serum
titer of snRNP antibody decreased before and after IVIg
treatment (Figure 3B). The percentage of NF-κB nuclear–
positive cells and 10-kDa dextran permeability efficiency in
GBS-IgG–positive U1-snRNP antibodies were higher than
those in GBS-IgG–negative U1-snRNP antibodies
(Figure 3C). Both CSF protein and QALB/QALBLIM in
snRNP antibody–positive GBS patients were increased
compared with those in snRNP antibody–negative GBS
patients (Figure 3C) while the IgG index and peak GDS scale
showed no marked difference between the groups (eFig-
ure 6). Antecedent infections in 28 cases of anti-snRNP
antibody–positive GBS were caused by C. jejuni in 22% (6/
28), CMV in 4% (1/28), EBV in 4% (1/28), andH. influenzae
in 11% (3/28) (eFigure 7).

Effect of snRNP Antibodies on the Barrier
Function of BNB Through U1-snRNP Reduction
GBS-IgG was purified from the serum samples of 20 patients
with U1-snRNP autoantibody–positive GBS, and cont-IgG
was purified from the serum samples of 10 HCs. Incubation
with GBS-IgG with U1-snRNP antibodies or purified anti-
snRNP antibody caused a decrease in nuclear snRNP ex-
pression in monolayer FH-BNB cells (Figure 4A) and a sig-
nificant increase in 10-kDa dextran permeability (Figure 4B),
compared with that with cont-IgG or cont-Ab, using
a monolayer coculture model consisting of FH-BNB cells and
pericytes. After transfection with snRNP siRNA, down-
regulation of snRNP increased the permeability of monolayer
FH-BNB cells (eFigure 8). GBS-IgG with U1-snRNP anti-
body demonstrated a significant increase in the permeability
of FH-BNB than cont-IgG, GBS-IgG without anti-U1-snRNP
antibody, or GBS-IgG without U1-snRNP antibody after
immunoabsorption of U1-snRNP antibody from GBS-IgG
with U1-snRNP antibody (Figure 4C). No marked difference
with complement-dependent cell death of PnMECs was ob-
served among GBS-IgG with U1-snRNP antibody, GBS-IgG
without U1-snRNP antibody, and cont-IgG (eFigure 9).
Incubation with GBS-IgG or snRNP antibodies led to a de-
crease in claudin-5 and an increase in 10-kDa dextran per-
meability compared with cont-IgG using the spheroid
model, which consists of both FH-BNB cells and pericytes
(Figure 4D). Permeability of 20-kDa dextran was increased
after exposure to GBS-IgG or snRNP antibodies compared
with cont-IgG using microfluidic in vitro BNB coculture
models (Figure 4D).

Discussion
C. jejuni is the most probable trigger of the axonal GBS, al-
though the pathogenesis of demyelinating GBS (acute in-
flammatory demyelinating polyradiculoneuropathy [AIDP])
remains unclear.1,6 Breakdown of the BNB in GBS first occurs
at sites with weak BNB, such as the dorsal root ganglia and
nerve terminals.7 BNB disruption, which includes enhanced
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paracellular permeability and increased leukocyte trafficking
through adhesion molecules and chemokines, is pathologi-
cally associated with GBS.8,11,20 Pathologic findings of the
peripheral nerves of patients with AIDP are characterized by
monocyte predominance and less T-cell/B-cell infiltration
into the peripheral nerve, suggesting the entry of macro-
phages across the BNB and macrophage-mediated de-
myelination.11 Some in vitro BNBmodels have demonstrated
that serum samples from patients with GBS enhance the
leakage of small molecules in bovine PnMECs,21 and an
in vitro flow-based human BNB model has shown the

importance of leukocyte integrin CD11b and ICAM-1 inter-
actions in patients with GBS for leukocyte trafficking.22 Fur-
thermore, large clusters of endoneurial CD11b-positive
leukocytes were observed in the sural nerve of patients with
AIDP, and treatment with anti-CD11b antibody ameliorated
disease severity in experimental autoimmune neuritis.22-24

In this study, we first demonstrated a significant increase in
nuclear NF-κB–positive FH-BNB cells after exposure to IgG
from patients with GBS compared with that obtained from
DCs and HCs. IgGs from GBS patients with antecedent

Figure 2 Changes in the CXCR5, SNAPC1, NFAT, ICAM-1, U1-snRNP, and Claudin-5 After Exposure to IgG FromPatientsWith
GBS

(A and B) Immunostaining of human
peripheral nerve microvascular en-
dothelial cells (PnMECs) for CXCR5,
SNAPC1, NFAT, ICAM-1, U1-snRNP,
and claudin-5 (green) after exposure
to IgG (500 μg/mL) frompatients with
GBS or HCs. Images were captured
using an In Cell Analyzer 2000. Scale
bar, 50 μm. (A) Scatter plots of the
intensities of CXCR5, SNAPC1, NFAT,
ICAM-1, U1-snRNP, and claudin-5 in
PnMECs, as determined by high-
content imaging, after exposure to
IgG frompatients with GBS (n = 22) or
HCs (n = 7). The data were normal-
ized to cultures that had not been
exposed to human IgG and are
shown from 3 independent experi-
ments. The p values were de-
termined using an unpaired Student
t test (2-sided) (*p < 0.05 vs HCs).
CXCR5 = C-X-C chemokine receptor
type 5; GBS = Guillain-Barré syn-
drome; ICAM-1 = intercellular adhe-
sion molecule 1; NFAT = nuclear
factor of activated T cells; PnMEC =
peripheral nerve microvascular en-
dothelial cell; SNAPC1 = small nu-
clear RNA activating complex
polypeptide 1; U1-snRNP = U1-small
nuclear ribonucleoprotein.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 12, Number 4 | July 2025
e200405(7)

http://neurology.org/nn


infection of C. jejuni, H. influenzae, and M. pneumoniae sig-
nificantly increased NF-κB nuclear translocation in FH-BNB
cells compared with those from DCs and HCs. The perme-
ability of small molecules in FH-BNB cells was significantly
increased, and key tight junction protein claudin-5 was sig-
nificantly decreased after exposure to IgG from patients with
GBS compared with that from DCs and HCs. RNA-seq and
pathway analyses demonstrated the upregulation of NF-κB
signaling and CXCR5 in the GBS group and identified snRNA
as an upstream gene of NF-κB. An evaluation with high-
content imaging demonstrated a significant decrease in
snRNP and a significant increase in chemokine receptors
CXCR5 and SNAPC1 in patients with GBS compared with
HCs. The titer of U1-snRNP autoantibodies was significantly
higher in patients with GBS than in those with CIDP, men-
ingitis, ADEM, MS, and NMOSD, DCs, and HCs. The pos-
itive rate of U1-snRNP antibodies was 36% (27/77), and the

titer of U1-snRNP was reduced at 1 month later. GBS-IgG
positive for U1-snRNP antibodies increased the percentage of
NF-κB nuclear–positive cells and 10-kDa dextran perme-
ability efficiency compared with those negative for U1-snRNP
antibodies. Patients with U1-snRNP antibody–positive GBS
showed more damage to B-SNR-B than patients with U1-
snRNP antibody–negative GBS. Downregulation of U1-
snRNP using siRNA increased the permeability of FH-BNB.
GBS-IgG with U1-snRNP antibodies or anti-snRNP mono-
clonal antibody caused a decrease in nuclear snRNP expres-
sion in FH-BNB and an increase in permeability in
monolayer/spheroid/microfluidic coculture models. GBS-
IgG positive for U1-snRNP antibody demonstrated a signifi-
cant increase in the permeability of FH-BNB compared with
GBS-IgG negative for U1-snRNP antibody or GBS-IgG
positive for U1-snRNP antibody after the reduction of U1-
snRNP antibody. No marked complement-dependent cell

Figure 3 U1-snRNP Autoantibodies in Patients With GBS

(A) Serum titers of U1-snRNP autoantibodies in patients with GBS were significantly increased compared with those in patients with CIDP, DCs, or HCs by an
ELISA. The rate of U1-snRNP antibody positivity was 36% (28/77) in patients with GBS, 7% (2/28) in DCs, 0% (0/16) in HCs, 0% (0/26) in patients with CIDP, 0% (0/
10) in patients with meningitis, 0% (0/7) in patients with ADEM, 0% (0/18) in patients with AMS, 0% (0/9) in patients with SPMS, and 0% (0/15) in patients with
NMOSD. The dotted line indicates the positivity threshold (mean of healthy control serum samples + 2SD, 15U/L). (B) Serum titer of snRNP antibodies
decreased after IVIg treatment. Negative conversion of U1-snRNP autoantibodies occurred in 3 of 4 GBS cases. (C) The percentage of NF-κB nuclear–positive
cells and 10-kDa dextran permeability efficiency in GBS-IgG positive for U1-snRNP antibodies were higher than in GBS-IgG negative for U1-snRNP antibodies.
CSF protein and QALB/QALBLIM in snRNP antibody–positive GBS patients were higher than those in snRNP antibody–negative GBS patients. ADEM = acute
disseminated encephalomyelitis; CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; DC = disease control; GBS = Guillain-Barré syndrome;
HC = healthy control; NMOSD = neuromyelitis optica spectrum disorder; U1-snRNP = U1-small nuclear ribonucleoprotein.
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death of PnMECs was observed after exposure to GBS-IgG
with U1-snRNP antibody.

CXCR5 is the G-protein coupled receptor against the
chemokine C-X-C motif ligand 13 (CXCL13) and is
expressed on mature B lymphocytes,25 CD4+ follicular
helper T cells (Tfh), CD4+ Th17 cells,26 and a minor
subset of CD8+ T cells.27 CXCL13 is constitutively
expressed in macrophages.28 Our results suggest that
CXCR5 on BNB-endothelial cells induced by GBS-IgG
may play a role in the recruitment of CXCL13-positive
macrophages and promote the infiltration of macrophages
into the peripheral nervous system across the BNB in
patients with GBS, supported by pathologic observations
of macrophage-mediated demyelination. No reports have
suggested an association between the CXCR5-CXCL13
axis and GBS.

The snRNP plays an important role as a spliceosome that
removes introns frommessenger RNA precursors, resulting in
the production of mRNA.29 SNAP1 plays an important role as

a basal transcription factor that mediates the transcription of
snRNAs.30 Although the precise mechanism of SNAPC1
remains unclear, a recent report indicated its role as a general
transcriptional coactivator that functions by elongating RNA
polymerase II.31 Our data suggest that GBS-IgG decreases
U1-snRNP and increases SNAPC1 in FH-BNB cells, in-
dicating that the expression of SNAPC1 was upregulated in
response to the decrease in U1-snRNP after exposure to GBS-
IgG in FH-BNB cells. Recent data suggest that reduced
amounts of U1-snRNP activate the cell status of cancer cells
and stimulate cancer cell migration and invasion in vitro,32

although the influence of the reduction in U1-snRNP activity
on BNB-endothelial cells remains unclear. In this study, the
change in snRNPs caused the upregulation of the NF-κB
p65 signaling with a pathway analysis and the downregulation
of U1-snRNP, suggesting that a reduction in U1-snRNP
after GBS-IgG exposure may initiate NF-κB signaling in FH-
BNB cells as the upstream regulator. Furthermore, snRNP
knockdown using siRNA increased the BNB permeability.
Modulation of U1-snRNP may be a novel treatment target
for GBS.

Figure 4 U1-snRNP Autoantibodies Disrupt the Blood-Nerve Barrier

(A) Immunostaining of human pe-
ripheral nerve microvascular endo-
thelial cells (PnMECs) for snRNPs.
Nuclear snRNP expression in mono-
layer PnMECs decreased after in-
cubation with GBS-IgG with snRNP
antibodies or anti-snRNP mono-
clonal antibody compared with after
cont-IgG or cont-Ab. GBS-IgG: IgG
purified from serum samples of 20
patients with U1-snRNP auto-
antibody–positive GBS; cont-IgG: IgG
purified from serum samples of 10
healthy controls; RNP antibody:
commercial snRNP monoclonal an-
tibody; cont-Ab: commercial anti-
rabbit IgG. Scale bar, 50 μm. (B) In-
cubation of GBS-IgG with snRNP
antibodies or anti-snRNP antibody
caused a significant increase in 10-
kDa dextran permeability, compared
with that with cont-IgG or cont-Ab,
using a monolayer coculture model
consisting of FH-BNB cells and peri-
cytes. (C) GBS-IgG with anti-snRNP
antibody induced a significant in-
crease in the permeability of FH-BNB
compared with cont-IgG, GBS-IgG
without anti-snRNP antibody, or
GBS-IgG after the reduction of U1-
snRNP antibody from GBS-IgG with
U1-snRNP antibody. (D) Incubation
with GBS-IgG or snRNP antibodies
leads to a decrease in claudin-5 and
an increase in 10-kDa dextran per-
meability compared with cont-IgG
using the spheroid model, which
consists of both FH-BNB cells and
pericytes (Left). Scale bar, 50 μm.
Permeability of 20-kDa dextran in-
creased after exposure to GBS-IgG or
snRNP antibodies compared with
cont-IgG using a microfluidic in vitro
BNB coculture model (Right). Scale
bar, 100 μm. BNB = blood-nerve
barrier; U1-snRNP = U1-small nu-
clear ribonucleoprotein.
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U1-snRNP autoantibodies have been reported in serum
samples from patients with systemic lupus erythematosus,
systemic sclerosis, mixed connective tissue disease (MCTD),
or myositis, and snRNP antibody positivity has been clinically
used to diagnose MCTD.5,33,34 However, the exact roles of
these antibodies in the pathogenesis of these diseases remain
unclear. Some reports have shown that snRNP antibodies are
related to the manifestations of microvasculopathy including
Raynaud phenomenon, suggesting that snRNP antibodies can
trigger inflammation in endothelial cells in patients with
connective disease.35,36 An in vitro study demonstrated that
U1-RNP antibodies can bind to U1-RNP on the surface of
endothelial cells from the pulmonary artery and induce in-
flammation in endothelial cells through upregulation of
ICAM-1 and E-selectin.35,37 In our study, U1-snRNP auto-
antibodies in patients with GBS led to BNB-endothelial cell
dysfunction through the downregulation of snRNP and
upregulation of NF-κB activation, resulting in increased per-
meability of the BNB in GBS.

Some reports suggest that viral infections, including those
caused by CMV, HHV-6, HHV-7, HIV, and COVID-19, can
trigger the production of U1-snRNP autoantibodies through
molecular mimicry.38-41 In particular, animal studies have
shown that the molecular mimicry between epitopes in
CMV glycoprotein B (amino acids 700–907) and charged
amino acids to the carboxy terminal region of the U1-70K
component of U1-snRNP may be responsible for the in-
duction of the autoantibody response to U1-snRNP.39

HHV-6, HHV-7, and EBV also have homologous glyco-
protein B proteins with CMV.39 The present study showed
that antecedent infections with C. jejuni, CMV, and EBV are
specifically related to GBS and have been identified as an-
tecedent infections in cases of anti-U1-snRNP antibody–
positive GBS. A temporary autoantibody response against
snRNP could be boosted by the periodic response to viral
infection in GBS, and such individuals may be at risk of
developing GBS in a relative short period. A temporary in-
crease in U1-snRNP antibodies was observed in the acute
phase of patients with GBS in our study, which could be
related to a spontaneous postinfectious antibody response or
a therapeutic decrease related to treatment.

The deposition of complement has been implicated in patients
with GBS: the deposition of C3d or both C3d and C5b-9 along
the outer surface of the Schwann cells in the endoneurium was
observed in both the autopsied nerves and biopsied nerves from
patients with GBS.42,43 However, no deposition of complement
in BNB-endothelial cells has been previously reported in the
peripheral nerves of patients with GBS. Our in vitro study also
demonstrated no association between complement-dependent
cell death of BNB-endothelial cells after the binding of U1-
snRNP antibodies. By contrast, the deposition of complement
C3 and IgM in the endoneurial blood vessels was observed in
the sural nerve of patients with CIDP, thus possibly suggesting
an association between breakdown of the BNB induced by
complement in some patients with CIDP.44,45 Clinical trials for

complement inhibitors in GBS (NCT04701164) and CIDP
(NCT04658472) are currently ongoing.

Limitations of this study are that the detailed mechanism by
how anti-U1-snRNP antibodies can reach the nucleus remains
unclear. Because what antecedent infection is associated with
the production of U1-snRNP antibodies or which subtypes of
GBS (AIDP or axonal GBS) are associated with U-snRNP
antibody–positive GBS remains elusive, multicenter blinded
studies are required.

In conclusion, this study shows that GBS-IgG disrupts the
BNB through increased permeability and CXCR5 upregula-
tion. The rate of U1-snRNP antibody positivity was 36% in
patients with GBS, and these antibodies cause BNB break-
down through a reduction in U1-snRNP and induction of NF-
κB activation.
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