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Abstract

Background and Objectives

As autoantibodies to contactin-1 from patients with chronic inflammatory demyelinating poly-
radiculoneuropathy not only bind to the paranodes where they are supposed to cause conduction
failure but also bind to other neuronal cell types, we aimed to investigate the effect of anti-
contactin-1 autoantibodies on contactin-1 surface expression in cerebellar granule neurons, dorsal
root ganglion neurons, and contactin-1-transfected human embryonic kidney 293 cells.

Methods

Immunocytochemistry including structured illumination microscopy and immunoblotting was
used to determine expression levels of contactin-1 and/or sodium channels after long-term
exposure to autoantibodies from 3 seropositive patients. For functional analysis of sodium
channels, whole-cell recordings of sodium currents were performed on dorsal root ganglion
neurons incubated with anti—contactin-1 autoantibodies.

Results

We found a reduction in contactin-1 expression levels on dorsal root ganglion neurons, cere-
bellar granule neurons, and contactin-1-transfected human embryonic kidney 293 cells and
decreased dorsal root ganglion sodium currents after long-term exposure to anti—contactin-1
autoantibodies. Sodium channel density did not decrease.

Discussion

Our results demonstrate a direct effect of anti-contactin-1 autoantibodies on the surface
expression of contactin-1 and sodium currents in dorsal root ganglion neurons. This may be the
pathophysiologic correlate of sensory ataxia reported in these patients.
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Glossary

CGN = cerebellar granular neuron; CNTN1 = contactin-1; DRG = dorsal root ganglia; HC = healthy control; LDH = lactate
dehydrogenase; SIM = structured illumination microscopy; 2R = 2-day recovery phase.

Anti-contactin-1 (CNTN1)-associated autoimmune neuropa-
thy was first described in 2013" and belongs to the meanwhile
well-established category of neuropathies with antiparanodal
autoantibodies.”* Because of the supposed site of attack, they
are often referred to as “paranodopathies.”> Paranodal auto-
antibodies mainly belong to the IgG4 subclass that does neither
activate complement nor induce internalization of surface
proteins.*” Pathogenicity is hypothesized to be caused by
blocking of protein-protein interactions. Recent studies focused
on pathogenic mechanisms at the paranodes and gave evidence
of an axoglial detachment.'®'® Passive transfer experiments
demonstrated impaired motor nerve conduction, motor deficits,
and loss of paranodal proteins, the latter only after chronic anti-
CNTNI exposure.'*"> CNTN1 is not restricted to the para-
nodes but is also found at dorsal root ganglia (DRG) neurons
and cerebellar granule neurons ( CGNis),'*" where it regulates
sodium current densities predominantly in small nociceptive
DRG neurons.'®" The effect of anti-CNTNI1 autoantibodies
on DRG neurons has never been studied, although it has been
hypothesized that sensory ataxia, another major clinical symp-
tom of anti-CNTNI1-positive patients, may be induced by
binding to DRG neurons.”’ Here, we investigated the effect of
anti-CNTNI1 autoantibodies on CGNs and DRG neurons,
hypothesizing that the paranodes are not the only site of attack
in anti-CNTN1-associated polyneuropathies.

Methods

Patients

Sera of 3 patients with anti-CNTNI1 autoantibodies and 3
healthy individuals (HC) were used for the experiments. All 3
patients were described previously.'> As patients’ material is
limited and pat2 and pat3 had a similar IgG subclass composi-
tion, the studies on the surface expression of CNTN1 were only
conducted with patl (mainly IgG3) and pat3 (mainly IgG4).

Standard Protocol Approvals, Registrations,
and Patient Consents

All participants gave written informed consent to take part in
the study. The study was approved by the Ethics Committee
of the University of Wiirzburg.

Cell Culture Experiments

Human embryonic kidney cells (HEK293, ATCCCRL-1573, Wesel,
Germany) were grown and transfected with CNTN1 Glyceralde-
hyde 3-phosphate dehydrogenase as previously described."

Primary culture of DRG neurons and CGNs was established by

using adult mice or mouse embryos from CD-1 and C57BL/6
mice (eAppendix 1, links.Iww.com/NXI/AS536).
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Immunocytochemistry

Binding assays of ant-CNTN1 autoantibodies were performed
with CNTNI1-transfected HEK293 cells, adult and embryonal
DRG neurons, or CGNs. In brief, HEK293 cells and adult DRG
neurons were blocked, incubated with primary antibodies, fixed, and
incubated with fluorescent secondary antibodies. Embryonal DRG
neurons and CGNs were first fixed, then blocked and incubated
with primary and secondary antibodies. Immunocytochemistry of
pan-neurofascin, p-III tubulin, and pan-sodium channel was per-
formed on CGNs or adult DRG neurons after incubation with
patients’ material or serum of a healthy control (HC). For detailed
methods, see eAppendix 1, linkslww.com/NXI/AS36.

Cytotoxicity Assay

Cytotoxicity of CNTN1 autoantibodies to CGNs was de-
termined by measuring lactate dehydrogenase (LDH) release
using the Cytotoxicity Detection Kit"""® (LDH) (Roche)
according to the manufacturer’s instructions. CGNs were
plated on 96-well plates. LDH release of untreated cells served
as low control, whereas LDH release of cells treated with 2%
Triton X-100 served as high control. Relative cytotoxicity of
neurons incubated with serum of a HC, pat1, or pat3 (1:100)
was calculated as follows:

test sample — low control

relative cytotoxicity (%) = x 100 eq. 1

high control —low control

Whole-Cell Lysate Preparation of Cerebellar
Granule Neurons and Immunoblotting

CGNs were incubated with serum of patl, pat3, or HC for 2
or 4 days. Recovery (2-day recovery phase [2R]) was studied
by 2-day incubation of serum of patl or pat3 followed by
incubation with serum of a HC for 2 days. Whole-cell lysates
were prepared using the CytoBuster Protein Extraction Re-
agent (Merck Millipore, Billerica, MA). Separation of proteins
was performed on 12% SDS-PAGE gels, and Western blots were
stained with anti-CNTN1 (1:1,000; R&D Systems) and anti-
Glyceraldehyde 3-phosphate dehydrogenase (1:2,000; Thermo
Fisher Scientific) and appropriate secondary antibodies.

Generation of Fab and F(ab’), Fragments From
Human IgG and Validation by Anti-CNTN1 ELISA
Purified whole IgG from plasma exchange material of patl,
pat3, and a seronegative control patient had been obtained
previously’' and was used to generate and purify Fab and
F(ab’), fragments with Pierce F(ab’), and Fab Preparation
Kit (#44988, #44985, Thermo Fisher Scientific), following the
instructions of the manufacturer. Briefly, spin columns con-
taining immobilized pepsin and papain preparations were

incubated for either 6 hours (papain) or 7.5 hours (pepsin) with
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desalted IgG samples diluted at 8 mg/mL in digestion buffer. Fab
or F(ab’), fragments and remnants containing Fc fragments or
undigested IgG were collected separately using Protein A Spin
Columns and IgG Elution Buffer. Efficacy of purification was
validated by anti-CNTNI1 ELISA as previously described, using
serum diluted 1:100, purified whole IgG, IgG Fab, IgG F(ab’),, and
eluted remnant containing Fc fragments and undigested IgG 1:
5-1:50 as primary antibodies and horseradish peroxidase-
conjugated anti-human IgG (1:10,000, Dako DakoCytomation,
Glostrup, Denmark) and mouse anti-human IgG Fab (1:10,000,
GenScript Biotech, Piscataway, NJ) as secondary antibodies. Di-
lution factors for IgG Fab and F(ab’), resulting in an OD equally
high to serum were used for DRG preincubation to ensure com-
parability of the results (eAppendix 1, links.lww.com/NXI/AS36).

Immunocytochemistry After Fab and

F(ab’), Binding

Adult DRG neurons were incubated with patient serum, HC, or
generated Fab and F(ab’), fragments for 2 days. After 24 hours,
fresh patient serum or Fab or F(ab’), fragments were added.
Untreated cells were used as additional control. After 48 hours,
cells were fixed in 4% paraformaldehyde and blocked with 10%
BSA/PBS for 20 minutes followed by S minutes in 1% BSA/PBS.
Incubation with CNTN1 antibody (1:500) was performed at 4°C
overnight. Secondary antibody incubations (goat anti-human
IgG-Cy3, donkey anti-goat IgG-Cy3, and mouse anti-human Fab-
Cy3, all used 1:500) were performed for 1 hour at 21°C. 4’,6-
diamidino-2-phenylindole was used in a 1:10,000 dilution to
mark the nucleus. Cover slips were mounted with Mowiol.

Biotinylation of Cell Surface Protein

and Immunoblotting

Twelve hours after transfection, HEK293 cells were incubated
under the same conditions (2 days, 4 days, and 2R) with either
HC sera or pat sera (1:500 in medium).

Cell surface biotinylation experiments were performed from
transfected HEK293 cells as described previously.22 Samples
were loaded on 11% SDS-PAGE gels. Western blots were
labeled with anti-CNTNI1 antibody (1:250; R&D Systems),
anti-B-actin antibody (1:5,000; Biozol, Eching, Germany), or
anti-ATPase antibody (1:10,000; Abcam, Cambridge, UK)
and appropriate secondary antibodies.

Structured lllumination Microscopy

Recordings of immunostained DRG neurons were performed
on a structured illumination microscopy (SIM) Zeiss ELYRA S.1
system with a Plan-Apochromat 63x/1.40 oil immersion objec-
tive by applying structured illumination using S rotational and S
phase variations. The image was reconstructed in ZEN software
(ZEN 2.3, Carl Zeiss Microscopy GmbH, Jena, Germany), and
the quality was validated with the Image] plugin SIMcheck.*®
Channel alignment was performed in ZEN to correct chromatic
aberration. In FIJI,** brightness and contrast of exemplary SIM
images were adjusted linearly and using identical values for all
experimental groups. Colocalization analysis was performed in
Imaris (Version 8.4.1, Bitplane AG, Zurich, Switzerland) using
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the colocalization package. Thresholding of colocalized signals
was performed applying fixed parameters for all treatment
groups, and Pearson correlation coefficients were calculated.
Signal intensities of CNTN1 and pan-Nay were extracted over
CNTNI region of interest (ROI) in Imaris. CNTN1 ROIs were
created by thresholding CNTNI signal using fixed parameters
for all group comparisons. Plot profiles were generated using
FIJI's “Plot profile” tool and visualized using Origin (OriginPro,
Version 2020; OriginLab Corporation, Northampton, MA).

Electrophysiologic Whole-Cell Recordings
‘Whole-cell recordings of DRG sodium currents were performed
after specific incubation times (1, 2, 24, 48, or 72 hours) with serum
of HCs, patl, pat2, or pat3 material. Current signals from voltage-
clamp recordings of DRG neurons with depolarization steps of 10
mV between —80 and +60 mV were amplified using an EPC-10
amplifier (HEKA, Lambrecht, Germany). The holding potential
was —70 mV. All experiments were performed at 20°C. Recording
pipettes were produced from borosilicate glass capillaries with re-
sistances of about 5 MQ). The internal solution contained 140 mM
CsF, 1 mM ethylene glycol tetraacetic acid, 10 mM NaCl, and
10 mM HEPES with a pH adjusted to 7.3 and an osmotic con-
centration of 310 mOsm/L. The external solution consisted of
70 mM NaCl, 70 mM choline chloride, 3 mM KCl, 1 mM MgCl,,
1 mM CaCl,, 20 mM TEA-Cl, 5 mM CsCl, 0.1 mM CdCl, and
10 mM HEPES and was adjusted to pH 7.3 and 320 mOsm/L.

Experimental Design and Statistical Analysis
Normal distribution of data was checked using Shapiro-Wilk
tests. Statistical significance of normally distributed data was
tested by unpaired 2-tailed ¢ tests. Non-normally distributed
data were tested by Mann-Whitney U tests. A probability of
error of p < 0.05 was considered significant. All results are
presented as mean (+SD) if not stated otherwise.

Data Availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.

Results

Patients’ Autoantibodies Bind to Dorsal Root
Ganglion Neurons and Cerebellar

Granule Neurons

Binding assays of patients’ sera on CNTN1-transfected HEK293
cells, DRG neurons, and CGNs showed clear binding of patients’
sera or plasma exchange (PE) material, which colocalized with
the commercial CNTN1 antibody signal (Figure 1, A-L and
Figure 2, A-C).

Cerebellar Granule Neurons and DRG Neurons
Show Decreased CNTN1 Expression After
Incubation With Anti-CNTN1 Autoantibody
Positive Sera

Incubation of CGNs and DRG neurons with patient sera for 2
days reduced the CNTNT1 signal, whereas incubation with
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Figure 1 Autoantibodies of Patients Bind to CNTN1 in Transfected HEK293 Cells and DRG Neurons

HEK293 cells

DRG neurons

CNTN1

No primary ab | H

No secondary ab

(A-D) Immunofluorescence of CNTN1-transfected HEK293 cells shows binding of serum of patient (pat) 1 (B, red), PE material of pat2 (C, red), and serum of pat3 (D,
red), whereas no binding was detectable for serum of a HC (A, red). Scale bars: 20 pm. (E-H) Control stainings of HEK293 cells showed no staining of untransfected
or GFP-transfected cells (E-F) because of a lack of endogenous CNTN1 expression. GFP (green) demonstrates transfection efficiency. (G) No primary antibody
present = negative control 1. (H) No secondary antibody present = negative control 2. (I-L) Similarly, serum of pat1 (J, red), PE material of pat2 (K, red), and serum of
pat3 (L, red) showed clear staining at DRG neurons. By contrast, serum of a HC did not lead to immunolabeling of the neurons (I, red). Scale bars: 50 pm. (A-L) Al
cells were costained with anti-CNTN1 antibody (cyan). Note the overlay of the targeted CNTN1 by patient autoantibodies and the commercial antibody (white

signal, arrowheads in magnifications). DAPI was used to stain cell nuclei (blue). CNTN1 = contactin-1; DAPI

= 4',6-diamidino-2-phenylindole; DRG = dorsal root

ganglia; GFP = green fluorescent protein; HC = healthy control; HEK293 = human embryonic kidney 293; PE = plasma exchange.

control serum did not (Figure 2E). As patient material was
limited and the effect did not differ between CGNs and
embryonal DRG neurons, the following experiments were
conducted with more robust CGNs alone: Incubation for 4
days showed an almost complete decrease in the CNTN1
expression (Figure 2E). After 2R, fluorescent signals of
CNTNI1 recurred (Figure 2E). Quantification of CNTN1
expression by Western blot of cell lysates revealed reduced
CNTNI1 expression of cells treated with serum of patl for
2 days (21% + 3%) and 4 days (7% + 0.56%) compared
with the HCs (Figure 3, A and C; http://links.lww.com/
NXI/AS8S; eTable 1). After 2R, CNTNI1 expression in-
creased again to 20% * 1%. Similarly, expression levels of
neurons incubated with serum of pat3 were reduced after 2
days (29% + 5%) and 4 days (18% * 1%) but were rescued
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after 2R (39% + 0.26%) (Figure 3, B and C; http://links.
Iww.com/NXI/AS58S; eTable 1).

Cytotoxicity assays did not show any difference of LDH re-
lease of CGNis treated with serum of patl compared with HC
treatment. Treatment with serum of pat3 (mainly IgG4)
resulted in increased LDH release of CGNs (3 days: 44% +
0.68%; t = 14.11, df = 7, p = 0.000002, 4 days: 39% + 1%; p =
0.0004) compared with a HC (3 days: 20% * 3%, 4 days: 27%
+ 3%) after 3 and 4 days of treatment, not after 2 days
(Figure 3D, please notice that only measurements of the same
time point should be compared as for technical reasons, dif-
ferent time points needed to be run in different assays). No
obvious changes in the neurofascin or beta-III-tubulin ex-
pression pattern after incubation with serum of patl and pat3

September 2021 Neurology.org/NN
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Figure 2 Immunofluorescence of CGNs Shows Reduced Expression of CNTN1 After Long-term Incubation With Serum of

Anti-CNTN1-Positive Patients
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(A-C) Immunofluorescence of cerebellar granule neurons shows binding of sera of patient (pat) 1

4d 2R

(B) and pat3 (C). No specific binding is detectable for

serum of a HC (A). DAPI was used for staining cell nuclei (blue). Scale bars refer to 20 ym. (D) Scheme of the experlmental setup. Two to four days after
seeding cerebellar granule neurons, cells were incubated for 2 or 4 days with serum of a HC or sera of patients (pat) 1 and 3. In addition, cells were
incubated with serum of pat1 and pat3 for 2 days followed by incubation with serum of a HC for 2 days (recovery period, 2R). (E) Representative images
of cerebellar granule neurons treated with serum of a HC or serum of pat1 or pat3 for specific periods of time (2 days, 4 days, and 2R) and stained for
CNTNT1 (red). Signal of CNTN1 is reduced after 2 and 4 days of incubation with pat sera. The recovery phase of 2 days (2R) leads to increased staining of
CNTN1 for both patients. DAPI was used for staining of nuclei (blue). Scale bars: 20 um. CGN = cerebellar granular neurons; CNTN1 = contactin-1; DAPI =

4',6-diamidino-2-phenylindole; HC = healthy control.

for 3 days compared with cells incubated with serum of a HC
were exhibited (http://links.lww.com/NXI/AS8S; eFigure 1),

excluding unspecific loss of neuronal proteins due to cell death.

CNTN1 Reduction Can Be Prevented by Fab
Fragment Generation From the Patient IgG
Reduction of the CNTNT1 level after incubation with patient
anti-CNTN1 autoantibodies might be due to protein cross-

Neurology.org/NN
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linking by IgG subclasses 1-3. Therefore, Fab fragments unable
to crosslink proteins were generated from IgG of patients 1 and
3 and a seronegative control IgG. Reduced CNTN1 expression
on DRG neurons was again observed after incubation with
serum from patients 1 and 3 for 2 days (Figure 4, A and B). By
CNTNI1 level

distinguishable between incubations with seronegative control

contrast, the in DRG neurons was in-

Fab or Fab fragments from patients 1 and 3 while general

| Volume 8 Number 5 | September 2021
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Figure 3 Immunoblotting of CNTN1 in CGN Lysates After Incubation With Anti-CNTN1 Autoantibodies
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(A-B) Representative Western blots of CNTN1 expression after incubation of cerebellar granule neuron lysates with serum of a HC or serum of pat1 (A) or pat3 (B) for 2
days, 4 days, or 2R. The 2 CNTN1 isoforms with appropriate molecular weights of around 140 kDa were stained with anti-CNTN1 (black arrowheads). GAPDH (37 kDa)
was used as a control protein (white arrowheads). (C) Quantification of CNTN1 expression. Expression was normalized to GAPDH, and expression of neurons treated
with serum of a HC for 2 and 4 days was set to 100%. Note that because of the limited sample size of 2 samples per condition, statistical analysis was not performed.
(D) Relative cytotoxicity of serum of pat1, pat3, or HC to cerebellar neurons. Triton X-100 was used as high control and set to 100%. A cytotoxic effect of pat3 serum
compared with HC serum was visible at 3 and 4 days of incubation. p Values represent the significance level with ***p <0.001 (t test); error bars represent SD. 2R = 2-

day recovery phase; CGN = cerebellar granular neurons; CNTN1 = contactin-1; GAPDH = Glyceraldehyde 3-phosphate dehydrogenase; HC = healthy control.

binding of Fab fragments to DRG neurons was demonstrated
(Figure 4, C and D). Generation of F(ab’), fragments from a
seronegative control IgG and IgG from patient 3 again
exhibited slightly reduced CNTN1 expression after incubation
with pat3 F(ab’), in comparison with F(ab’), from a control
(eAppendix 1, linkslww.com/NXI/AS36; http://links.Iww.
com/NXI/AS8S; eFigure 1).

Decreased Surface but Not Whole-Cell
Expression of CNTN1 After Incubation With
Anti-CNTN1 IgG3 Positive Serum

CNTN1 immunocytochemical staining of CNTNI-transfected
HEK293 cells (Figure S) did not show any obvious differences
of the CNTNT1 fluorescence signal for cells treated with a HC
or pat3 (with IgG4>>IgG2 anti-CNTN1) for 2 or 4 days.
Similarly, there was no alteration of the signal for cells treated
with serum of pat3 after a 2R. By contrast, signal of CNTN1
was clearly reduced after incubation with serum of patl with
mainly IgG3 autoantibodies for 2 and 4 days. However, after
2R, CNTNI signal increased.

To discriminate between surface and whole-cell protein, bio-
tinylation of surface proteins was used in transfected HEK293
cells. Whole-cell fractions from transfected HEK293 cells treated
for the 3 time periods were analyzed but did not show any
differences between the differently treated groups (2 days patl:
75% * 14% or pat3: 98% * 14%, HC: 100% * 11%; 4 days pat1:
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102% + 15%, pat3: 90% =+ 23%, HC: 100% + 8%) (Figure 6,
A-C; http://linkslww.com/NXI/AS8S; eTable 1). Similarly,
normalized CNTN1 expression was not different in whole-cell
lysates after a recovery phase (2R patl: 98% + 25%, pat3: 71% +
13%). By contrast, analysis of the CNTN1 surface expression
revealed clear differences between patl and pat3 autoantibodies,
which were in line with the observations from the immunocy-
tochemical stainings (Figure 6, D-F). Normalized CNTN1
surface expression of cells incubated for 2 days with serum of
patl with mainly IgG3 autoantibodies was significantly reduced
(66% + 11%; p = 0.049) compared with CNTN1 surface ex-
pression of cells treated with serum of a HC for 2 days (100% +
12%). This reduction was even more prominent after 4 days of
treatment (patl: 64% + 9%, HC: 100% * 8%; p = 0.017). By
contrast, incubation of HEK293 cells with serum of pat3 for 2
days (99% * 9%) or 4 days (92% + 23%) did not disclose a
reduction of CNTNI surface expression compared with a HC
and compared with the similar analysis in primary CGNs.
Similarly, no differences were detected after 2 days of treatment
with serum of pat3 following 2 days of recovery (80% + 19%)
(Figure 6, D-F; http://links.lww.com/NXI/AS8S; eTable 1).

Reduction of CNTN1 in DRG Neurons Does Not
Lead to a Decreased Expression of

Nay Channels

To investigate whether a change in the overall structure of the
protein complex of CNTNI1 and Nay channels might be

September 2021 Neurology.org/NN
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Figure 4 Lack of CNTN1 Cross-linking by Generation of Fab Fragment From the Patient IgG Prevents CNTN1 Internalization

A

Patient serum Patient serum

Patient Fab

Patient Fab

HC Fab Pat1 Fab Pat3 Fab
HC Fab Pat1 Fab Pat3 Fab

(A, B) DRG neurons treated for 2 days with serum of pat1 and
pat3 or a HC. (A) Cells were stained for the binding of the
patient IgG (red) to the DRG neurons. (B) After binding of
patients’ CNTN1 autoantibodies, DRG neurons were con-
trolled for the CNTN1 level. Note the CNTN1 signal reduction
after incubation with serum from pat1 (more pronounced)
and pat3. (C, D) DRG neurons incubated for 2 days with Fab
fragments generated from patient IgGs. (C) The CNTN1 level
after Fab fragment (HC, pat1, and pat3) binding is shown. (D)
The binding of Fab from pat1 and 3 was proven by binding of
anti-Fab Cy3 secondary antibodies. The nuclei are always
marked by DAPI binding (blue). Scale bar refers to 20 pm.
CNTN1 = contactin-1; DAPI = 4',6-diamidino-2-phenylindole;
DRG = dorsal root ganglia; HC = healthy control.

caused by anti-CNTN1 autoantibody binding, SIM was per-
formed. The following experiments were performed on adult
DRG neurons to exclude effects of variant expression levels of
sodium channels at embryonal stages. Selected axonal regions
from SIM images of adult DRG neurons treated with either
HC or patl serum for 72 hours with costained CNTN1 and Nay,
are shown in Figure 7A. Intensity profiles along the selected
regions showed markedly overlapping signals of CNTNI and
pan-Nay in neurons treated with serum of a HC (Figure 7B, left
panel). By contrast, the intensities did not overlap as strongly
after treatment with patient serum (Figure 7B, right panel).
Colocalization analysis of CNTNI and pan-Nay signals
(Figure 7C) showed a Pearson correlation coefficient of 0.4 +
0.09 (n = 44) in DRG neurons incubated with serum of HCs for
72 hours. Treatment with patient material led to lower Pearson
correlation coefficients compared with the control group (pat1:
0.35 +0.08, p = 0.0096; pat2: 034 + 0.08, p = 0.017; pat3: 0.34 +
0.06, p = 0.003). Signal intensity measurements (Figure 7D)
revealed a significant reduction of CNTNT1 as already detected in
CGNs, DRG neurons, and transfected HEK293 cells. Treatment
with serum of patl with predominantly IgG3 autoantibodies
showed the most pronounced reduction in signal density com-
pared with HCs (mean signal density pat1: 9.26 x 10° £ 1.5 x

Neurology.org/NN
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10° a.u./ymz, n=16; HC: 143 x 10° + 47 x 10° a.u./prnz, n=
43; p = 0.0008). Incubation with PE material of pat2 or serum of
pat3 led to a similar decrease in signal density of CNTN1 (mean
signal density pat2: 1.09 x 10° £ 3.18 x 10° au./um”, p = 0.0086;
pat3: 1.04 x 10°+3.14 x 10° a.u./pmz,p = 0.0139). By contrast,
signal densities of pan-Nay did not change after incubation with
patient serum compared with HCs (mean signal density patl:
1.72 X 10° + 1.23 X 10° a.u./pm?, p = 0.9; pat2: 1.43 x 10° + 7.87
x 10° au./um’, p = 0.5; pat3: 1.68 x 10° £ 1.07 x 10%, p = 0.9;
HC: 1.61 x 10°  8.38 x 10° a.u./um’, n = 44).

Effect of Anti-CNTN1 Autoantibodies on
Sodium Currents of DRG

Whole-cell recordings from DRG neurons pretreated with
patient sera for various time points were characterized for
voltage-gated sodium channels (Figure 8A). Typical inward
sodium currents were observed using a voltage step protocol
from —-80 to +60 mV (Figure 8B). Sodium peak currents
showed pronounced decrease in the amplitudes at different
voltage steps when neurons were incubated with patients’
material compared with those treated with HC sera
(Figure 8B). This effect was most prominent after long-term
incubation. Comparison of peak current densities at —40 mV
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Figure 5 Reduced Immunofluorescence of CNTN1 in Transfected HEK293 Cells After Treatment With Anti-CNTN1

Autoantibodies

o
i

Pat1

Pat3

Representative images of the appropriate con-
ditions (2 days, 4 days, and 2R) shown for cells
incubated with HC serum (1:500), pat1 (1:500,
red) or pat3 (1:500, red). Note the reduced signal
of CNTN1 in cells incubated with serum of pat1
for 2 and 4 days. DAPI was used to mark the nu-
cleus (blue). Scale bar refers to 20 pm. 2R = 2-day
recovery phase; CNTN1 = contactin-1; DAPI = 4',6-
diamidino-2-phenylindole; HC = healthy control;
HEK293 = human embryonic kidney 293.

(Figure 8C) revealed no differences in cells treated with patients’
material for short incubation times compared with pooled cur-
rent densities of 3 HCs. Long-term incubation (72 hours) of
DRG neurons, however, led to decrease in sodium current
densities when treated with serum of patl (200 + 2 pA/pF; p =
0.016) or pat3 (185 + 18 pA/pF; p = 0.007) compared with the
control group (262 + 19 pA/pF, n = 32, Figure 8C, http://links.
Iww.com/NXI/AS8S; eTable 2). Similarly, current-voltage re-
lationships (Figure 8D) revealed reduced current densities at
voltages of —60 to 0 mV of cells treated with serum of patl or
pat3 compared with the control group at time point of 72 hours,
whereas no significant changes were observed after 1-hour in-
cubation. Differentiation of DRG neurons by size as previously
performed™ revealed that medium-large diameter cells (>15 pF)
are more affected by the treatment with patients’ material than
small neurons (<15 pF; data not shown). Here, incubation with
serum of pat3 for 72 hours exhibited a reduction of the sodium
current density compared with the control group (pat3: 163 + 18
pA/pF, n = 14; HC: 215 + 15 pA/pF, n = 17; p = 0.044).

Discussion

We demonstrate decreased surface expression of CNTN1 on
neurons after incubation with anti-CNTN1-positive sera and

Neurology: Neuroimmunology & Neuroinflammation
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diminished Nay, current densities albeit no loss of Nay
channel expression. These effects were more pronounced in a
patient with a predominance of IgG3 compared with a patient
with mostly IgG4, whereas mild cytotoxic effects were found
in incubation experiments with serum of a patient with mainly
IgG4 anti-CNTN1 autoantibodies.

Our data argue for a direct effect of anti-CNTNI1 autoanti-
bodies on neuronal CNTN1 and support the idea of DRG as a
second site of attack besides the paranodes in patients with
anti-CNTNT1 autoantibodies.

Recent studies focusing on the clinical symptoms of anti-
CNTNI1 seropositive patients reported sensory ataxia as one of
the disabling symptoms,17”20’7'6’27
paranodes may not be the only site of pathogenicity. DRG are

easily accessible by autoantibodies because of the lack of a suf-

raising the suspicion that the

ficient neurovascular barrier,” and our data give evidence of a
direct effect of anti-CNTNI1 autoantibodies on DRG, thus
supporting the notion of DRG as another site of pathogenicity.
Cerebellar binding was discussed as a potential correlate of
tremor in patients with paranodal autoantibodies. Although in-
trathecal synthesis of antiparanodal autoantibodies has not been
shown yet, elevated protein levels in the CSF are commonly seen
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Figure 6 Quantitative Analysis of CNTN1 Expression Levels Shows Reduced CNTN1 Surface Expression After Long-term
Exposure to Mainly IgG3 Anti-CNTN1 Autoantibodies in Transfected HEK293 Cells
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4d 2R

in anti-CNTN1-positive patients,12’13’27 most probably caused

by a breakdown of the blood-brain barrier. Thus, a pathogenic
effect of anti-CNTN1 autoantibodies on CGNss in vivo remains
questionable and needs to be further investigated."***"

Anti-CNTN1 autoantibodies are known to mostly belong to
the IgG4 subclass"'>"? that does not induce internalization of
surface proteins.”” Pathogenicity of IgG4 autoantibodies is
supposed to be mediated by direct blocking of protein-protein
interactions.>> Our biotinylation experiments in transfected
HEK293 cells show that binding of patients’ anti-CNTN1
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autoantibodies decreased surface CNTN1 expression, whereas
whole-cell CNTN1 expression was rather unaffected. In-
cubation with Fab fragments of patients’ autoantibodies that
bind to CNTN1 but do not induce cross-linking did not lead to
a reduction of CNTNI1. Hence, internalization of surface
CNTNI1 and subsequent protein degradation are suggested to
contribute to the observed decrease of CNTN1, most probably
as a consequence of protein cross-linking. Although surface-
expressed CNTNI1 was also reduced in the presence of anti-
CNTNI1 autoantibodies from a patient with mainly IgG4, a
significant decrease of surface CNTN1 was only demonstrated
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Figure 7 Analysis of Signal Intensities and Colocalization of CNTN1 and Pan-Na, Using SIM
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(A) SIM recordings on adult DRG neurons immunostained for CNTN1 and pan-Nay and incubated with single pat sera or HC sera (controls = pooled) for 72
hours. Single stretch along the axon taken from a large field of view recording. Scale bar: 2 um. (B) Exemplary profile plots along 6 um of axon (taken from [A])
for showing the level of coincidence of CNTN1 and pan-Nay signals in representative SIM recordings after incubation with serum of HC (B.a) or pat1 (B.b). Note
the different y-axis scale. (C) Colocalization analysis of CNTN1 and pan-NaV depicting Pearson correlation coefficients. (D) Analysis of signal density (sum
intensity/summed area in um?) of CNTN1 (D.a) and pan-Nay (D.b) over CNTN1 ROIs. Values of significance, *p < 0.05, **p < 0.01, and ***p < 0.001. CNTN1 =
contactin-1; DRG = dorsal root ganglia; HC = healthy control; ROI = region of interest; SIM = structured illumination microscopy.

for the patient with IgG3 autoantibodies. Incubation experi-  predominance, arguing that additional processes such as
ments with CGNs, however, revealed a reduction of CNTN1  functional block might also underlie changes in the CNTN1
also after incubation with serum of a patient with IgG4  level. The observed more pronounced effect of anti-CNTN1

Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number5 | September 2021 Neurology.org/NN


http://neurology.org/nn

Figure 8 Reduced Sodium Currents for DRG Neurons After Long-term Incubation With Serum of Anti-CNTN1-Positive
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(A) Scheme of short-term and long-term incubation experiments. DRG neurons were incubated with serum of pat1, PE material of pat2, or serum of pat3 for
specific periods of time (1, 2, 24, 48, and 72 hours). (B) Representative sodium current traces at -40 mV for DRG neurons treated with patients’ serum or PE sample
or serum of a HC for 1 (B.a) or 72 hours (B.b). The voltage step protocol consisted of a prepulse potential of -120 mV and of 200 ms steps ranging from -80 to +60
mVin 10 mV increments at a holding potential of -70 mV. (C) Average peak current densities for sodium channels at -40 mV after incubation with serum of a HC,
serum of pat1, PE material of pat2, or serum of pat3 for specific periods of time. Short-term incubation (1 hour, C.a; 2 hours, C.b; 24 hours, C.c; 48 hours, C.d)

showed no effects on sodium currents, whereas incubation with serum of pat1

and pat3 for 72 hours showed a significant reduction of sodium current density

(C.e). Error bars represent standard errors of the mean (SEM). (D) Current-voltage relationships of sodium current densities from DRG neurons treated with serum

of aHC, serum of pat1, PE material of pat2, or serum of pat3 for 1 hour (D.a) or 72
(Mann-Whitney U test); error bars represent SD. CNTN1 = contactin-1; DRG = d

hours (D.b). p Value represents the significance level with *p <0.05 and **p <0.01
orsal root ganglia; HC = healthy control; PE = plasma exchange.

autoantibodies on CNTN1 expression in primary neurons
compared with the overexpression in HEK293 cells might be
due to continuous CNTN1 biosynthesis and protein delivery
to the cell membrane by the HEK293 cells. Thus, the smaller
effect of the serum of patient 3 may not be detectable in the
experiments with HEK293 cells but only in incubation
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experiments with primary neurons. Accordingly, decreased
sodium currents were detectable after incubation with both
patients’ sera even in the same timeframe as decreased surface
expression because patch-clamp recordings were also per-
formed in primary neurons. As IgG4 autoantibodies do not
induce cross-linking, loss of surface CNTN1 expression may be
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caused by protein cross-linking by the presence of small
amounts of IgG1-3 autoantibodies or by protein degradation
induced by autoantibody binding. The hypothesis of an in vitro
effect of IgG1-3 is supported by a previous study using serum of
the same patients: Complement deposition was induced by
serum of the patient with a predominance of IgG4, although
IgG4 is known not to bind complement and was considered the
effect of small amounts of IgG1-3 that were also detectable.”’
Further evidence that protein cross-linking is one player in the
pathology of CNTN1 autoantibodies and underlies the ob-
served CNTNI1 reduction comes from Fab fragment genera-
tion of both patient samples. Fab fragments, possibly still able
to cause functional blocking, prevented CNTN1 reduction,
whereas CNTN1 expression was slightly diminished after
binding of F(ab’), fragments. Thus, effects of nondominant
complement-activating IgG subclasses may be taken into ac-
count when developing therapeutic strategies for IgG4
autoantibody-mediated diseases. Indeed, internalization of
surface proteins has recently been demonstrated in several
other diseases with IgG4 autoantibodies such as anti-Caspr2-,
anti-JgLONS-, and anti-DPPX-mediated disease and was also
suggested to be induced by small amounts of other IgG
subclasses.>*>® However, a conclusion on the effect of different
IgG subclasses would require experiments with purified
subclass-specific autoantibodies, and differences between the
sera may also be explained by other properties of autoanti-
bodies such as affinity or epitopes. The reduction of CNTN1
surface expression was concomitant to the decrease of sodium
currents and followed the same timeline with a clear effect after
72 hours. This supports the notion that loss of CNTN1 leads to
altered sodium channel activity rather than blocking of sodium
channels by autoantibody binding that would most probably

lead to an immediate effect.

Although former studies focused on axoglial detachment
caused by antiparanodal autoantibodies, we give the first
evidence of a direct effect of anti-CNTN1 autoantibody
binding on ion channel function of neighboring Nay chan-
nels. A previous study reported increased peak currents and
current density in cells cotransfected with CNTN1 and
Nayl.2a and Bl subunits compared with Nay1.2 alone,'®
and several studies have shown that CNTN1 binds to the f1
subunit of Nay channels and affects surface trafficking of
Nayl.2, 1.3, and 1.9."”%73% Decreased Nay density was
supposed to underlie the decrease of sodium currents.'®
Using SIM, we could confirm decreased CNTN1 expression
on DRG, but Nay levels remained unaffected. As a pan-Nay
antibody was used, we could not discriminate between Nay,
channel subtypes. In line with that, our patch-clamp re-
cordings on DRG neurons after exposure to CNTN1 auto-
antibodies encompassed the activity of all Nay channels. The
overall Na* currents were reduced after long incubation
periods (72 hours) with the patient’s anti-CNTNI autoan-
tibodies. Chronic autoantibody exposure reflects the in vivo
situation in which autoantibodies persist over months. It
might be argued that neurons can compensate for in-
ternalization of CNTN1 and the subsequent effect on the
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Nay expression level during short-term periods with en-
hanced protein synthesis and homeostasis. Moreover, we
cannot rule out that a decrease in Nay density may be me-
diated at a transcriptional level and therefore may not be
evident within 72 hours. The decrease in Nay currents at this
time point argues in favor of a functional effect on Nay
currents by loss of CNTNI1. The exact mechanism un-
derlying this effect still needs to be clarified, but sodium
channel modulation may be altered indirectly as CNTN1
interacts with the 1 subunit of voltage-gated sodium
channels. Mutations of the 81 subunit are linked to several
types of channelopathies such as epilepsy or cardiac ar-
rhythmia® emphasizing the relevance of the 1 subunit in
cell excitability.

The observed effect on Nay currents was restricted to medium-
large DRG neurons, although Nay1.2, 1.3, and 1.9 that are
known to interact with CNTN1 are predominantly expressed
on small DRG neurons. However, binding of patients’ sera to
DRG neurons of all sizes could be demonstrated, indicating
that CNTNT1 is equally expressed on DRG neurons. When
comparing experimental results with clinical symptoms, sen-
sory ataxia can mostly be attributed to large neurons, and al-
though neuropathic pain was described in some patients, small
neuron/fiber dysfunction was not a prominent clinical feature;
thus, decreased Nay currents may be linked to dysfunction of
large sensory neurons manifesting as sensory ataxia,'>?%¢
Binding to DRG neurons was also observed in immunization
models of neuropathy with anti-myelin-associated glycopro-
tein autoantibodies,*® another peripheral neuropathy that is
characterized by sensory ataxia and autoantibodies that are
mainly supposed to be pathogenic by binding to peripheral
nerves, and among other morphologic features also show

axoglial detachment.*!

Our study focused on the effect of anti-CNTNI1 autoanti-
bodies on neuronal cell bodies, not on the node of Ranvier.
Furthermore, the in vitro system does not fully reflect the
situation in vivo because there is a lack of glial and other
supportive cells. Nevertheless, it may be worthwhile to ad-
dress a potential direct effect of anti-CNTN1 antibodies on
nodal Nay channels in future studies. CNTN1 is a paranodal
adhesion molecule, but nodal expression of CNTN]1, associ-
ated with Nay channels, was observed at a small fraction of
normal adult nodes and frequently at remyelinating nodes."®
So it might be speculated that CNTN1 may also affect nodal
Nay channels, especially in conditions of severe disruption of
the nodal architecture as described in patients with anti-
CNTNI1 autoantibodies.'”"?

Recovery of CNTNI1 surface expression within 2 days after
removal of anti-CNTN1-positive sera and only minor effects
in the cytotoxicity assays suggests absence of fundamental
neurotoxic effects of sera, which is consistent with in-
ternalization as the cause of decreased surface expression and
raises hope of recovery of symptoms after autoantibody re-
moval in patients.
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In summary, our study gives first evidence of a direct effect of
anti-CNTNI1 autoantibodies on Nay currents and supports
the notion of DRG neurons as a second site of attack beyond
the paranodes.
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