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Autoantibody Pathogenicity in a
Multifocal Motor Neuropathy Induced
Pluripotent Stem Cell–Derived Model
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Objective: We investigated the pathogenicity of immunoglobulin M (IgM) anti-GM1 antibodies in serum from
patients with multifocal motor neuropathy (MMN) using human induced pluripotent stem cell (iPSC)-derived motor
neurons (MNs).
Methods: iPSCs were generated from fibroblasts and differentiated into MNs. We studied the binding of IgM to
MNs, their complement-activating properties, and effects on structural integrity using fluorescence and electron micros-
copy. Live cell imaging was used to study effects of antibody binding on MNs in the presence and absence of
complement.
Results: IgM antibody binding to MNs was detected using sera from MMN patients with and without detectable
anti-GM1 IgM antibody titers in enzyme-linked immunosorbent assay, but not with sera from (disease) controls. Com-
petition and depletion experiments showed that antibodies specifically bound to GM1 on iPSC-derived MNs. Binding
of these antibodies disrupted calcium homeostasis by both complement-dependent and complement-independent
pathways. MNs showed marked axonal damage after complement activation, and reduced antibody pathogenicity
following treatment with immunoglobulin preparations.
Interpretation: Our data provide evidence for the pathogenicity of anti-GM1 IgM antibodies in MMN patients and
link their presence to the clinical characteristics of axonal damage and immunoglobulin responsiveness. This iPSC-
derived disease model will facilitate diagnosis, studies on autoantibody pathogenicity, drug development, and
screening in immune-mediated neuropathies.
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Multifocal motor neuropathy (MMN) is an inflamma-

tory peripheral neuropathy that causes progressive

weakness in young and middle aged patients.1,2 It is charac-

terized by conduction block (CB) and often by the presence

of IgM antibodies against the glycosphingolipid GM1 that

is abundantly expressed in (peri)nodal regions of peripheral

nerves.1 Antibody-mediated demyelination and disruption

of the structural integrity at the nodes of Ranvier may

underlie MMN, but the pathogenic mechanisms have not

been established due to a lack of relevant in vitro or animal

models for this disease.2 Treatment response to intravenous

immunoglobulins is often incomplete, and accumulating

axonal damage eventually results in moderate to severe dis-

ability in a significant proportion of patients with MMN.2–4

The development of more effective treatment strategies for

MMN depends on a better understanding of the underlying

etiology, and the development of disease models that recapit-

ulate important disease characteristics is therefore crucial.
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The presence of anti-GM1 immunoglobulin M

(IgM) antibodies was reported in the earliest descriptions

of MMN, and their complement-activating properties

in vitro were documented more recently.5–9 However,

their pathogenicity to nerves remains to be established.

Because CB and anti-GM1 specificity of IgG autoanti-

bodies are also characteristics of acute motor axonal

neuropathy, a pathogenic model of MMN in which anti-

GM1 IgM antibodies cause complement-mediated struc-

tural changes at the nodes of Ranvier has been proposed.

IgM antibody binding to GM1 could additionally dis-

rupt several of its important physiological functions, for

example as receptor modulator of neurotrophic factors

that control neuritogenesis and apoptosis, or as part of

multimolecular assemblies in lipid rafts in membrane sig-

naling and trafficking.10–13

Human induced pluripotent stem cell (iPSC)-

derived motor neurons (MNs) have been used success-

fully to model amyotrophic lateral sclerosis (ALS) and

have led to the identification of early functional pheno-

types and downstream disease pathways.14–19 In the pres-

ent study, iPSC-derived MNs helped to establish the

pathogenicity of IgM anti-GM1 antibodies via both

complement-dependent and complement-independent

pathways. Antibody binding was also present in iPSC-

derived sensory neurons (SNs), but did not lead to struc-

tural damage. These results demonstrate that iPSC-

derived MNs are a powerful tool for studying the patho-

physiology of MMN and possibly other antibody-

mediated inflammatory neuropathies.

Subjects and Methods

Patients and Controls
Serum was obtained from 39 patients with MMN, 20 gender-

and age-matched (65 years) healthy controls, and 21 ALS dis-

ease controls and stored at 2808C. All participants were Cauca-

sian and of Dutch descent. Patients fulfilled the diagnostic

consensus criteria for MMN and revised El Escorial for ALS

.20,21 Anti-GM1 IgM antibody titers had previously been deter-

mined by enzyme-linked immunosorbent assay (ELISA).22

Healthy controls consisted of persons without systemic infec-

tions, autoimmune diseases, or neurological diseases. Ethical

approval was granted by the Medical Ethical Committee of the

University Medical Center Utrecht, and all subjects gave written

informed consent.

Generation of iPSCs
Skin biopsy samples were obtained from 3 healthy individuals

under a protocol approved by the institutional review board.

Human fibroblasts were maintained in culture in mouse embry-

onic fibroblast (MEF) medium containing DMEM GlutaMAX

(Life Technologies, Carlsbad, CA), 10% fetal bovine serum

(Sigma, St Louis, MO), and 1% penicillin/streptomycin (Life

Technologies). Cells were cultured at 378C with 5% CO2. Cel-

lular reprogramming was performed on low-passage human

fibroblasts (<P5). To generate iPSCs, human fibroblasts were

plated at a density of 10,000 cells per well in a 6-well dish and

cultured for 24 hours. Subsequently, viral transduction was per-

formed with a lentiviral vector mixture containing MEF

medium, 4mg/ml hexadimethrine bromide (Sigma), and lentivi-

ral vector expressing Oct4, Klf4, Sox2, and c-Myc.23 Following

a 24-hour incubation, cells were washed 3 times with

phosphate-buffered saline (PBS) and cultured for 5 days in

MEF medium. Thereafter, cells were incubated with Trypsin-

EDTA (Life Technologies) and transferred to a 10cm dish, pre-

coated with 0.1% gelatin, containing a confluent layer of irradi-

ated MEFs in MEF medium. Culture medium was replaced by

human embryonic stem cell (huES) medium containing

DMEM-F12 (Life Technologies), knockout serum replacement

(Life Technologies), penicillin/streptomycin (Life Technologies),

L-glutamine (Life Technologies), nonessential amino acids (Life

Technologies), b-mercaptoethanol (Merck Millipore, Billerica,

MA), and 20ng/ml recombinant human fibroblast growth

factor-basic (Life Technologies). Colonies of iPSCs were man-

ually picked after 3 to 6 weeks for further expansion and char-

acterization. iPSCs were maintained in huES medium,

cryopreserved after 4 to 6 passages, and stored in liquid nitro-

gen. iPSCs (<P40) were cultured on irradiated MEFs in huES

medium and passaged manually. Feeder-free culture of iPSCs

was performed on Geltrex (Life Technologies) and maintained

in mTeSR1 medium (STEMCELL Technologies, Vancouver,

BC, Canada). Feeder-free cultured iPSCs were passaged enzy-

matically using Accutase (Innovative Cell Technologies, San

Diego, CA.). All cell lines were routinely (every 2 weeks) tested

for mycoplasma infections.

MN Differentiation
MN differentiation (illustrated in Fig 1A) was performed using

a modified version of previously established protocols.24,25 In

short, embryoid body (EB) formation was accomplished

through a standardized microwell assay.26,27 iPSCs were

detached and seeded in microwells at a density of 150 cells/

microwell in huES medium supplemented with 10lM Y-27632

(Axon Medchem, Groningen, the Netherlands) to minimize cell

death. After 48 hours, medium was changed from huES

medium to neural induction medium (NIM) containing

DMEM-F12 (Life Technologies), penicillin/streptomycin (Life

Technologies), L-glutamine (Life Technologies), nonessential

amino acids (Life Technologies), N2 supplement (Life Technol-

ogies), and 20% D-glucose (Sigma). For neuralization of EBs,

dual-SMAD signaling was inhibited between days 1 and 5

using 10lM SB431542 (Axon Medchem) and 0.2lM

LDN193189 (Miltenyi Biotec, Bergisch Gladbach, Germany),

respectively. During the first 4 days, 10lM Y-27632 (Axon

Medchem) was used to inhibit cell death. EBs were carefully

flushed out of the microwells using NIM containing 10lM

SB431542 (Axon Medchem), 0.2lM LDN193189 (Miltenyi

Biotec), 1lM retinoic acid (Sigma), and 10ng/ml brain-derived

neurotrophic factor (BDNF; R&D Systems, Minneapolis, MN)
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and transferred to a nonadherent 10cm petri dish (Greiner

Bio-One, Monroe, NC). EBs were kept in suspension culture,

and medium was changed every other day using NIM contain-

ing 1lM retinoic acid (Sigma), 1lM smoothened agonist

(Merck Millipore), and 10ng/ml BDNF (R&D Systems). From

day 16 onward, medium was changed every other day using

Neurobasal differentiation medium containing Neurobasal (Life

Technologies), penicillin/streptomycin (Life Technologies),

L-glutamine (Life Technologies), nonessential amino acids (Life

Technologies), N2 supplement (Life Technologies), B27 minus

vitamin A (Life Technologies), and 20% D-glucose (Sigma)

supplemented by 1lM retinoic acid (Sigma), 1lM smoothened

agonist (Merck Millipore), 10ng/ml BDNF (R&D Systems),

10ng/ml glial cell line-derived neurotrophic factor (GDNF;

R&D Systems), and 10 ng/ml ciliary neurotrophic factor

(CNTF; R&D Systems). From days 21 to 31, EBs were dissoci-

ated using papain (Worthington Biochemical Corporation,

Lakewood, NJ) and DNAse (Worthington Biochemical Corpo-

ration). Cells were resuspended in human MN medium con-

taining Neurobasal (Life Technologies), penicillin/streptomycin

(Life Technologies), L-glutamine (Life Technologies), nonessen-

tial amino acids (Life Technologies), N2 supplement (Life Tech-

nologies), and B27 minus vitamin A (Life Technologies)

supplemented by 10ng/ml BDNF (R&D Systems), 10ng/ml

GDNF (R&D Systems), and 10ng/ml CNTF (R&D Systems)

and plated on poly-D-lysine (PDL)-laminin–coated coverslips

at the required density. Coverslips with MNs were then cocul-

tured with primary mouse glia for 2 to 3 weeks.

SN Differentiation
SN differentiation was performed by directed differentiation of

iPSC lines following a previously established protocol.28,29 In

short, iPSCs were grown to 75% density, after which medium

was changed to huES medium with the addition of 10lM

SB431542 (Axon Medchem) and 0.2lM LDN193189 (Milte-

nyi Biotec) as dual-SMAD inhibition. From day 5 onward,

10lM CHIR99021 (Sigma), 10lM DAPT (Sigma), and 10lM

SU5402 (Sigma) were added to the previously described

FIGURE 1: Characterization of human induced pluripotent stem cell (iPSC) lines. (A) Schematic overview of the development of
motor neurons derived from human iPSCs following reprogramming from healthy control fibroblasts. (B–D) Representative
images of iPSCs confirming pluripotent state by double staining for pluripotency markers TRA160 and SOX2, SSEA4 and
NANOG, TRA181 and OCT4. (E) No karyotypic abnormalities were observed. A representative karyogram is depicted. (F, G)
Gene expression was measured for endogenous and viral encoded transcripts. Expression for endogenous loci in all iPSC lines
was similar to that of the human embryonic stem cell line HuES-2 (F). Expression of viral transcripts of OCT4, SOX2, KLF4, and c-
MYC were absent in all iPSC lines. A positive control used for testing for viral transcripts was a partially reprogrammed iPSC line,
in which the virus had not been silenced. Scale bars: BD, 50lm. DAPI 5 4,6-diamidino-2-phenylindole; EB 5 embryoid body.
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medium. Between days 8 and 10, when fully confluent, cells

were passaged and plated on PDL-laminin–coated coverslips.

From day 10 onward, medium was replaced with neural growth

medium, containing DMEM-F12 (Life Technologies) and 10%

fetal bovine serum (Sigma), supplemented by 10ng/ml BDNF

(R&D Systems), 10ng/ml GDNF (R&D Systems), 10ng/ml

NGF (PeproTech, Rocky Hill, NJ), 10ng/ml NT-3 (Pepro-

Tech), and 200lM ascorbic acid (Sigma).

Electrophysiological Recordings
iPSC-derived MNs were plated on 12mm coverslips following

3 weeks of differentiation and cocultured with primary mouse

glia for at least 14 days. Coverslips with neuronal cultures were

placed in a recording chamber, continuously perfused at room

temperature (RT; 218C) with artificial cerebrospinal fluid con-

taining 120mM NaCl, 3.5mM KCl, 1.3mM MgSO4, 1.25mM

NaH2PO4, 2.5mM CaCl2, 10mM D-glucose, and 25mM

NaHCO3, gassed with 95% O2 and 5% CO2, pH 7.4. Using

an upright microscope (Axioskop; Zeiss, Oberkochen, Ger-

many), individual MNs were visualized and selected for whole-

cell current-clamp recordings. Patch pipettes for recording were

produced from borosilicate glass (1.5mm outer diameter,

0.86mm inner diameter; Harvard Apparatus Limited, Holliston,

MA; pipette resistance � 4–5MX) on a P-97 Flaming/Brown

micropipette puller (Sutter Instruments, Novato, CA) and filled

with pipette solution containing 140mM K-methanesulfonate,

10mM hydroxyethylpiperazine ethanesulfonic acid (HEPES),

0.1mM ethyleneglycoltetraacetic acid, 4mM MgATP, 0.3mM

NaGTP, pH 7.4, adjusted with KOH. Isolated MNs were

selected for recording. Whole-cell current-clamp recordings

were performed using an Axopatch 200B (Molecular Devices,

Sunnyvale, CA) amplifier. The responses were filtered at 5kHz

and digitized at 10kHz using Digidata 1322A (Axon Instru-

ments, Sunnyvale, CA). All data were stored and analyzed on a

personal computer using pClamp 9.0 and Clampfit 9.2 (Axon

Instruments). Recordings with a series of resistance of <2.5

times the pipette resistance were accepted for analysis. If neces-

sary, with a small holding current, MNs were kept at 265mV

before the start of the current protocol. In 10 steps of 10pA

with an interval of 30 seconds and duration of 500 millisec-

onds, the cells were depolarized to induce spike trains. Also,

hyperpolarizing current steps of 210pA were included to study

hyperpolarizing membrane properties.

Immunocytochemistry and Microscopy
Cells were fixed with 4% paraformaldehyde for 10 minutes at

RT. Samples were permeabilized with 0.1% Triton X-100

(Sigma) for intracellular stainings, and subsequently blocked

using 20% goat serum in 2% bovine serum albumin/PBS for

45 minutes at RT. Following a PBS wash, samples were incu-

bated with MMN, ALS, or healthy control serum at a 1:50

dilution for 1 hour at RT. Samples were washed with PBS and

subsequently incubated with indicated primary antibodies for 1

hour at RT, washed 3 times with PBS, and incubated with

appropriate Alexa Fluor–labeled secondary antibodies for 1

hour at RT. Finally, cells were washed and mounted with Pro-

long Gold reagent with DAPI (Invitrogen, Carlsbad, CA).

The following commercial antibodies were used: rabbit

anti–Oct-4A (Stem Light Pluripotency Antibody Kit; BIOK�E,

Leiden, the Netherlands), rabbit anti-Sox2 (Stem Light Pluripo-

tency Antibody Kit, BIOK�E), rabbit anti-Nanog (Stem Light

Pluripotency Antibody Kit, BIOK�E), mouse anti-SSEA4 (Stem

Light Pluripotency Antibody Kit, BIOK�E), mouse anti-

TRA160 (Stem Light Pluripotency Antibody Kit, BIOK�E),

mouse anti-TRA181 (Stem Light Pluripotency Antibody Kit,

BIOK�E), rabbit anti–Tubulin-b3 (Sigma), mouse anti-Nestin

(JM BIOCONNECT, Tilburg, the Netherlands), mouse anti-

Hb9 (Developmental Studies Hybridoma Bank [DSHB], Iowa

City, IA), mouse anti–Isl-1 (DSHB), goat anti-ChAT (Milli-

pore, Billerica, MA), cholera toxin B subunit (Sigma), cholera

toxin B subunit–Alexa488 conjugate (Invitrogen), goat antihu-

man IgM-Biotin antibody (Sigma), mouse anti-C5b-9 (Santa

Cruz Biotechnology, Santa Cruz, CA), mouse anti-Brn3a (Santa

Cruz Biotechnology), and rabbit anti-Peripherin (Merck Milli-

pore). We used streptavidin-Alexa555, Alexa488, and Alexa568

secondary antibodies (Invitrogen). Other reagents used were

C1q-depleted serum (CompTech, Tyler, TX), and C5-depleted

serum (CompTech).

Images were acquired using either an Olympus (Tokyo,

Japan) Fluoview FV1000 confocal microscope or a Zeiss Axio-

skop microscope followed by image analysis using ImageJ

(National Institutes of Health, Bethesda, MD) software.

Live Cell Ca21 Imaging and Imaging Analysis
iPSC-derived MNs were plated on 18mm round coverslips fol-

lowing 3 weeks of differentiation and cocultured with primary

mouse glia for 14 days. Live-cell calcium imaging recordings

were obtained via epifluorescence microscopy in neuronal cul-

tures 2 weeks after plating. Prior to imaging, neuronal cultures

were loaded with a Ca21-sensitive fluorescent indicator, Oregon

Green BAPTA-1 (Sigma), and incubated for 50 minutes at

378C. For imaging, cells were mounted in a recording chamber

and 1ml HEPES (140mM NaCl, 5mM KCl, 2mM CaCl,

1mM MgCl, 10mM HEPES, pH 7.3) buffer was added. Cells

were maintained at 378C for the full duration of imaging

experiments. All imaging used a movable live cell specimen

stage of a Nikon (Tokyo, Japan) Ti microscope. Images were

captured using a 320 objective and lManager (University of

California, San Francisco, San Francisco, CA) imaging software.

Baseline measurements were obtained for 10 minutes prior to

serum incubation. Serum was then added at a dilution on 1:50,

after which imaging was continued for 10 minutes. Image anal-

ysis was performed using ImageJ software. Calcium signals were

recorded in somata and averaged per field of view. Background

fluorescence was determined in areas without cellular structures

and subtracted. Largest neurons, most likely to be MNs,19 were

selected manually in ImageJ for analysis based on morphology,

and their soma was selected as regions of interest (ROIs) for

further measurements. All longitudinal imaging recordings were

monitored to ensure ROIs did not drift off somata of selected

neurons. Fluctuations in Ca21 signals following serum
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incubation were assessed using a Student t test in R (http:/r-

project.org).

Scanning Electron Microscopy
Neuronal cultures where incubated with PBS, human pooled

serum (HPS), heat-inactivated MMN serum, MMN serum, or

heat-inactivated MMN serum with HPS as an external comple-

ment source. Incubation was performed at 378C for 15 or 30

minutes. Samples were fixed using 4% paraformaldehyde as

described above. Serial dehydration was achieved by consecutive

incubation steps in 12.5% EtOH in PBS, 25% EtOH in PBS,

50% EtOH in PBS, 75% EtOH in H2O, 90% EtOH in H2O,

100% EtOH, followed by incubation in 50% EtOH/50% hex-

amethyldisilazane (HDMS) and finally 100% HDMS. Samples

were mounted onto aluminum specimen mounts (Agar Scien-

tific, Stansted, UK), followed by coating with 1nm gold using a

Q150R S Rotary-Pumped Sputter Coater (Quorum Technolo-

gies, Lewes, UK). Samples were examined with a Nova Nano-

SEM 200 scanning electron microscope (FEI, Hillsboro, OR)

operated with an accelerated voltage of 10kV at a magnification

of 37,500 using a Phenom Pro desktop scanning electron

microscope and Pro Suite software (Phenom-World, Eindhoven,

the Netherlands).

Statistical Analysis
Colocalization of GM1 and anti-GM1 IgM in human iPSC-

derived MNs was analyzed using the JACoP plugin for ImageJ.

Costes automatic thresholding was applied to determine the

optimal threshold for each channel. Linear regression analysis of

quantified colocalization of serum incubation experiments was

performed to establish correlation between ant-GM1 titer and

correlation coefficient. Statistical analyses were performed in R.

Fluctuations in Ca21 signals following serum incubation were

assessed using a Student t test in R. Continuous variables with

normal distribution were compared using 2-tailed Student t test

or analysis of variance.

Results

Generation of iPSCs and Functional MNs That
Express GM1 Gangliosides
We derived fibroblasts from 3 healthy controls, and

reprogrammed them using a lentiviral vector encoding

Klf4, Sox2, Oct4, and c-Myc.23,30 iPSC lines were

expanded and extensively characterized using a range of

standardized pluripotency assays (see Fig 1). Reverse tran-

scription polymerase chain reaction was performed to

ensure that viral expression of transcription factors was

silenced in all selected iPSC clones. Karyotyping of all

iPSC lines showed they harbored no chromosomal aber-

rations. iPSC lines were tested for differentiation poten-

tial by spontaneous differentiation assays, showing

competent differentiation into mesoderm, endoderm,

and ectoderm (data not shown). We differentiated iPSCs

into MNs expressing Nestin, Tubulin-bIII, and ISL1

using a modestly modified version of a previously

described protocol (Fig 2).24,25 Quantification of ISL1-

positive cells was performed to determine the proportion

of MNs. MN differentiation of each line (n 5 3) was

performed at least 3 times. Electrophysiological record-

ings of MNs showed in vitro maturation. Electrophysio-

logical analyses to determine their maturity were

obtained from the largest neurons by whole-cell patch

clamp and current-clamp techniques.19 In addition, MN

cultures formed functionally active networks, as deter-

mined by live-cell calcium imaging. Because the validity

of iPSC-derived MNs as a disease model for MMN

depends on MN expression of GM1, we further charac-

terized iPSC-derived MNs using anti-B subunit cholera

toxin, a high-affinity ligand for GM1.31 iPSC-derived

MNs showed abundant expression of GM1 gangliosides

over most neurites, overlapping with expression of

Tubulin-bIII. Collectively, these results demonstrate that

human iPSC-derived MNs exhibit functional properties

of differentiated MNs and express the nerve constituents

required to function as a valid in vitro disease model for

MMN and other inflammatory neuropathies.

IgM Anti-GM1 Antibodies Specifically Bind GM1
on Human MNs
To determine the pathogenicity of IgM anti-GM1 anti-

bodies, we first investigated their binding to human

MNs in vitro (for schematic overview, see Fig 3). Neu-

rons differentiated from all 3 iPSC lines were incubated

with healthy control serum (n 5 20), disease control

(ALS) serum (n 5 21), or MMN patient serum (n 5

39; all sera diluted 1:50), prior to staining for GM1 and

anti-GM1 antibodies. Incubation with healthy control or

disease control serum did not lead to specific staining for

IgM antibodies (for clinical characteristics of patients and

controls, see Table). In contrast, incubation with MMN

patient serum resulted in significant anti-GM1 staining

over neurites, which colocalized with cholera toxin stain-

ing. To quantify colocalization between IgM antibody

and GM1 ganglioside staining, we performed image cor-

relation analysis. Weak correlation was found following

incubation with healthy control serum (R2 5 0.238) or

disease control serum (R2 5 0.315), and these groups

did not differ statistically (p 5 0.670). In contrast, incu-

bation with MMN serum resulted in increased colocali-

zation values (R2 5 0.407, p 5 1.41 3 1025). Further

analysis revealed that MMN patients, negative for anti-

GM1 antibodies (MMNneg) as tested by ELISA, also

showed significantly increased colocalization when com-

pared to healthy controls (R2 5 0.359, p 5 0.0171).

Analysis using sera of MMN patients with a range of

IgM anti-GM1 antibody titers demonstrated that IgM
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binding to neurites occurred in a titer-dependent manner

(p 5 8.54 3 1026).

Next we assessed whether binding of IgM antibod-

ies to human MNs was GM1-specific. First, we exam-

ined whether incubation with excess amounts of soluble

unlabeled cholera toxin interfered with binding of IgM

antibodies from MMN sera. Preincubation with 25lg/

ml, 50lg/ml, or 100lg/ml cholera toxin efficiently pre-

vented anti-GM1 antibodies from binding to neurons,

suggesting competition of binding between cholera toxin

and anti-GM1 antibodies to GM1 gangliosides (Fig 4).

The use of anti-GM1 antibody-depleted serum, by serial

incubation of serum with GM1-coated ELISA plates,

resulted in a strong decrease in antibody binding, when

FIGURE 2: Human induced pluripotent stem cell (iPSC)-derived motor neurons (MNs) as a model for multifocal motor neuropa-
thy. (A–C) Representative images of human iPSC-derived embryoid body following 14 days of differentiation stained for neuro-
nal marker DCX, Tubulin-b3 (TUJ1), and SOX2 respectively. (D, E) Immunofluorescent staining of iPSC-derived MNs cultured
for 14 days following 21 days of differentiation and stained for TUJ1, ISL1, and GM1. (F) Quantification of ISL11 and TUJ11

neurons at day 14 of culture. (G) Current-clamp recording following in vitro maturation of iPSC-derived MNs following current
injections. MNs were capable of firing repetitive action potentials. Scale bars: A–C, 50lm; D, 100lm; E, 200lm. All results are
representative of all 3 iPSC lines, with each cell line being differentiated at least 3 times. DAPI 5 4,6-diamidino-2-
phenylindole.
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compared to nondepleted MMN serum. Interestingly,

serum from MMNneg patients that showed positive stain-

ing for IgM antibodies in our original experiment

showed an equally reduced signal following anti-GM1

depletion compared to serum from MMN patients posi-

tive for anti-GM1 antibodies.

Our results, showing competition between cholera

toxin binding and anti-GM1 binding, together with

FIGURE 3.
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reduced binding following antibody depletion, provide

evidence that IgM anti-GM1 antibodies present in serum

of MMN patients bind GM1 gangliosides in a highly

specific manner. Furthermore, serum of MMN patients

who are negative for anti-GM1 antibodies on ELISA

assay show a similar reduction in IgM staining following

anti-GM1 antibody depletion.

IgM Anti-GM1 Antibody Binding Activates
Complement
Complement-activating potential of IgM anti-GM1 antibod-

ies is an important characteristic of pathogenicity.3,7,8,32,33

To test whether IgM anti-GM1 antibodies, after binding

to neurons, activate complement and trigger complement

deposition on human MNs, we incubated neurons with

heat-inactivated patient serum (to inactivate complement)

and HPS, which functioned as an external complement

source. Following serum incubation, we determined for-

mation of membrane attack complex (MAC), end prod-

uct of the complement activation cascade. MAC

deposition was clearly visible on MNs following incuba-

tion with MMN serum (Fig 5). In contrast, complement

activation was never seen following incubation with

HPS alone. Similarly, no MAC deposition was found in

FIGURE 3: Immunoglobulin M antibodies bind to human motor neurons. (A) Schematic overview of serum experiments, depict-
ing motor neuron differentiation of induced pluripotent stem cell (iPSC) lines derived from healthy controls, and serum experi-
ments using serum from healthy controls, disease (amyotrophic lateral sclerosis [ALS]) controls, and multifocal motor
neuropathy (MMN) patients, respectively. (B–E) Representative images of iPSC-derived motor neurons from 3 healthy controls
cocultured with primary mouse glia for 10 to 12 days and double stained for cholera toxin (green) and anti-GM1 (red). Prior to
immunostaining, motor neurons were incubated with either healthy control sera (B), ALS sera (C), or MMN sera (D, E). Immuno-
fluorescent staining of iPSC-derived motor neurons shows binding of anti-GM1 antibodies following MMN serum incubation.
(F) Quantification of colocalization between anti-GM1 staining and GM1 staining using Pearson coefficient for at least 3 inde-
pendent images per serum sample. Each dot represents the average correlation coefficient from a single serum sample (mean
6 standard error of the mean [SEM]). Different experimental groups were bovine serum albumin (BSA; negative control group,
n 5 1), healthy controls (HC; n 5 20), ALS (disease control group, n 5 21), MMNall (MMN patients, n 5 39), MMNpos (MMN
patients with anti-GM1 antibodies as tested per enzyme-linked immunosorbent assay [ELISA], n 5 31), and MMNneg (MMN
patients without anti-GM1 antibodies as tested per ELISA, n 5 8). Student t test: *p < 0.05, ***p < 0.001; ****p < 0.0001. Data
are presented as mean values 6 SEM. (G) Linear regression analysis of quantified colocalization of serum incubation experi-
ments of MMN patients with anti-GM1 antibodies (n 5 39) shows positive correlation between ant-GM1 titer and correlation
coefficient, p 5 8.54 3 1026. Each serum sample is color coded, with dots representing independent images (n 5 3), and hori-
zontal lines representing the mean correlation coefficient for each sample. Data are presented as mean values 6 SEM. Scale
bars, 50lm. DAPI 5 4,6-diamidino-2-phenylindole.

TABLE . Demographics and Clinical Characteristics of Patients and Controls

Characteristic Control MMN ALS

No. 20 39 21

Gender, male 12 (60%) 25 (64%) 14 (67%)

Age at onset, yr 42.2 39.3 53.8

Site of onset

Bulbar N/A 0 7

Cervical N/A 25 9

Thoracic N/A 0 0

Lumbar N/A 14 5

Death within 4 years of onset N/A 0 8

Conduction block

Definite N/A 33 0

Probable N/A 6 0

Axonal loss present N/A 34 21

IgM antibody titers > 400 0 17 0

IgM antibody titers 5 0 20 10 20

ALS 5 amyotrophic lateral sclerosis; IgM 5 immunoglobulin M; MMN 5 multifocal motor neuropathy; N/A 5 not applicable.
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neurons incubated with either C1q-deficient serum or

C5b-deficient serum as an external complement source.

Although addition of immunoglobulin preparations

resulted in a moderate reduction in binding of MAC, it

did not prevent MAC deposition. Competition experi-

ments using excess amounts of soluble unlabeled cholera

toxin resulted in a slight reduction in binding of MAC

(together with an expected reduction in GM1 staining,

as seen in Fig 5F). These results demonstrate that IgM

anti-GM1 antibodies are capable of activating the classi-

cal pathway of complement following binding to human

MNs. Activation of the classical complement pathway

persists despite immunoglobulin application or reduced

binding of anti-GM1 antibodies following competition

experiments.

MNs Exhibit Dysregulation of Calcium
Homeostasis following Serum Incubation
As gangliosides play a role in cellular calcium levels and

calcium-dependent signaling, we next used live-cell cal-

cium imaging to determine effects of MMN serum incu-

bation on calcium homeostasis.34 HPS was used in

parallel with MMN and heat-inactivated MMN sera.

Ca21 signals were slightly elevated after addition of

HPS, but quickly returned to baseline. A significantly

higher increase in Ca21 signal was observed following

MMN serum application (active MMN serum p 5 1.46

3 1026, and heat-inactivated MMN serum p 5 8.8 3

1028; Fig 6). Whereas Ca21 levels in neurons incubated

with heat-inactivated MMN serum returned to HPS-

level within 3 minutes, Ca21 levels in neurons incubated

FIGURE 4: Anti-GM1 immunoglobulin M (IgM) antibody binding to human motor neurons is specific. (A–D) Coincubation with
soluble unlabeled cholera toxin elicits competition and reduction of anti-GM1 IgM antibody binding. Representative images
show induced pluripotent stem cell (iPSC)-derived motor neurons cocultured with primary mouse glia for 12 to 14 days and
stained for anti-GM1 (red). Neuronal cultures were incubated with multifocal motor neuropathy (MMN) patient serum. (B–D)
Samples were incubated with 25lg, 50lg, and 100lg of soluble unlabeled cholera toxin (CTXb), respectively, prior to MMN
patient serum incubation. (E) Antibody depletion of MMN serum reduces anti-GM1 IgM antibody binding to human motor neu-
rons. Representative images show iPSC-derived MNs cocultured with primary mouse glia for 12 to 14 days and stained for
anti-GM1 (red). Neuronal cultures were incubated with GM1 antibody-depleted MMN patient serum. (F, G) Antibody depletion
of MMNneg serum reduces anti-GM1 IgM antibody binding to motor neurons in a similar fashion as with MMNpos serum.
Images were acquired at 320 original magnification. Scale bars, 50lm. All results are representative of at least 3 independent
experiments using all 3 iPSC lines. DAPI 5 4,6-diamidino-2-phenylindole.
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FIGURE 5: Immunoglobulin M anti-GM1 antibodies activate complement. Representative images show induced pluripotent
stem cell–derived motor neurons cocultured with primary mouse glia for 12 to 14 days and stained for anti-GM1 (red) and
membrane attack complex (MAC, green). Neuronal cultures were incubated with either (A) human pooled serum (HPS) or (B–D)
multifocal motor neuropathy (MMN) serum lacking complement and an external complement source prior to immunostaining.
External complement source was either HPS (B), C5-deficient serum (C), or C1q-deficient serum (D). (E) Preincubation of MMN
serum with intravenous immunoglobulins (IVIg) reduced but did not prevent MAC deposition. (F) Competition between MMN
serum and unlabeled soluble unlabeled cholera toxin (CTXb) reduced but did not prevent MAC deposition. Scale bars, 50lm.
All results are representative of at least 3 independent experiments. DAPI 5 4,6-diamidino-2-phenylindole.
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with MMN serum with active complement remained ele-

vated throughout the imaging period (10 minutes in

total). Coincubation of MMN serum with an anti-C1q

antibody as complement inhibitor prevented Ca21 influx.

In addition to changes in calcium levels, we observed a

significant number of neurons showing morphological

FIGURE 6.
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changes resembling neurite degeneration during serum

incubation. Neurons developed clear focal swelling over

the length of neurites, followed by irreversible neuronal

degeneration and death, reflected in a loss of fluorescent

signal (eg, loss of calcium signal). To quantify these mor-

phological changes, we counted neurites that developed

clear focal swellings and neurites that completely disinte-

grated during the imaging period per field of view. Neu-

ronal cultures incubated with control serum rarely

showed neurite loss, and only a small number of neurites

exhibited structural damage. In contrast, many neurites

showed damage or complete disintegration following

incubation with MMN serum (neurite damage p 5 3.4

3 1027, neurite loss p 5 1.0 3 1026).

In summary, MMN serum induced an effect on

calcium homeostasis that was both complement-

dependent and complement-independent. Furthermore,

pronounced morphological damage was observed follow-

ing incubation with MMN serum.

MNs Undergo Neurite Degeneration following
MMN Serum Incubation
We next performed high-resolution imaging using scanning

electron microscopy (EM) to correlate dynamic morpho-

logical information obtained from live-cell calcium imaging

experiments with ultrastructural information. In line with

our observations based on live-cell calcium imaging, incu-

bation with HPS or heat-inactivated MMN serum had no

deleterious effect on neuronal cultures (see Fig 6). In con-

trast, incubation with MMN serum resulted in marked

structural damage of neurites, with pronounced focal swel-

ling (blue arrowheads) and subsequent loss of neurites (as

observed by reduced number of neurites available for imag-

ing per coverslip). Structural damage was time-dependent,

as localized swellings (blue arrowheads), thinning of neu-

rites (yellow arrows), and loss of neurites were all increased

after 30 minutes, as compared to 15 minutes, of serum

incubation. Neurons showed a further increase in structural

changes and neurite loss after 45- and 60-minute serum

incubation. Structural damage was also observed following

incubation with heat-inactivated MMN serum in combina-

tion with HPS as an external complement source, provid-

ing additional evidence that complement activation is

essential for neurite damage to occur.

Therapeutic Immunoglobulin Reverses
Dysregulation of Calcium Homeostasis and
Alleviates Structural Damage
Intravenous or subcutaneous administration of immunoglo-

bulins improves strength of patients with MMN in the short

term and prognosis in the long term.2,35 We tested the

effects of immunoglobulin application on calcium homeosta-

sis and structural damage following serum incubation. We

preincubated MMN serum with immunoglobulins

(12.5mg/ml) for 1 hour at RT prior to incubation of neuro-

nal cultures with serum. Live-cell imaging was then per-

formed as described earlier, with addition of MMN serum/

immunoglobulin after 10-minute baseline measurements.

The pathological effects observed earlier following MMN

serum incubation, including acute and long-term disruptions

of calcium homeostasis and morphological changes to neu-

rites (see Fig 6A–C), were prevented by preincubation with

immunoglobulin. Scanning EM experiments showed attenu-

ation of localized swelling and thinning of neurites; however,

structural damage was not completely inhibited by immuno-

globulin application (see Fig 6K, L).

FIGURE 6: Immunoglobulin M anti-GM1 antibodies disrupt calcium homeostasis, and cause structural damage and neurite loss.
(A) Mean calcium responses of neurons following 1:50 serum incubation, with human pooled serum (HPS; control serum, n 5

134, light blue), multifocal motor neuropathy (MMN) serum (MMN patient serum with active complement, n 5 294, red), MMN
HI 5 heat inactivated serum (MMN patient serum without complement, n 5 110, orange), MMN serum and intravenous immu-
noglobulin (IVIg; rescue condition where MMN serum with active complement was preincubated with Ig, n 5 170, dark blue),
and MMN serum and anti-C1q antibody (rescue condition where MMN serum with active complement was preincubated with
complement inhibitor, n 5 157, green). Neurons showed significantly increased Ca21 responses following MMN serum incuba-
tion when compared to HPS incubation (p 5 1.46 3 1026). Similar responses in Ca21 fluxes were seen following incubation
with MMN HI serum (p 5 8.8 3 1028). Calcium responses were calculated as the change in fluorescence (dF) over baseline fluo-
rescence (F). Glare represents standard error of the mean (SEM) of at least 5 independent experiments. (B) Representative
images of longitudinal imaging experiments clearly depicting both initial focal swelling (blue arrow heads) and subsequent apo-
ptosis. Red lines signify original path of neurite. (C) Quantification of number of damaged neurites of induced pluripotent stem
cell (iPSC)-derived neurons following serum incubation during longitudinal imaging experiments, 5 independent experiments, n
5 16–46 fields of view examined per serum condition. Student t test: ****p < 0.0001. Data are presented as mean values 6
SEM. (D) Quantification of number of neurites lost from iPSC-derived neurons following serum incubation during longitudinal
imaging experiments, 5 independent experiments, n 5 16–46 fields of view examined per serum condition. Student t test:
****p < 0.0001. Data are presented as mean values 6 SEM. (E–L). Representative scanning electron images show iPSC-derived
motor neurons following serum incubation. Neurons incubated with human pooled serum and heat-inactivated MMN sera
show no signs of degeneration (E, F). Following 15-minute incubation with MMN serum with active complement (G) or MMN
heat-inactivated serum with an external complement source (I), neurons show focal swelling (blue arrowheads) and thinning
(yellow arrows). Degenerative morphological changes are time-dependent (H–J), as 30-minute incubation with respective sera
shows increased degenerative signs. Structural damage is significantly reduced but not fully reversed by rescue with immuno-
globulins (K, L). Images were acquired at 37,500 original magnification. Scale bar: E–L, 10lm.
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Immunoglobulin incubation was efficient in allevi-

ating calcium homeostasis dysfunction, but minor struc-

tural damage could still be observed using scanning EM.

Rescue of functional and reduction of morphological

phenotypes by immunoglobulins highlights the potential

of the disease model for studying the mechanisms of

FIGURE 7.
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immunoglobulin therapy and testing future potentially

therapeutic compounds.

SNs Show Reduced Vulnerability to Axonal
Damage Despite IgM Anti-GM1 Antibody
Binding
Selective MN vulnerability is a core aspect of the MMN

phenotype. To study the effects of IgM anti-GM1 anti-

bodies to a clinically nonaffected neuronal subpopula-

tion, we used a previously established protocol to

differentiate iPSCs into BRN3a-positive and Peripherin-

positive SNs (Fig 7).28,29 Immunostaining using anti-

beta subunit cholera toxin showed SNs expressed GM1

gangliosides. As with iPSC-derived MNs, we first investi-

gated the binding of IgM anti-GM1 antibodies to iPSC-

derived SNs. SNs differentiated from 2 iPSC lines were

incubated with healthy control serum and MMN patient

serum. In line with our MN experiments, incubation

with healthy control serum did not lead to specific stain-

ing for IgM antibodies. Incubation with MMN patient

serum resulted in significant anti-GM1 staining over

neurites, which colocalized with cholera toxin staining in

a fashion reminiscent of antibody binding to MNs.

To determine whether antibody binding to SNs

leads to complement binding as previously observed in

MNs, we performed serum incubation experiments in

iPSC-derived SNs using heat-inactivated patient serum

(to inactivate complement) and HPS, which functioned

as an external complement source. MAC deposition was

visible on SNs following incubation with MMN serum

(see Fig 7E), but less pronounced than in previous MN

experiments (see Fig 5B). Complement activation

was never seen following incubation with HPS alone

(see Fig 7D).

Finally, we performed high-resolution imaging

using scanning EM as we did for the iPSC-derived MNs.

In contrast to our observations using iPSC-derived MNs,

incubation with HPS, heat-inactivated MMN serum, or

MMN serum had almost no detrimental effect on

SN cultures (see Fig 7F–H). In conclusion, despite anti-

GM1 antibody binding and subsequent complement

activation, in contrast to iPSC-derived MNs, SNs

do not exhibit vulnerability to anti-GM1 mediated,

complement-dependent axonal damage.

Discussion

In the present study, we describe a novel in vitro disease

model for MMN using human iPSC-derived MNs and

SNs. We show that IgM anti-GM1 antibodies exert sev-

eral pathogenic effects that recapitulate and explain

unique features of MMN, in particular the MN-specific

damage to axons and the therapeutic effect of immuno-

globulins (Fig 8). An important physiological function of

GM1 is its role in cellular calcium homeostasis, and IgM

anti-GM1 antibodies trigger intracellular dysregulation of

Ca21-dependent signaling pathways in addition to

complement-mediated structural damage in MNs.34 The

ability of immunoglobulins to partially rescue both func-

tional and structural defects indicates that the model pre-

sented here might be used not only to dissect MMN

disease pathways, but also to study the efficacy of novel

treatment strategies.

Because anti-GM1 IgM antibodies are not found in

all patients with MMN, their pathogenicity has been

questioned.2 That incubation of serum samples from

MMNneg patients showed enhanced IgM binding to

human iPSC-derived MNs, compared to healthy and dis-

ease controls, and that these antibodies have complement-

activating potential, suggest that MMN pathogenesis may

be similar in most patients, and that MMNneg patients

harbor IgM antibodies against the same or a similar epi-

tope. This is further underlined by the finding of reduced

binding following incubation with MMNneg sera that

were depleted of anti-GM1 antibodies. GM1-antibody

ELISA has important methodological limitations, in par-

ticular limited sensitivity.36–38 The interaction of GM1

with other glycolipids in the axolemma of cultured MNs

probably alters the antigenicity of GM1-containing com-

plexes, thereby naturally optimizing binding and detection

of anti-GM1 antibodies in patient serum.39–42 This high-

lights the benefits of an in vitro humanized model system

for detecting antibody binding compared to ELISA

methodology.

FIGURE 7: Immunoglobulin M anti-GM1 antibodies bind to induced pluripotent stem cell (iPSC)-derived sensory neurons with-
out causing structural damage. (A) Characterization of iPSC-derived sensory neurons by immunofluorescent staining for BRN3a
and Peripherin. (B, C) Representative images of iPSC-derived sensory neurons double stained for cholera toxin (green) and
anti-GM1 (red). Prior to immunostaining, sensory neurons were incubated with either healthy control sera (B), or multifocal
motor neuropathy (MMN) sera (C). (D, E) Sensory neurons were incubated with either human pooled serum (HPS; D) or MMN
serum lacking complement and an external complement source prior to immunostaining (E), and subsequently stained for GM1
(green) and membrane attack complex (MAC; red). (F–H) Representative scanning electron images of iPSC-derived sensory neu-
rons following serum incubation. Neurons incubated with human pooled serum (F), heat-inactivated MMN sera (G), or MMN
sera (H) show no signs of structural damage. Images were acquired at 37,500 original magnification. DAPI 5 4,6-diamidino-2-
phenylindole.
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Pathophysiological concepts of MMN currently rely

on extrapolation of data from animal models of variants

of the Guillain–Barr�e syndrome and related disorders,

which are caused by antiganglioside antibodies of the

higher-affinity IgG isotype.33,40,43,44 Previously, no effects

of IgM anti-GM1 antibodies were observed in an in vitro

mouse sciatic nerve model and no differences were found

in complement activation between healthy control serum

and MMN patient serum.7 In our model, anti-GM1

IgM antibodies exerted multiple distinct pathogenic

effects on human MNs. First, we observed complement-

dependent degeneration of neurites and disruption of

Ca21 homeostasis following MMN sera incubation, most

likely the result of nonspecific pore formation in neurons

due to MAC deposition. This mechanism has been previ-

ously shown to underlie pathogenicity of antiganglioside

IgG antibodies at the neuromuscular junction and the

distal nodes of Ranvier in ex vivo mouse models and the

in vivo rabbit model.3,32,45–47 In these models, comple-

ment deposition caused calcium influxes that disrupted

the cytoskeleton and the clustering of sodium channels.

Our results suggest that lower affinity anti-GM1 IgM

antibodies exert similar effects to IgG antibodies. Impor-

tantly, we observed acute Ca21 disruption that was

complement-independent. This has not been studied

with IgG antibodies, but crosslinking of GM1 after bind-

ing of the high-affinity ligand cholera toxin initiated sim-

ilar effects.48 The pentameric structure of IgM, with its

multiple binding sites, probably facilitates extensive cross-

linking, but it remains to be established whether this

complement-independent effect is unique for IgM.

Human iPSC-derived SNs expressed GM1, as was

to be expected from previous animal and human pathol-

ogy experiments. Subsequently, IgM anti-GM1 antibod-

ies showed binding to SNs comparable to binding to

MNs. Interestingly, despite activation of the classical

complement pathway and MAC formation on SNs fol-

lowing serum incubation, this seemed to be less

FIGURE 8: Immunoglobulin M (IgM) anti-GM1 antibodies mediate both complement-dependent and complement-independent
pathogenicity to motor neurons. Model shows putative modes of anti-GM1 antibody pathogenicity, with direct IgM anti-GM1
antibody and complement-dependent pathogenic effect, to neurons. (i) Binding of IgM anti-GM1 antibodies to GM1 ganglio-
sides results in activation of complement and deposition of the membrane attack complex (MAC). (ii) Formation and deposition
of the MAC may lead to nonspecific pore formation and focal swelling, as a consequence of uncontrolled ion fluxes (eg, Ca21).
Disturbance of the membrane integrity at the paranodal regions may lead to further disruption of ion channel clustering. (iii)
Acute direct effects of IgM anti-GM1 antibody binding may be caused by crosslinking of GM1 gangliosides, leading to Ca21

influx and subsequent activation of voltage-independent ion channels.
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pronounced compared to that seen on MNs. Even more

striking was the lack of axonal damage seen following

MMN serum incubation. Whether this selective vulner-

ability is due to a difference in epitope presentation or

due to inherent differences in cell characteristics (eg, met-

abolic rates, electrophysiological profile) remains to be

determined.

Furthermore, this iPSC-derived MN model holds

the promise of enabling evaluation of the efficacy of new

treatment strategies for inflammatory neuropathies.

Immunoglobulins are currently the only treatment to

improve muscle strength and outcome in patients with

MMN.35 In our model, application of immunoglobulins

attenuated functional and morphological defects,

although ultrastructural neuronal damage was not com-

pletely reversed. This finding closely mirrors the natural

history of progressive axonal damage in many patients

with MMN despite immunoglobulin treatment. The

manner in which immunoglobulins exert their neuropro-

tective effect remains to be established. It has previously

been shown that immunoglobulins can attenuate in vitro

deposition of complement factors, as well as reduce bind-

ing of IgG antibodies, leading to a reduced deposition of

MAC.8,45 Although our model shows a reduced deposi-

tion of MAC following preincubation of serum with

immunoglobulins, this reduction is modest compared to

the rescue of calcium homeostasis dysfunction. Further-

more, immunoglobulins rescue complement-independent

effects of IgM anti-GM1 antibodies, pointing toward a

direct modulatory effect of antibody binding or anti-

idiotype mechanism.35 Our model may facilitate future

studies designed to unravel neuroprotective mechanisms

of action of immunoglobulins. Moreover, response to

immunoglobulins differs between patients, and there are

no clinical tools to predict efficacy. This model holds the

promise that in vitro drug responsiveness may predict

in vivo drug responsiveness and that it could be used for

a personalized medicine approach or the development of

novel therapeutic strategies.

Disease modeling using iPSC-derived MNs has pre-

viously been applied to studying the underlying disease

mechanisms of ALS, and more recently myasthenia

gravis.14–19,49 Here we show the potential of iPSC mod-

eling of rare inflammatory disorders. Future improve-

ments to the currently described disease model could be

the addition of a coculture with iPSC-derived Schwann

cells, thereby providing in vitro myelination and forma-

tion of nodes of Ranvier.3,50,51 Nevertheless, in its cur-

rent form, the model recapitulates the progressive,

irreversible axonal damage, which can in part be allevi-

ated by immunoglobulin treatment, mimicking clinical

treatment response to immunoglobulins.52–54

Overall, our results demonstrate that human iPSC-

derived MNs represent a novel disease model for MMN,

and show for the first time that IgM anti-GM1 antibod-

ies are pathogenic to human MNs. Our ability to model

MMN in vitro presents further opportunities for study-

ing mechanisms underlying MMN and performing large-

scale drug screens. Ultimately, this in vitro disease model

may help to distinguish MMN patients from those with

ALS, thus facilitating diagnosis and early treatment with

immunoglobulins that will help to prevent permanent

axonal damage. In addition, this approach can be applied

more broadly to study other antibody-mediated

neuropathies.
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