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PREFACE

“What I cannot create I do not understand.” - Richard Feynman

Physiology of the motor circuit and importance of normal 
motor neuron function
Humans interact with their environment through movement, the result of free will and 

intent that has been translated through neural circuits and neuronal activity directing 

precise sequences of muscle contractions1. It is these muscle contractions, these 

movements, that shape our relationship with the external world. Dysfunction of the 

motor circuit leading to impaired movements has a significant impact on our daily life 

and general well being.

The complexity of neuronal circuit development is truly spectacular. Although the exact 

principles of locomotor circuit development remain unclear, some core anatomical 

components and their respective developmental cues can be determined. Spinal 

cord formation is a complex and continuous process during embryonic development 

controlled by well conserved patterning mechanisms and gene regulatory networks, 

generating both neuronal and mesodermal progenitor populations. Within the neuronal 

progenitor population, the motor neuron progenitor domain sits in the ventral spinal 

cord where it gives rise to multiple subtypes of both motor neurons and glial cells2–4. 

Spinal motor neurons are core components of the physiological motor circuit. 

Defining and understanding dysfunction of the motor circuit, or more selectively the 

spinal motor neuron, is a central issue in the study of motor neuron disease. The 

fidelity, or normal physiological function, of the human spinal motor neuron has, 

until very recently, been impossible to study in vitro. Disorders where dysfunction or 

degeneration of the spinal motor neuron plays a key role in disease pathophysiology, 

such as amyotrophic lateral sclerosis (ALS), progressive muscular atrophy (PMA), and 

multifocal motor neuropathy (MMN), have so far lacked disease relevant humanized in 

vitro models. I believe that the need for physiologically relevant human disease models 

is illustrated by the clear lack of effective therapies for motor neuron disorders that 

have been translated from cell or animal models.
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With the ability to turn back time and restore pluripotency in somatic cells through 

ectopic expression of reprogramming factors, it is unsurprising that terms such as 

cellular alchemy have been used5. Breakthroughs over the past two decennia in cellular 

reprogramming and stem cell biology have made both human embryonic stem cells 

(ESCs) and human induced pluripotent stem cells (iPSCs) readily available. Together with 

considerable progress in developing directed differentiation techniques, it has become 

possible to obtain, study, and manipulate human (stem cell derived) motor neurons 

in vitro. The application of human stem cell-derived models can facilitate the study of 

underlying disease mechanisms, drug screening and testing, regenerative medicine, 

and the identification of potential biomarkers. It is with these tools that we focus on one 

of these goals specifically, that is the aim to understand the pathogenic mechanisms 

leading to motor neuron dysfunction and degeneration in ALS, PMA, and MMN.

These techniques, cellular reprogramming and directed differentiation, together with 

the rise of synthetic biology and targeted gene-editing, will further the study of human 

disease. I believe it will be the optimization and further development of such models, 

so they closer resemble their in vivo counterparts, that will help iPSC-derived disease 

models reach their true potential.

Oliver Harschnitz

INTRODUCTION
Cellular reprogramming and the molecular dynamics of 
pluripotency
Cellular reprogramming is achieved through the expression of pluripotency genes in 

adult differentiated, somatic cells6,7. Most commonly this is performed by the ectopic 

expression of four pluripotency genes, OCT4, SOX2, KLF4, and c-MYC (collectively referred 

to as ‘OSKM’ or the ‘Yamanaka factors’). The result is a cell state which closely resembles 

embryonic-like pluripotency, with the resulting cells being termed induced pluripotent 

stem cells (iPSCs). This feat was first performed by reprogramming mouse fibroblasts 

in 2006, after which human fibroblasts were reprogrammed in the following year6–8. 

Technically speaking, this process proved to be remarkably simple, whereby the limited 

amount of reprogramming factors needed to reach a fully reprogrammed state was 
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especially unexpected9. 

The derivation of an unlimited number of human (neuronal) cell types has been a 

longstanding goal for in vitro disease modelling. With the explosive development of 

cellular reprogramming tools, the availability of human iPSCs, and the vast improvement 

of directed differentiation protocols this goal has become all the more attainable10,11. 

With the limited availability of primary human neuronal cells, it is clear why iPSC-based 

disease modelling holds a vast potential. Initial interest in iPSC-based disease modelling 

was focussed on (monogenic) hereditary disorders, such as spinal muscular atrophy, 

Huntington’s disease, Parkinson’s disease, and familial ALS12–15. However, in recent 

times, iPSC-derived models have been used to study both complex genetic disorders, 

genetic risk variants, and even acquired, immune-mediated disorders16–19.

A historic perspective of cellular reprogramming and iPSC-
based disease modelling
Induced pluripotent stem cells and the art of epigenetic reprogramming to a pluripotent 

state are a relatively new field of science, with just over a decade of experience in 

transcription factor-mediated reprogramming6,7. Many consider Sir John Gurdon’s first 

report of successful cellular reprogramming through somatic cell nuclear transfer as 

pivotal for the development and understanding of cellular reprogramming20,21. These 

breakthroughs may not be scientific revolutions or paradigm shifts as Kuhn would 

have described (such as the transition from Ptolemaic to Copernican astronomy or 

from Newtonian to Einsteinian physics), however these exceptional studies were both 

groundbreaking and have led to many new possibilities22,23. In recognition of their 

contribution to cellular reprogramming, Gurdon and Yamanaka were awarded the 

Nobel Prize in Physiology or Medicine in 2012. As with many discoveries, their work 

was part of cumulative scientific advance, where many discoveries and many scientists 

played key roles. The historical roots of cellular reprogramming span more than a 

century, dating back to the postulation of the Weismann barrier by August Weismann in 

the late 19th century, stating that because inheritance is only mediated by germ cells, 

irrelevant genetic information must be inactivated in somatic cells that are committed 

to a specific state24. Following this theory, it was Conrad Waddington who developed 

a model depicting normal embryonic development as a ball rolling downhill to a 

differentiated state, implying that the destiny of such somatic cells was permanent. 
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Since then, several landmark studies, of which those by Gurdon and Yamanaka are just 

a few, have shown that cell fate is in fact flexible, and even reversible. Other studies 

showing the possibilities of cellular plasticity are those where ectopic overexpression 

of tissue-specific transcription factors convert a terminally differentiated cell into a 

somatic cell of a different lineage, a technique known as transdifferentiation (a common 

example is the ectopic expression of MYOD leading to the conversion of fibroblasts into 

myoblasts25). 

Leading up to much of the present work using iPSCs and developing humanized in 

vitro models, the establishment of the first human embryonic stem cell (hESC) lines was 

of great importance (which was itself preceded by the generation of the first mouse 

embryonic stem cell lines in 1981)26,27. Many of the protocols used today for human 

iPSC differentiation were first established and optimized using hESC lines, such as the 

directed differentiation of human stem cells into motor neurons28. Also, hESC lines often 

remain the gold standard for human stem cell-based disease modelling when combined 

with gene-editing techniques such as CRISPR/Cas. Following the first demonstrations 

that human cells could be used to generate iPSCs in 2007, it was not long before their 

potential for human in vitro disease modelling was first put to use7,8. In 2008, the first 

study was published using cellular reprogramming techniques to model motor neuron 

disease, when human iPSCs derived from an ALS patient were differentiated into motor 

neurons as a proof of principle15. Despite showing that reprogramming and directed 

differentiation of somatic cells derived from elderly patients with a chronic disease 

was indeed possible, it was still a long way to go before one could use such a model to 

identify disease relevant phenotypes.

Box 1: Definition of ‘induced pluripotent stem cells’

A type of pluripotent stem cell generated from somatic cell types through expression of specific 

transcription factors, typically OCT4, SOX2, KLF4, and c-MYC, that induce a pluripotent state.  It is 

this state of potency, termed pluripotency for iPSCs, that is defined by the ability of self-renewal 

without differentiation, and increased differentiation potential into all three germ layers. However, 

unlike a zygote, which is a typical example of cells with totipotency, iPSCs cannot generate extra-

embryonic tissue or an entire organism29.    
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Figure 1. Timeline (adapted from Orlova and Mummery, Cell Stem Cell, 2016)

The timeline represents an overview of key papers in the field of iPSC-based disease modelling since the 

first reports of cellular reprogramming more than ten years ago. The papers are grouped and colour-

coded according to the model systems used.
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Generating motor neurons from human stem cells
Neuronal circuits and the manner in which these circuits are formed during embryonic 

development show great complexity. Despite the fact that the identity, physiology, 

and connectivity of neurons within the mature spinal cord have been well delineated, 

their developmental origin and in vitro differentiation have proven challenging. Most 

of the developmental principles regarding neuronal patterning that are known and 

applied now in human stem cell differentiation protocols, have been identified by 

years of research into the neurodevelopmental processes in animal models. These 

developmental principles were then studied using mouse stem cell differentiation 

methods, after which protocols were translated to human models. The two functional 

systems of the spinal cord, sensory input delivery to higher cortical centres on the 

one hand, and motor control and proprioception on the other, are also segregated 

anatomically2. As motor neurons and therefore motor control are located in the ventral 

spinal cord, it is this ventral spinal cord development on which we will focus.

One can name three main steps in the differentiation of human pluripotent stem 

cells into spinal motor neurons in vitro; neuralization through dual SMAD inhibition, 

caudalization through retinoic acid exposure and ventralization through Sonic 

Hedgehog activation. 

Figure 2. Derivation of human iPSC-derived motor neurons
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Outline depicting reprogramming of patient or control fibroblasts (red) to iPSCs (grey), the formation of 

embryoid bodies (EBs), and subsequent neuralization followed by caudalization and ventralization of the 

neuronal population. Following EB dissociation iPSC-derived motor neurons are matured in vitro.

In spinal cord formation in vivo, the early developmental program starts during 

gastrulation where the anterior-posterior axis of development is driven by the activation 

of fibroblast growth factors (FGFs) and Wnts leading to distinct pools of progenitor 

cells being located at defined positions, which will eventually develop into the neural 

tube2. In vivo, neuroectoderm is specified by inhibition of mesoderm and endoderm 

differentiation factors, i.e. bone morphogenetic proteins (BMPs) and transforming 

growth factor beta (TGF-β), respectively30. Great progress was made for the in vitro 

differentiation into neuronal subtypes by enhanced neural conversion through dual 

SMAD inhibition, selectively blocking endodermal and mesodermal cell fates using small 

molecules (SB431542 and LDN193189), thus enriching for early neural ectoderm31. The 

subsequent steps, namely caudalization and ventralization of the neural population, is 

achieved by exposure of cells to retinoic acid and Sonic Hedgehog activation. During 

neurogenesis retinoic acid induces caudal identity of neuronal subpopulations of the 

hindbrain and rostral spinal cord. Retinoic acid is synthesised by Aldh1a2, an enzyme 

expressed in presomitic mesoderm cells surrounding the spinal cord. More caudally, 

retinoic acid signalling is decreased and FGF8 expression is increased in the lumbar 

spinal cord and tail bud. Another key player in spinal cord patterning and motor neuron 

differentiation is Sonic Hedgehog, which is secreted by the notochord in a ventral-to-

dorsal gradient and plays a crucial role in the specification along the ventrodorsal axis. 

High Sonic Hedgehog concentrations are critical for motor neuron induction32. Although 

retinoic acid has always been identified as having a role in determining the caudal 

identity of neuronal subpopulations, it also plays a role in ventralization independent of 

Sonic Hedgehog33,34.

In summary, despite understanding many key elements of spinal cord development, it 

has proven challenging to mimic this in vitro. Lack of control with regards to patterning 

and differentiation leads to relatively high amounts of variability, limiting the true 

potential of such in vitro models. Furthermore, trying to mimic in vivo development as 

closely as possible, instead of flooding cell systems with high dosages of patterning 

factors in a uniform way, may lead to a better and more controlled differentiation 
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of motor neuron subpopulations. Differentiation protocols could benefit from the 

application of biomaterials and engineering techniques to implement gradients and 

deliver key morphogens in a more regulated manner35.

The use of human iPSCs and directed differentiation protocols leading to in vitro 

human motor neurons now provide a platform on which many different motor neuron 

disorders can be studied. It is this platform that we shall use to study the disease 

mechanisms underlying ALS, PMA, and MMN.

PART I
ALS
Amyotrophic lateral sclerosis (ALS) is a relentless and fatal neurodegenerative disorder 

leading to progressive paralysis, eventually culminating in respiratory failure. The 

disease is characterised by loss of upper and lower motor neurons leading to muscle 

weakness, spasticity, atrophy, and fasciculations36. To date, there is no curative therapy 

with patients having a median survival of approximately three to five years following 

symptom onset. However, there are significant differences in survival in general, with 

some patients living up to 10 years following symptom onset. Even within families, 

where individuals suffer from the same underlying genetic cause, one can observe this 

clinical heterogeneity. The only proven therapeutic option is riluzole, a modulator of 

glutamatergic transmission, which extends median survival by several months37. The 

incidence of ALS is approximately 2-3 per 100.000, with a prevalence of about 10 per 

100.000 and males being somewhat more affected than females38. This results in an 

estimated lifetime risk of developing ALS of 1 in 30039. It is now known that ALS is not a 

pure motor neuron disease, with up to 50% of patients having some form of cognitive 

or behavioural dysfunction40. Up to 15% of patients with ALS develop frontotemporal 

dementia (FTD), with TDP-43 positive inclusions in cortical neurons, which is seen 

in all non-SOD1 ALS patients in spinal motor neurons41. The identification of repeat 

expansions in the gene C9orf72 as a common cause of ALS and FTD has underlined 

the concept of the two diseases lying at each end of a pathological spectrum42,43. ALS 

should not be seen as a single disease entity, but as a spectrum with a heterogeneity 

in its clinical presentation, its genetic and environmental risk factors, and most likely its 

underlying disease mechanisms.
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Over the years much research has been focussed on identifying both genetic and 

environmental risk factors for ALS44. Despite these efforts, few studies have led to the 

identification of reproducible environmental factors leading up to ALS. This is in contrast 

to the genetics of ALS, where significantly more progress has been booked since the 

discovery of mutations in SOD1, which account for approximately 2% of all ALS cases45. 

The contribution of genetic risk factors, as estimated by the heritability in twin studies, 

is thought to be approximately 61%46. Traditionally ALS is divided into familial ALS (fALS), 

where patients have a positive family history for the disorder, and apparent sporadic 

ALS (sALS). Of all ALS patients 10-15% have fALS, and mutations in SOD1, TARDBP, FUS, 

and C9orf72 are the most frequent underlying genetic cause47. Many genetic risk factors 

have been associated with sALS over recent years, with the intermediate length CAG-

repeat expansion in ATXN2 being robustly shown to be associated with an increased 

risk of developing ALS48. This genetic association has been replicated in multiple 

populations, but differs from other neurodegenerative disorders that are associated 

with expanded polyglutamine repeats. While it is often seen that there is an inverse 

correlation between the repeat length and age of onset, and an increased repeat length 

can indeed be associated with increased disease severity, this does not hold true for 

ATXN2 and sALS49. 

Altogether, it has been postulated that for sALS one could have a predisposed 

genetic load (several genetic risk factors), where if sufficient environmental factors are 

cumulatively added one reaches a point of no return and subsequent progressive and 

relentless motor neuron degeneration ensues44.

Box 2: Ataxin-2

Ataxin-2 is a 140-kDa cytoplasmic protein that is expressed in neuronal and non-neuronal tissues, 

including the brain50. The ATXN2 gene is localized on 12q24.1 of chromosome 12, and is highly 

conserved among mammals51. At the cellular level, ataxin-2 is best known for its role in RNA-

related processes. It is associated with polyribosomes in the endoplasmatic reticulum (ER), and 

regulates mRNA translation through its interaction with poly(A)-binding protein (PABP)52,53. During 

cellular stress ataxin-2 functions as a translational inhibitor, as it localises to and is crucial for the 

formation of stress granules54,55. Studies in C. elegans and mouse models have revealed metabolic 

functions for ataxin-2, with effects on body weight, fat distribution, and obesity56–58. The diverse 

roles of ataxin-2 are further underlined by its association with miRNA pathway proteins and its role 

in miRNA-mediated translational repression.
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Figure 3. ATXN2 schematic

Schematic representation of the domain organization of ATXN2 with depiction of different protein 

domains (purple) and polyglutamine repeat expansion (pQ, red).

Pathogenesis of ALS: ATXN2 as a genetic risk factor
ALS is a largely heterogeneous disorder, both in its clinical phenotype, its pathological 

observations and its genetic cause or predisposition59. Not surprisingly, there are 

numerous hypotheses on the underlying disease mechanisms, ranging from protein 

aggregation and proteasome dysfunction, to dysfunction of RNA metabolism, 

cytoskeletal damage, oxidative stress, mitochondrial dysfunction, ER stress, and 

glutamate excitotoxicity. The cascade leading to motor neuron degeneration in 

ALS is most likely multifactorial60,61. It remains challenging to distinguish between 

actual causative, early-stage biological pathways that are affected and end-stage 

epiphenomena of motor neuron degeneration or even compensatory mechanisms. A 

final and important point that is still not well understood is the selective vulnerability 

of motor neurons. More specifically the selective vulnerability of low-excitable, fast-

fatigable motor neurons which degenerate early during the course of ALS, whereas 

medium-excitable, fatigue-resistant and highly-excitable, slow motor neurons 

degenerate at later disease stages62–65. Understanding why specific subpopulations of 

(motor) neurons are more prone to degeneration than others may provide a starting 

point for developing curative or preventive therapeutic strategies, and may help identify 

reliable biomarkers for ALS.

Most ALS research studying disease mechanisms has been performed on various 

animal and cell models based on fALS mutations. While this is an attractive strategy, 

this will most likely only yield information on motor neuron degeneration in a relatively 

small subset of ALS patients. It is important that sALS models are studied, as they have 

the potential to give insight into the multifactorial downstream mechanisms leading to 

disease pathology for a much larger group of ALS patients. Many different genetic risk 

factors have been identified so far, so it is crucial to determine which genetic risk factors 

warrant follow-up studies. Several criteria can be considered, such as effect size on 
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the risk of developing ALS and if a specific risk variant has been replicated in different 

cohorts. From a functional perspective, and given the polygenic background of ALS, it 

is interesting that some genetic risk factors have been found to be toxic modifiers of 

other ALS associated mutations48,66,67. This means such a risk factor may potentially be 

a therapeutic target for a much larger subpopulation of ALS patients. One of the most 

robust ALS genetic risk factors to be identified to date, which has been replicated in 

multiple populations, has a relatively large effect size, and is also a toxic modifier of 

other ALS mutations, is ATXN2. This makes ATXN2 a highly promising candidate to study 

in respect to sALS disease pathophysiology. 

The potential of targeting ATXN2 to treat ALS was recently underlined in a study of a 

TDP43 mouse model using antisense oligonucleotides (ASOs) that reduced cellular 

levels of ataxin-2 mRNA68. Treatment with ASOs targeting ATXN2 increased the animals’ 

lifespan and delayed motor neuron degeneration. While this study provides hope 

for new treatments for ALS, a true understanding of how expanded polyglutamine 

repeats in ATXN2 lead to ALS, or how targeting ATXN2 can ameliorate motor neuron 

loss is still lacking. Establishing in vitro disease models for ATXN2 ALS can help further 

our knowledge and provide more insight into the ATXN2-specific mechanisms of motor 

neuron degeneration.

Major open questions
1. Can iPSC-based disease modelling be used to study ATXN2-ALS?

2. What is the role of ATXN2, a risk factor for the disease, in the pathogenesis of ALS?

PART II
MMN
Multifocal motor neuropathy (MMN) is a treatable chronic inflammatory neuropathy 

characterized by progressive, asymmetric muscle weakness and has a prevalence 

of 0,6 per 100.000 individuals69. Abnormalities in impulse propagation in motor 

nerves known as conduction block are the electrophysiological hallmark of MMN. IgM 

antibodies against the sphingolipid (ganglioside) GM1, that is abundantly expressed 

in the plasmalemma of peripheral nerves, can be found in the serum of patients. 

As MMN is a pure motor neuropathy, it can clinically mimic ALS. There is therefore 

a need for better diagnostic tools to distinguish MMN from ALS. Importantly, and in 
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contrast to ALS, MMN patients have a normal life expectancy and can be treated using 

intravenous immunoglobulin (IVIg). IVIg has been shown to be an effective treatment, 

but despite long-term therapy patients develop slowly progressive axonal degeneration 

and subsequent muscle loss. Treatment response is therefore seen as incomplete, 

with disease progression resulting in moderate to severe disability in a proportion of 

patients. Finally, it is important to note that the incremental use of IVIg for the treatment 

of inflammatory neuropathies is becoming an increasing financial burden for health 

care systems70. An imperfect understanding of the underlying disease mechanisms 

and the lack of relevant animal or in vitro models that recapitulate important disease 

characteristics hinder the development of more effective therapeutic strategies for 

MMN.

Box 4: IgM anti-GM1 antibodies

Anti-GM1 IgM antibodies belong to natural antibody repertoires that have the capacity to bind 

lipids, glycolipids, and glycans. A large proportion of the human natural antibody repertoire 

secreted by innate-like B cells contains glycan-binding specificities, both for host and microbial 

glycans71. In patients with MMN it may well be that anti-GM1 IgM antibodies are produced by a 

single or few B cell clones, as shown by their restricted immunoglobulin light chain use and the 

association of MMN with IgM monoclonal gammopathy72,73. 

Pathogenesis of MMN: IgM anti-GM1 antibodies
The presence of anti-GM1 IgM antibodies was reported in the earliest descriptions of 

MMN as an inflammatory neuropathy74. It is due to this association with IgM antibodies, 

together with the almost universal response to IVIg treatment, that MMN is believed to 

be a primary immune-mediated disorder. However, the role of anti-GM1 IgM antibodies 

in MMN pathophysiology remains elusive. Because of the lack of a gold standard and 

methodological issues, the reported prevalence of IgM anti-GM1 antibodies varies 

significantly (30-50% of patients) depending on diagnostic methodology75–77. This 

not only makes them of little diagnostic value, but has also led people to doubt the 

pathogenicity of IgM anti-GM1 antibodies.

Nevertheless, the modes through which these antibodies could be pathogenic to motor 

neurons are numerous. High affinity binding between anti-GM1 IgM antibodies and 
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GM1 gangliosides could lead to direct complement-mediated structural damage, similar 

to effects of IgG antibodies in mouse ex vivo and rabbit in vivo models78,79. 

Figure 4. Disease model of motor neuron diseases (adopted from Swinnen and Robberecht, Nat 

Rev Neurol, 2014)

Upper motor neurons (UMNs) in the primary motor cortex (purple) and bulbospinal LMNs (light brown) 

are the preferentially affected sites in ALS. In a significant proportion of patients there is involvement of 

the frontotemporal cortex (red), while ocular (blue) and vesicorectal (dark brown) motor neurons are 

usually spared. Patients who suffer from PMA or MMN only have LMN involvement and clinical signs.

This may, in part, be the cause of focal demyelination of motor neurons. However, it is 

important to consider the physiological roles of GM1 gangliosides and the lipid rafts 

they reside in, which may also be disrupted. As a receptor modulator of neurotrophic 

factors, GM1 affects both neuritogenesis and apoptosis80,81. GM1 assembles with other 

sphingolipids, cholesterol, and proteins in lipid rafts, and thus plays an integral role 

UMN signs
• Babinski sign
• Hyperreflexia
• Spasticity
• Pseudobulbar effect
• Exaggerated jaw or gag reflex
• Hoffman sign

LMN signs
• Atrophy
• Weakness
• Fasciculations
• Hyporeflexia or areflexia

Primary motor cortex (UMN)
Bulbar and spinal motor neurons (LMN)
Frontotemporal cortex
Ocular motor neurons 
Vesicorectal motor neurons (Onuf’s nucleus) 
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in membrane signalling and trafficking82,83. Many of these functions are regulated by 

ganglioside-induced changes in cellular calcium levels84. 

As with many disorders, the hypotheses on the underlying disease mechanisms in 

MMN are plenty. One key question MMN has in common with other motor neuron 

disorders such as ALS however, is why only motor neurons are affected. This selective 

vulnerability is curious when one considers that GM1 gangliosides are also expressed 

in the plasmalemma of sensory neurons, but may be crucial to understanding the 

underlying pathogenesis.

Major open questions
1. Can iPSC-based disease modelling be used to study acquired disorders, such as 

immune-mediated neuropathies?

2. Are IgM anti-GM1 antibodies directly pathogenic to human motor neurons?

3. Do IgM anti-GM1 antibodies show their selective pathogenicity towards motor 

neurons, in contrast to sensory neurons, in vitro?

Progressive muscular atrophy (PMA): heterogeneity in 
clinical presentation and pathogenesis
Approximately 10% of motor neuron disease patients have only lower motor neuron 

symptoms and are therefore diagnosed with progressive muscular atrophy (PMA). 

Patients show muscle weakness and atrophy that is slowly progressive over years 

to decades due to loss of lower motor neurons85,86. The majority of PMA patients 

eventually develop upper motor neuron signs and may have a clinical progression 

similar to ALS, or show upper motor neuron involvement at autopsy (leading to the 

discussion whether PMA can be seen as a separate disease entity from ALS)87,88. 

Therefore, PMA is often seen as a motor neuron disease variant lying along a spectrum 

including ALS (with both upper and lower motor neuron signs) and progressive lateral 

sclerosis (with only upper motor neuron signs). Despite the clinical conversion to ALS 

for some PMA patients, a significant subpopulation of PMA patients with only lower 

motor neuron involvement has a disease course that is slowly progressive or even 

stationary for many years89,90. It has long been thought that this heterogeneous lower 

motor neuron phenotype is more likely to be a spectrum of disorders with different 

(and distinct) underlying disease mechanisms. This distinction is not trivial, as patients 
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suffering from an immune-mediated lower motor neuron disease may miss correct 

diagnosis and subsequent treatment. Interestingly, it has been shown that PMA, like 

MMN, has an increased association with IgM monoclonal gammopathy, an association 

which is lacking for both ALS and progressive lateral sclerosis (a pure upper motor 

neuron disorder)72. This indicates a possible link to an immune mediated pathogenesis. 

However, the fact that studies have found no elevated cytokine profiles in both MMN 

and PMA argues against a systemic B-cell mediated immune response for these 

disorders91.  

Over the last decades significant progress has been made in identifying both genetic 

and immunological causes for lower motor neuron disorders92–95. It remains crucial to 

establish if there are, as of yet unidentified, lower motor neuron patients suffering from 

an immune-mediated disorder, leading to potential novel therapeutic strategies. If a 

clear disease mechanism could be identified, this may lead to the discovery of potential 

therapeutic targets for a group of patients which have so far been untreatable.

Major open questions
1. Is there a subgroup of patients with a lower motor neuron phenotype, who have an 

immune-mediated pathogenesis, in contrast to a neurodegenerative aetiology?

2. Can iPSC-based disease modelling be used to study an immune-mediated disorder 

with an as of yet undetected antigen?

3. Can iPSC-based disease modelling be used for the identification of this unknown 

antigen?

AIM AND OUTLINE OF THIS THESIS
Despite significant progress over the past decade by many genetic, molecular, 

immunological, and animal studies, key questions remain about the disease 

mechanisms underlying motor neuron diseases. For ALS, a disease where genetic 

causes and risk factors play a clear role, there is hope that human stem cell models will 

provide insight into its pathogenesis. Whether and how human iPSC-derived disease 

models may be applied to study the underlying disease mechanisms involved in 

immune-mediated neuropathies remains to be investigated. This thesis employs these 

newly available stem cell techniques and models.
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The aim of this dissertation is to understand the pathogenic mechanisms leading to 

motor neuron dysfunction and degeneration in ALS, MMN, and PMA. More specifically, 

in this thesis I focussed on the roles of ATXN2 in ALS, IgM anti-GM1 antibodies in MMN, 

and the possible immune-mediated mechanisms underlying a subgroup of PMA 

patients. The thesis has been divided into two parts, based on the clinical entities that I 

have studied.

Part I: iPSC-based disease modelling of ALS
I start by providing an extensive literature overview of ATXN2, on both its known 

physiological functions and its dysfunction in disease pathology, and hypothesize how 

ATXN2 may play a role in the underlying disease mechanisms of ALS (chapter 2). In 

the following chapter I describe the derivation and characterization of an ATXN2-ALS 

iPSC-derived disease model (chapter 3). Here we perform extensive gene and protein 

expression profiling of human iPSC-derived motor neurons, leading to the identification 

of ATXN2 specific endophenotypes (chapter 3). Furthermore, we validate the ATXN2-ALS 

iPSC-derived model by characterizing multiple ALS-specific in vitro phenotypes.

Part II: iPSC-based disease modelling of immune-mediated 
disorders
In part II I start by introducing MMN as a new disease entity in a general literature 

review (chapter 4). The next chapter describes the characterization and application 

of using human iPSC-derived motor neurons as a disease model for inflammatory 

neuropathies, and MMN specifically (chapter 5). I elaborate on the possible 

pathogenicity of IgM anti-GM1 antibodies and the role of complement activation in 

MMN disease pathophysiology (chapter 5). In the subsequent chapter I set out to 

determine if there is a subgroup of PMA patients with immune-mediated disease 

mechanisms, by applying the previously described human iPSC-derived motor neurons 

as a disease model (chapter 6). Finally, I study the comprehensive profiling of patient 

sera by flow cytometry and a human pluripotent stem cell based assay to explore the 

possibility of using these techniques as diagnostic tools (chapter 7).
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ABSTRACT
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease caused by 

the loss of lower and upper motor neurons leading to progressive muscle weakness 

and respiratory insufficiency. No treatment is currently available to cure ALS. Recent 

progress has led to the identification of several novel genetic determinants of 

this disease, including repeat expansions in the ataxin-2 (ATXN2) gene. Ataxin-2 is 

mislocalized in ALS patients and represents a relatively common susceptibility gene in 

ALS, making it a promising therapeutic target. In this review, we summarize genetic and 

pathological data implicating ataxin-2 in ALS, discuss potential disease mechanisms 

linked to altered ataxin-2 localization or function, and propose potential strategies for 

therapeutic intervention in ALS based on ataxin-2.

Amyotrophic lateral sclerosis (ALS) 
ALS is a fatal adult-onset neurodegenerative disease characterized by progressive 

muscle weakness, muscle atrophy, and fasciculations (see Glossary) caused by the loss 

of motor neurons in the motor cortex, brainstem, and spinal cord. Progressive paralysis 

leads to death due to respiratory failure on average within 3 years after symptom onset. 

The risk of developing ALS peaks between the ages of 50 and 75 years and the overall 

lifetime risk of developing the disease is 1:4001,2. Treatment options for ALS remain 

limited. The only effective drug, riluzole, extends median survival by a few months, 

emphasizing the need for novel therapeutic agents and strategies3. Traditionally, 

ALS is divided into familial ALS and sporadic ALS. Although approximately 5–10% of 

patients have a family history of ALS (fALS)4, most patients have no family history and 

are referred to as sporadic ALS (sALS) patients. The majority of fALS kindreds show 

a Mendelian pattern of inheritance and are clinically indistinguishable from sALS. To 

date, approximately 15 genes have been identified as causative for classical fALS and a 

similar, although rapidly increasing, number of genes have been linked to sALS (Box 1). 

Mutations in the superoxide dismutase (SOD1) gene were identified as the first cause 

of ALS in 1993 and account for 20% of all fALS cases5. Two other genes with a relatively 

high incidence in ALS are TAR DNA-binding protein 43 (TARDBP), which encodes for TDP-

43, and fused in sarcoma/translated in liposarcoma (FUS/TLS). Mutations in TARDBP 

are responsible for 5% of fALS and 1% of apparently sALS, whereas mutations in FUS 

are causative of 4% and 1% of fALS and sALS, respectively6. In 2011, a hexanucleotide 

repeat expansion in chromosome 9 open reading frame 72 (C9orf72) was identified in 
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40–50% of all fALS and 20% of sALS patients, making it the most prevalent cause of ALS 

identified so far7,8. Although this knowledge of the genetic basis of ALS has significantly 

improved our understanding of ALS pathogenesis, it does not explain the variability 

in disease penetrance, severity, and age of onset observed in patients harboring the 

same genetic defect. Also, variation in disease duration is large, with some patients 

dying within months after onset and others surviving for more than two decades. 

Furthermore, large differences in survival and age at disease onset exist even between 

individuals from one family, in whom ALS is caused by the same mutation. Together, 

these differences between individual patients suggest the existence of disease-

modifying factors. Recent studies have discovered genetic susceptibility factors that may 

explain disease variability and may serve as therapeutic targets for larger cohorts of 

patients, for example, non-imprinted in Prader–Willi/Angelman syndrome 1 (NIPA1) and 

unc-13 homolog A (UNC13A), which are both associated with shorter median survival in 

ALS9,10. Here, we review another recently identified risk factor for ALS: ataxin-2 (ATXN2). 

Ataxin-2 is a ubiquitously expressed cytoplasmic protein that interacts with the ALS 

proteins FUS and TDP-43 and modifies their cellular toxicity11–14. In this review, we first 

provide an overview of genetic data linking repeat expansions in ATXN2 to ALS. We 

then discuss the normal biological functions of ataxin-2 followed by potential disease 

mechanisms linked to altered function and localization of this protein in ALS. Finally, we 

highlight and discuss putative therapeutic strategies focused on ataxin-2 aiming to slow 

down disease progression and to increase patient survival.

Intermediate ATXN2 polyQ expansions are a risk factor for 
ALS
In healthy individuals, the ataxin-2 polyglutamine (polyQ) repeat sequence, which is 

present in the most N-terminal part of the protein, is 22–23 repeats long15,16. At the 

DNA level, CAG repeats in ATXN2 are interspersed with CAA codons (both encoding 

for glutamine) to form the most common repeat length of 22 repeats as follows: 

(CAG)8CAA(CAG)4CAA(CAG)817. The first disease linked to polyQ repeat expansions in 

ATXN2 was spinocerebellar ataxia type 2 (SCA2) (Box 2)18. Sequencing revealed that 

the most frequent ATXN2 disease allele in SCA2 consists of 37 uninterrupted CAG 

repeats17,19,20. 

In rare cases, repeat lengths of 32–33 CAG repeats were found to give rise to late-onset 
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disease21,22. Expansion of the ATXN2 polyQ repeat length in ALS was first reported in a 

study looking for toxic modifiers of TDP-4311. Intermediate-length polyQ repeats (24–33) 

were significantly associated with ALS, with an ideal cutoff set at 27 repeats11. This 

association between intermediate polyQ repeats in ATXN2 and ALS has been further 

established in larger European cohorts, in which the association is strongest at a cut-

off of 29 repeats, which has been established through meta-analysis of the original 

Northern American and European cohorts combined23,24. Therefore, the specific cut-off 

for ATXN2 repeat length and risk for ALS may vary among different human populations. 

Table 1. ATXN2 polyQ expansion and neurodegeneration

To assess whether polyQ expansion in ALS was specific to ATXN2 or could also 

be observed in other genes, seven other polyQ disease genes were analyzed in a 

Northern American cohort for their association with ALS. No associations were found 

between ALS and ataxin-1 (ATXN1), ataxin-3 (ATXN3), ataxin-6 (ATXN6), ataxin-7 (ATXN7), 

TATA-binding protein (TBP), atrophin-1 (ATN1), and huntingtin (HTT)25. For HTT, these 

results were replicated in a larger European cohort, in which no association with 

polyQ repeat length and ALS was found26, as was also the case for ATXN327. However, 

another study focusing on a European cohort recently found that both ATXN1 (29 

repeats) and ATXN2 intermediate polyQ expansions are independently associated with 

an increased risk for ALS28. It is possible that this difference between studies reflects 

variation among populations, as has been reported for the cut-off for ATXN2 repeat 

length and the risk for ALS. A wide variety of neurological disorders are caused by 

repeat expansions in different genes. Given the fact that several diseases are linked to 

ATXN2 polyQ repeat length

Disease Repeat 
length

Sequence Comments Refs

Normal 14-31 Interrupted Most common repeat (22): (CAG)8CAA(CAG)4CAA(CAG)8 17

ALS 24-39 Interrupted Cut-o! varies per population 27: North American cohort 29: European cohort 11, 23, 24

SCA2 >31 Pure CAG repeats 31–33 associated with late-onset disease 17-22

Parkinsonism 31-44 Interrupted Association found in Chinese and Taiwanese cohorts 31, 32

PSP 31-33 Interrupted 15
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(intermediate) repeat expansions in ATXN2 (e.g., SCA2, SCA2–parkinsonism, and ALS), 

other neurodegenerative disorders were studied to examine whether these are also 

associated with ATXN2 (see Table 1 for overview). In a large study, an association was 

detected with progressive supranuclear palsy, in addition to an association with ALS15. 

Progressive supranuclear palsy is a 4R-tauopathy in which patients are mostly negative 

for TDP-43 pathology. Clinically, this syndrome is characterized by supranuclear gaze 

palsy, dementia, and postural instability29. No association between Alzheimer’s disease, 

Parkinson’s disease, frontotemporal dementia, and hereditary spastic paraplegia and 

expanded repeats in ATXN2 was found15,30. However, it should be noted that in the 

Chinese and Taiwanese population Parkinson’s disease was found to be associated 

with intermediate repeat expansions in ATXN231,32. This association most likely highlights 

variation between different ethnic populations, possibly due to founder effects. 

Taken together, intermediate-length polyQ expansions in ATXN2 have convincingly 

been associated with an increased risk for ALS, and this represents one of the most 

robust genetic associations identified in the context of ALS to date. Variation can be 

observed in the precise length of the intermediate repeat expansion between different 

populations with an increased risk for ALS. Finally, genetic evidence supports a more 

general role for ATXN2 in neurodegeneration, revealing association between ATXN2 and 

other neurodegenerative disorders.

Ataxin-2 is a modifier of TDP-43 toxicity 
A hallmark of ALS pathogenesis is the presence of cytoplasmic inclusions in motor 

neurons consisting of aggregated proteins and RNAs33. A major disease protein in 

these cytoplasmic inclusions is TDP-43. TDP-43 is normally localized in the nucleus, 

but in ALS patients cytoplasmic aggregation of TDP-43 often coincides with nuclear 

clearing of the protein34. Non-mutated TDP-43 is present in neuronal aggregates of 

all sALS patients and the majority of non-SOD1 mutant fALS patients35,36. However, 

although changes in the subcellular localization of TDP-43 and the formation of 

TDP-43-positive cytoplasmic aggregates are fundamental to ALS pathogenesis, our 

knowledge of how ALS-associated TDP-43 exerts its toxic effects and how this toxicity is 

regulated or modified is rather limited. Both in yeast and in primary neuronal cultures, 

overexpression of TDP-43 results in toxicity37. In an unbiased, yeast-based screen to 

identify modifiers of TDP-43 toxicity, Pab1-binding protein 1 (Pbp1), the yeast ortholog 

of ataxin-2, was discovered11. Increased Pbp1 expression in yeast enhanced TDP-
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43 toxicity, whereas Pbp1 loss-of-function suppressed TDP-43 toxicity11. Additional 

experiments showed that the Drosophila homolog of ataxin-2, ATX2, affects toxicity of 

TDP-43 in a similar, dose-dependent manner11. The modifying effects of ataxin-2 on 

TDP-43 may be widespread as colocalization of ataxin-2 and TDP-43 has been observed 

in several different mammalian cell models38. Although colocalization of TDP-43 and 

ataxin-2 has not been reported in spinal cord tissue of ALS patients, pathological 

evidence suggests that ataxin-2 affects TDP-43 pathology in ALS patients11. TDP-43 

inclusions in patients harboring intermediate-length polyQ expansions in ATXN2 differ 

from those observed in non mutation carriers: motor neurons of ATXN2 mutation 

carriers contain filamentous TDP-43 inclusions, whereas ALS patients without these 

mutations have large, round TDP-43 inclusions39. How ataxin-2 affects the morphology 

of TDP-43 inclusions remains to be determined (see below). Interestingly, ataxin-2 itself 

also displays an altered localization in the spinal cord of ALS patients. Although ataxin-2 

is normally homogeneously distributed throughout the cytoplasm, in some ALS patients 

ataxin-2 accumulates in cytoplasmic aggregates. On average, 27% of ALS patients, with 

or without intermediate-length polyQ expansions in ataxin-2, display ataxin-2 inclusions, 

whereas ataxin-2 aggregation is far less common in motor neurons of healthy controls 

(5%)11. Collectively, these data support the notion that ataxin-2 plays an important role 

in ALS pathology and aggregate formation, both in patients with and without repeat 

expansions in this protein. 

Ataxin-2 functions in RNA processing and receptor 
endocytosis 
The association of ATXN2 with ALS invites speculation that defects in the normal function 

of ataxin-2 may contribute to ALS pathogenesis. Therefore, in the following two sections 

we will first summarize the reported biological functions of ataxin-2 and then discuss 

potential ALS disease mechanisms linked to dysregulation of this protein. Ataxin-2 

is a 140-kDa cytoplasmic protein that is expressed in neuronal and non-neuronal 

tissue, including the brain40. At the cellular level, ataxin-2 is best characterized for its 

role in RNA-related processes. For example, ataxin-2 associates with polyribosomes 

in the endoplasmic reticulum (ER) and regulates mRNA translation by associating 

with poly(A)-binding protein (PABP) through its PAM2 domain41,42. In yeast, depletion 

of Pbp1 has been shown to block polyadenylation of mRNAs, thereby preventing 

proper mRNA translation41,43. In Drosophila, ATX2 regulates the translation of circadian 
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clock components in pacemaker neurons. ATX2 contributes to the accumulation 

of PERIOD, a core transcriptional regulatory component of the clock, by facilitating 

the interaction between PABP and activator of PERIOD translation TWENTY-FOUR44,45. 

ATX2 also mediates miRNA-mediated translational repression of synaptic mRNAs in 

Drosophila and mediates synaptic plasticity and long-term olfactory habituation in 

Drosophila through association with the miRNA pathway proteins ARGONAUTE 1 and 

DEAD box helicase ME31B/DHH1P46. Interestingly, ataxin-2 is also involved in translation 

inhibition under conditions of cellular stress. Ataxin-2 localizes to and is essential for 

the formation of stress granules (SGs), which are distinct foci within the cytoplasm 

where untranslated mRNAs are translationally inhibited47,48. A role for ataxin-2 in 

RNA decay has been inferred from its association with the RNA helicase DDX6 and 

its localization to processing bodies (PBs), cellular structures implicated in RNA 

degradation. Furthermore, overexpression of ataxin-2 blocks the formation of PBs47,49. 

The diversity of RNA-related functions of ataxin-2 is further underlined by its association 

with ataxin-2-binding protein 1 (A2BP1), a well-established neuronal splicing factor, 

and with the transcription factor KRAB-containing zinc finger (ZBRK1)50. In addition to 

its functions associated with RNA, ataxin-2 has been implicated in the regulation of 

receptor tyrosine kinase (RTK) endocytosis. Ataxin-2 is constitutively associated with 

RTKs, and the proline-rich domains of ataxin-2 interact with several components of 

the endocytotic machinery, such as endophilin A1/A3, CIN85, Grb2, and Src48,51,52. 

Depletion of ataxin-2 enhances epidermal growth factor (EGF) tyrosine kinase receptor 

internalization, whereas overexpression of ataxin-2 has the opposite effect52. The in vivo 

role of ataxin-2 has been explored using various model systems, and ataxin-2 has been 

shown to be essential for proper embryonic development in Caenorhabditis elegans 

and Drosophila53,54. Ataxin-2 knockout mice are viable, but show reduced fertility and 

a significant reduction in the birth of female heterozygous and homozygous mice55,56. 

In contrast to observations in invertebrate species, ataxin-2 knockout mice do not 

show overt anatomical deficits during neural development. However, they display 

dissociated fear and spatial learning, adult onset obesity, motor hyperactivity, insulin 

resistance, and liver steatosis55–57. Together, these functional studies highlight important 

roles for ataxin-2 in the development and homeostasis of different organ systems. In 

summary, in vivo manipulation of ataxin-2 expression in different species induces a 

wide variety of defects that, at least in part, have been attributed to its reported roles 

in RNA metabolism and receptor endocytosis. For example, the insulin resistance 
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and hypertrophy observed in ataxin-2 knockout mice have been explained by altered 

internalization and degradation of the insulin receptor56. Whether or how defects in 

the normal roles of ataxin-2 may be linked to ALS pathogenesis will be discussed in the 

following section. 

Pathogenic mechanisms of ataxin-2 in ALS 
Although our understanding of the role of ataxin-2 in ALS is incomplete, recent studies 

have begun to unveil the cellular consequences of ataxin-2 dysregulation in ALS. The 

cellular defects linked to ataxin-2 dysfunction in ALS are discussed below. 

Ataxin-2 aggregation, RNA metabolism, and receptor endocytosis 
Protein aggregation is an important hallmark of ALS, and ataxin-2-positive aggregates 

have been detected in spinal cord motor neurons of ALS patients11,33. It is tempting to 

speculate that aggregation of ataxin-2 leads to depletion of the protein and thereby 

inhibits the reported functions of ataxin-2 in RNA metabolism and receptor endocytosis 

(Fig 1). For example, ataxin-2 aggregation may affect local translation of mRNAs due 

to defects in messenger ribonucleoprotein (mRNP) biogenesis and thereby disturb 

motor neuron synapse formation or plasticity. Similarly, because ataxin-2 regulates the 

formation of SGs and PBs, a change in ataxin-2 localization may disturb cellular stress 

responses and deregulate the RNA decay system47. Ataxin-2 aggregation may also 

contribute to ALS pathogenesis by sequestering its interacting proteins, RNA molecules, 

and other RNA-binding proteins. Finally, given its widespread role in the regulation of 

RNA, changes in ataxin-2 localization and levels are likely to affect the translation of a 

large number of genes. Based on these models, important goals for future research 

are to determine (i) the interactomes of wild type ataxin-2 and ataxin-2 carrying repeat 

expansions (both at the protein and RNA levels); and (ii) the full complement changes in 

gene and protein expression as a result of ataxin-2 aggregation or intermediate polyQ 

expansions. Another mechanism through which ataxin-2 repeat expansions may affect 

the ALS disease process is by enhancing the aggregation of other proteins (Fig 1). 

Figure 1. Schematic model of putative ataxin-2 disease mechanisms in amyotrophic lateral 

sclerosis (ALS). 

Expansion of the polyQ region in ataxin-2 and mislocalization of ataxin-2 protein have been linked 
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to the disease process of ALS. Ataxin-2 aggregation, but also ataxin-2 intermediate-length polyQ 

expansions, may affect cellular processes in which ataxin-2 is normally involved, including mRNA 

translation (i) and receptor tyrosine kinase (RTK) endocytosis (ii). Furthermore, ataxin-2 regulates the 

formation of messenger ribonucleoprotein (mRNP) granules, indicating a potential role in axonal 

mRNA transport, and ataxin-2 aggregation may therefore disrupt axonal RNA transport and local 

translation (iii). Interestingly, ataxin-2 has been linked to two other ALS proteins, TAR DNA-binding 

protein (TDP-43) and fused in sarcoma/ translated in liposarcoma (FUS). Intermediate-length polyQ 

expansions in ataxin-2 increase the translocation of TDP-43 and mutant FUS to the cytoplasm, thereby 

promoting TDP-43 and FUS aggregation in addition to depleting TDP-43 and FUS from the nucleus (iv, 

v). Intermediate repeat expansions in ataxin-2 enhance caspase activity in motor neurons, which results 

in increased TDP-43 cleavage (v), thereby enhancing TDP-43 aggregation and phosphorylation (vi). 

Ataxin-2 localizes to cytosolic mutant FUS aggregates and intermediate repeat expansions in ataxin-2 

result in increased binding between ataxin-2 and mutant FUS. This may enhance the aggregation of 

mutant FUS (iv). Ataxin-2 harboring intermediate-length polyQ expansions is present in the endoplasmic 

reticulum (ER) and Golgi system where it colocalizes with mutant FUS and enhances ER stress and 

Golgi fragmentation induced by mutant FUS (vii). The intermediate polyQ repeat variant of ataxin-2 

may interact with and enhance calcium (Ca2+) release from the intracellular calcium release channel 1 

inositol (1,4,5)-trisphosphate receptor (InsP3R1). Surplus Ca2+ taken up by mitochondria induces the 

production of reactive oxygen species (ROS) (viii). In addition, intermediate repeat ataxin-2 may associate 

with the NADPH oxidase enzyme and increase NADPH ROS production (ix). Intermediate-length polyQ 
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expansions in ataxin-2 RNA may mediate cellular toxicity by sequestering RNA-binding proteins (x). The 

polyQ expansion may be translated into polypeptide proteins that could be part of inclusions and/or 

disturb cellular processes (xi). PolyQ expansions could make ataxin-2 more sensitive to small interfering 

RNAs (siRNAs) produced by other polyQ-containing genes, resulting in decreased ataxin-2 levels (xii), or 

enable the production of siRNAs from the ataxin-2 polyQ expansion that may target polyQ-containing 

mRNAs from other genes (xiii).

These could include binding partners but also unrelated proteins. Ataxin-2 and mutant 

FUS are colocalized in aggregates in spinal cord motor neurons of ALS patients, and 

intermediate-length polyQ expansions in ataxin-2 are thought to further enhance FUS 

aggregation by increasing the binding of ataxin-2 to mutant FUS and translocation 

of mutant FUS to the cytoplasm12. Interestingly, expression of ataxin-2 harboring 

intermediate-length polyQ expansions in cell lines induces increased expression of FUS 

and TDP-4311,12,14. This may represent a second mechanism through which intermediate-

length polyQ expansions in ataxin-2 promote FUS aggregation. Similarly, although no 

colocalization of TDP-43 and ataxin-2 has been reported in cytoplasmic aggregates in 

ALS, aggregation of TDP-43 may be enhanced through the effect of expanded ataxin-2 

repeats on TDP-43 expression levels. Changes in post-translational modifications or 

altered proteolytic processing can render proteins more sensitive to aggregation33. 

Interestingly, ALS patient-derived lymphoblast cells harboring intermediate-length 

polyQ expansions in ataxin-2 show enhanced pathogenic modifications of TDP-43, 

such as TDP-43 cleavage and phosphorylation, known to render TDP-43 more prone to 

aggregation13. TDP-43 cleavage is mediated by caspase 3, and it is therefore interesting 

to note that postmortem spinal cord tissue from patients with intermediate-length 

polyQ expansions in ataxin-2 contains a larger number of motor neurons harboring 

active caspase 313. Together, these observations support a model in which intermediate 

length polyQ expansions in ataxin-2 enhance TDP-43 aggregation by enhancing TDP-

43 cleavage through increased expression of active caspases. The role of ataxin-2 in 

RTK receptor endocytosis may also be affected in ALS. In SCA2 fibroblasts, expression 

levels of two components of the endocytotic machinery, Grb and Src2, are changed51. In 

addition, polyQ expansions in HTT impair the assembly of the RTK receptor endocytosis 

complex, resulting in the blockade of nerve growth factor (NGF) receptor-mediated 

neurite outgrowth58. Whether the intermediate-length polyQ repeats associated with 

ALS impair endocytosis remains to be established. Although further work is needed to 



TAKING A RISK: A THERAPEUTIC FOCUS ON ATAXIN-2 IN ALS 41

functionally address and provide mechanistic insight into these different links between 

ataxin-2 and ALS, current evidence strongly supports direct and indirect roles for 

ataxin-2 in ALS pathogenesis. 

ER-Golgi and calcium signaling 
In addition to potentially deregulating RNA metabolism and RTK receptor endocytosis 

and enhancing protein aggregation, intermediate-length polyQ expansions in ataxin-2 

have been proposed to induce defects in the ER-Golgi pathway and may disrupt 

calcium signaling (Fig 1). Evidence that intermediate-length polyQ expansions in ataxin-2 

influence ER-Golgi function in ALS derives from a recent study in which intermediate 

length polyQ expansions in ataxin-2 were shown to enhance mutant FUS-induced ER 

stress and Golgi fragmentation12. ER-Golgi abnormalities have also been described 

in relation to TDP-43, but whether intermediate-length polyQ expansions in ataxin-2 

affect TDP-43-induced pathogenic effects on the ER-Golgi system remains to be shown. 

Furthermore, it remains to be determined how ataxin-2 and mutant FUS cooperate 

to cause defects in ER-Golgi function. Abnormal neuronal calcium signaling plays 

an important role in the pathogenesis of SCA2, as well as in other polyQ diseases 

such as Huntington’s disease and spinocerebellar ataxia type 3 (SCA3). The polyQ-

expanded forms of ataxin-2, huntingtin, and ataxin-3 associate with the C-terminal 

domain of the intracellular calcium release channel 1 inositol (1,4,5)-trisphosphate 

receptor (InsP3R1) and enhance InsP3R1-mediated calcium release in neurons59–61. It 

is tempting to speculate that intermediate-length polyQ expansions in ataxin-2 also 

cause it to associate with InsP3R1 and thereby modulate calcium signaling (Fig 1). 

Disruption of intracellular calcium homeostasis is causative to glutamate excitotoxicity, 

neuronal dysfunction, and injury resulting from excessive activation of synaptic 

glutamate receptors. Cultured Purkinje cells isolated from a SCA2 mouse model 

show more pronounced cell death upon exposure to glutamate, indicating an effect 

of ataxin-2 polyQ expansions on glutamate toxicity60. Calcium signaling is also linked 

to mitochondrial function and excess released calcium taken up by mitochondria 

leads to the production of reactive oxygen species (ROS), which mediate oxidative 

stress in cells. Oxidative stress may be further enhanced by the interaction of polyQ-

expanded ataxin-2 to NADPH oxidase in the lipid raft membrane compartment, which 

facilitates its activation and ROS production, as has been shown in vitro62 (Fig 1). Future 

studies will be needed to address these interesting hypotheses and examine whether 
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intermediate-length polyQ expansions in ataxin-2 exert their pathogenic effects in 

ALS by changing neuronal calcium signaling or facilitating glutamate toxicity and ROS 

production. 

Do intermediate-length polyQ expansions in ATXN2 act at the RNA level? 
The pathogenic effect of intermediate-length polyQ expansions in ataxin-2 may not 

only reside at the protein level. RNAs containing long repeat sequences, such as 

observed for FMR1 in fragile X-associated tremor/ataxia syndrome (FXTAS) and C9orf72 

in ALS7,63, can form nuclear RNA foci which contain these mutated RNAs in addition to 

other proteins. Such foci sequester essential RNA-binding proteins, thereby preventing 

them from exerting their normal functions. In addition, long polyQ expansions can 

form hairpin structures, which are also known to aberrantly sequester RNA-binding 

proteins64. Although no RNA foci containing expanded polyQ ATXN2 RNA have been 

reported in ALS to date, changes in the secondary structure of these RNAs due to 

the expanded polyQ sequence may lead to a functional depletion of essential RNA-

binding proteins (Fig 1). Another pathogenic mechanism that has been linked to 

disease-associated repeat expansions is non-ATG-initiated (RAN) translation of the 

repeat sequences. RAN translation of RNA repeat regions resulting in the production of 

poly dipeptide repeat proteins has been shown for C9orf72 (GGGGCC repeat)65,66 and 

ataxin-8 (ATXN8, polyQ repeat)67. In C9orfF72 expanded repeat carriers, the translated 

poly dipeptide repeat proteins can be found in cytoplasmic and nuclear inclusions65,66. 

Whether the polyQ region of ATXN2 can be translated into small dipeptide proteins is 

currently not known. However, the efficiency of RAN translation is length-dependent 

and the relatively small size of the intermediate-length polyQ region in ATXN2 may 

prohibit RAN translation68. Finally, there is preliminary evidence that polyQ-containing 

genes enable the production of small interfering RNAs (siRNAs) that negatively regulate 

the translation of other polyQ-containing genes. For example, the myotonic dystrophy 

(DM1) and spinocerebellar ataxia 8 (SCA8) genes are transcribed into RNAs from both 

strands, thus including an antisense strand67,69. Furthermore, studies in Drosophila 

show that CAG or CUG repeat RNAs can be processed into siRNAs and can target RNAs 

of other CAG repeat containing genes for degradation. In a Drosophila model for DM1, 

siRNAs derived from CTG repeat expansions targeted ataxin-270. Whether siRNAs are 

generated from intermediate-length polyQ expansions in ataxin-2 and, if so, whether 

these RNAs target repeat sequences in other genes remains to be established.
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Ataxin-2 as a therapeutic target for ALS 
Several lines of evidence suggest that ataxin-2 may be a valid and promising therapeutic 

target for ALS. First, disease-modifying genes such as ATXN2 are likely to affect the 

disease process in a large number of patients compared with most disease-causing 

mutations. For example, ataxin-2 can modify toxicity exerted by both FUS and TDP-

43, suggesting that subtle changes in ataxin-2 expression or function may modulate 

cellular toxicity in patients carrying FUS or TDP-43 mutations. Furthermore, ataxin-2 

is also present in spinal cord aggregates from ALS patients with a normal ataxin-2 

repeat length11, indicating that therapies designed for ataxin-2 may not be limited to 

intermediate-length repeat carriers. Second, the association between intermediate 

repeat expansions in ATXN2 and ALS is among the strongest genetic associations 

identified in ALS to date, with many studies in different populations having replicated 

the association. Third, key mechanisms involving ataxin-2 that may lead to motor 

neuron degeneration such as aberrant or enhanced protein–protein interactions 

(i.e., with TDP-43 and FUS), defective RNA metabolism, and the formation of protein 

aggregates have also been implicated downstream of other gene defects in ALS, 

suggesting that manipulation of ataxin-2 will infringe upon crucial aspects of ALS 

pathogenesis. 

How to target ataxin-2 in ALS? Therapeutic strategies aimed at targeting ataxin-2 in 

ALS patients may be aimed at this gene directly, to achieve knockdown of aberrant 

protein levels or, indirectly, targeting deleterious downstream effects. Modifying 

ataxin-2 expression levels directly in ALS can be performed at different levels, including 

the genomic, epigenetic, or post-transcriptional level (Fig 2). Given the role of ataxin-2 

as a disease modifying factor in ALS, the goal of such a manipulation would be to 

significantly improve the life expectancy of ALS patients by slowing down disease 

progression. 

Figure 2. Therapeutic approaches for targeting ataxin-2.

Gene targeting of ATXN2 by antisense oligonucleotides (ASOs), transcription activator-like effector 

nucleases (TALENs), and clustered regularly interspaced short palindromic repeats (CRISPRs). Depending 

on their design, ASOs can mediate post-transcriptional silencing through different mechanisms. Panel (A) 



44  CHAPTER 2

shows ASOs that have been designed to target the (expanded) CAG/CAA repeat region in ATXN2. 

ASOs will induce knockdown of gene expression and for unknown reasons their effects on mutated 

alleles is generally stronger compared with that of wild type polyQ alleles. Furthermore, ASOs have been 

used in vitro and in vivo to target other polyQ genes in diseases such as Huntington’s disease. Panels (B) 

and (C) show TALENs containing a FOKI nuclease and CRISPRs with a Cas nuclease, respectively. These 

more experimental approaches are aimed at achieving gene disruption and knockout of the protein by 

inducing a double-stranded break (DBS) leading to a premature stop codon (after non-homologous end-

joining, NHEJ) in the first exon, just 50 of the polyQ region. A disadvantage of this approach is that the 

wild type allele will also be affected in addition to potential off-target effects. Panel (D) shows how TALENs 

in combination with DNA methyltransferases (DNMTs) can be used to achieve cytosine methylation of 

CpG islands in the promotor region or exon 1 of the ATXN2 gene, thereby inducing epigenetic silencing 
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and preventing transcription.

However, given the normal physiological functions of ataxin-2, manipulation of ataxin-2 

may also have serious detrimental side effects and it is therefore important to note 

that any novel therapy based on ataxin-2 manipulation will require extensive preclinical 

testing. The most straightforward and, at this moment, perhaps the most feasible 

approach to manipulate ataxin-2 levels is to target the ATXN2 mRNA (i.e., the post-

transcriptional level). This can be achieved by the use of antisense oligonucleotides 

(ASOs), oligonucleotide-based miRNA inhibitors (anti-miRNAs), or single-stranded RNAs 

(ssRNAs). 

Thus far, most studies inducing gene knockdown in the context of disease have focused 

on ASOs, which are short, synthetic, modified nucleic acids that are complementary 

to and bind mRNA and result in gene silencing through decreased protein synthesis71. 

In vitro studies have confirmed the use of ASOs to induce allele-specific silencing 

of genes containing expanded polyQ repeats (i.e., HTT, ATXN1, and ATXN3)72,73. One 

study showed that besides achieving specific downregulation of mutant versus wild 

type transcript, no off-target effects on other polyQ repeat-containing genes were 

present72. This is essential as the human genome contains multiple polyQ genes, 

most of which are crucial for normal cell function. Animal studies based on several 

neurodegenerative and neuromuscular diseases, including Huntington’s disease74, 

Alzheimer’s disease75, Duchenne muscular dystrophy76, spinal muscular atrophy77,78, 

and ALS, have shown that ASOs can rescue or relieve disease-associated phenotypes 

in vivo. In a SOD1 rat model, treatment with ASOs around symptom onset significantly 

slowed disease progression79. These results have led to the first clinical trials being 

completed administering ASOs, testing their safety and efficacy. For example, a Phase 

I, double-blind, placebo controlled clinical trial was recently completed in ALS patients 

with a SOD1 mutation80. The intrathecal delivery of ASOs was well tolerated in this trial, 

opening up possibilities for future trials for ALS and other neurodegenerative diseases 

looking to modify gene expression in the central nervous system. Possible drawbacks 

for ASOs are toxicity, which is often site-specific and proinflammatory, and potential off-

target effects. Other therapeutic approaches aimed at genetic or epigenetic silencing 

of genes such as ATXN2 are likely to become available through advances in the field of 
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precise genome engineering, which has produced powerful tools such as zinc finger 

nucleases (ZFNs)81,82, transcription activator-like effector nucleases (TALENs)83–85, and 

most recently clustered regulatory interspaced short palindromic repeat (CRISPR)/

Cas-based RNA-guided DNA nucleases86 (Fig 2). One advantage of these approaches is 

that by correcting the underlying genetic aberration, a permanent solution is provided, 

preventing the need for life-long therapy. Examples of the use of these techniques 

in neurological diseases have so far been limited to in vitro genome editing, with 

successful correction of human-induced pluripotent stem cells (iPSCs)87 and their 

differentiated somatic cell types from Duchenne muscular dystrophy patients using 

TALENs88, and for Parkinson’s disease using ZNFs89. Targeting ATXN2 using TALENs 

will result in bi-allelic gene disruption and a complete knockout of ATXN2, as specific 

targeting of the expanded mutant allele is not yet possible. This could be a drawback for 

future therapy using TALENs, depending on the selectivity of delivery. The overall use 

of site-specific nucleases is currently limited in vivo mainly due to limitations in delivery 

methods, and due to cell-to-cell variations in genetic modifications. Other questions 

that need to be addressed are related to specificity and the extent of off target effects. 

New developments in delivery methods and the combination of precise genome 

engineering techniques with iPSCs for possible autologous stem cell transplantation 

of genetically corrected cells offer much promise for the field of gene therapy. It has 

been hypothesized that knockdown of ataxin-2 by epigenetic silencing may also be a 

possible treatment strategy. This idea is supported by the observation that de novo 

DNA methylation represses ATXN2 expression in SCA2 and thereby modifies the disease 

phenotype90. Epigenetic modification of ATXN2 could be achieved through cytosine 

methylation by specifically targeting CpG islands in the promotor region of ATXN2 (Fig 2). 

For example, a study using ZFNs fused to a DNA methyltransferase (DNMT) selectively 

targeted promotor regions for hypermethylation in Escherichia coli91. Gene silencing by 

targeted methylation has potential advantages because the DNA-methylating system 

will maintain the newly established methylation pattern after targeting, preventing 

the need for long-term expression of the methylating nuclease. Furthermore, even 

though the DNA structure is not altered, it affects the initiation of transcription through 

repressive local chromatin structures, making it possible to completely inhibit protein 

translation. Taking into account that targeting ATXN2 could have side effects, an 

alternative therapeutic approach would be to screen for compounds that influence 

(mutant) ataxin-2 levels but only minimally affect the normal functions of ataxin-2. For 
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example, small molecules that target intermediate-length ataxin-2 specifically or that 

interfere with some biological functions of ataxin-2 but not others, thereby minimizing 

unwanted toxic effects. Screening for compounds could be performed by combining 

iPSC-derived motor neurons with high-throughput screening techniques, as has been 

done using motor neurons from mutant SOD1 mouse embryonic stem cells92. This 

study identified kenpaullone as an enhancer of motor neuron survival, a finding that 

was replicated in iPSC-generated motor neurons derived from ALS patients. Although 

much remains to be learned about how ataxin-2 normally functions and how it affects 

disease pathology in ALS, ataxin-2 seems to be a promising therapeutic target for 

disease modification in ALS. Recent advances in the field of precise genome engineering 

offer opportunities for targeting ATXN2 in ALS. However, further work is needed to 

optimize delivery methods and to eliminate the off-target effects associated with these 

methods. ASOs have been tested both in vitro and in vivo for other polyQ diseases and 

can specifically knockdown mutant ataxin-2. Therefore, at present, ASOs seem to be 

the most optimal approach to target intermediate-length repeats in ATXN2. It must be 

taken into consideration, however, that manipulation of ataxin-2 may trigger unwanted 

side effects and therefore any potential therapeutic approach would require extensive 

preclinical testing. 

Concluding remarks 
An ever-increasing number of genetic studies link ATXN2 to ALS after it was originally 

identified as the causative gene in SCA2. Intermediate-length polyQ expansions in 

ATXN2 have convincingly been associated with an increased risk for ALS and functional 

screens identify ataxin-2 as a disease-modifying cue. Ataxin-2 accumulates in the motor 

neurons of ALS patients carrying intermediate-length repeat expansions in this gene 

but also in non mutation carriers, supporting a widespread role for ataxin-2 in ALS 

pathogenesis. Ataxin-2 has prominent functions in RNA metabolism and associates 

with the RNA-binding proteins TDP-43 and FUS, mutations in which also cause ALS. 

Intermediate-length repeat expansions in ataxin-2 are functionally linked to TDP-43 

and FUS pathology and modulate the cellular toxicity induced by these proteins. In 

addition, intermediate-length repeat expansions in ataxin-2 are likely to affect other 

cellular processes implicated in ALS, such as calcium signaling, glutamate toxicity, 

and mitochondrial stress. Furthermore, the effects of intermediate-length repeat 

expansions may not only reside at the protein but also at the RNA level, similar to 
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what has been observed in other disorders caused by expanded repeat regions. 

In the coming years, further insight can be expected into the mechanisms through 

which ataxin-2 contributes to ALS pathology (Box 3). Our limited understanding of 

the mechanisms underlying ALS in general has hindered the development of new 

and successful therapies. Furthermore, many of the genetic defects identified to date 

only occur in small subsets of patients, making these defects unattractive therapeutic 

targets. Current evidence suggests that ataxin-2 may serve as a therapeutic target in a 

larger subset of patients. This, together with the fact that therapeutic strategies aimed 

at targeting polyQ expansions have been successfully developed and applied in the 

context of other disorders, makes ataxin-2 a promising therapeutic target in ALS. ASOs, 

genome engineering techniques, and high-throughput compound screening using iPSC-

generated motor neurons offer unique possibilities to unravel the molecular basis of 

ataxin-2-related disease pathology in ALS and for setting up novel therapeutic strategies 

to combat this disease.

GLOSSARY 
Clustered regularly interspaced short palindromic repeats (CRISPRs): RNA-based 

arrays containing multiple short direct repeats (24–48 base pairs) to guide the cleavage 

of a specific DNA sequence by a CRISPR-associated (Cas) nuclease. 

Fasciculations: small, local, involuntary muscle contractions or twitches. 

Frontotemporal dementia (FTD): a clinical syndrome characterized by changes in 

social behavior, personality, and language. The disease, which shows genetic overlap 

with ALS, is a result of relatively selective degeneration of the frontal and temporal 

lobes. 

Huntington’s disease (HD): a neurodegenerative disease caused by polyQ expansions 

in the huntingtin gene (HTT) and clinically characterized by involuntary movements, 

cognitive decline, and psychiatric problems. 

Inclusions: nuclear or cytoplasmic aggregates of proteins or other molecules. 

Induced pluripotent stem cells (iPSCs): a type of pluripotent stem cell generated from 

somatic cell types through expression of specific genes, typically OCT4, SOX2, c-MYC, and 
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KLF4, that induce a pluripotent state. 

Like Sm/Like Sm associated domain (Lsm domain): RNA-binding domain shared 

by proteins involved in RNA processes, such as mRNA splicing, posttranscriptional 

modification, and RNA decay.

Messenger ribonucleoprotein particles (mRNPs): highly dynamic granules consisting 

of RNA and RNA-binding proteins that serve in the transport of mRNAs to their site of 

translation. 

Muscle atrophy: decrease and wasting away of muscle mass. 

PolyQ diseases: neurodegenerative disorders caused by trinucleotide repeat 

expansions in the affected gene, where the repeated codon is CAG/CAA encoding for 

glutamine. 

Stress granules (SGs): cytoplasmic structures that recruit stalled protein–RNA 

complexes as a cellular response to environmental stressors. 

Transcription activator-like effector nucleases (TALENs): restriction enzymes 

consisting of TALE proteins which function as the DNA-binding domains and contain 

repeats called repeat variable diresidues (RVDs) and a FokI cleavage domain. RVDs are 

made up out of 33–25 amino acid repeats, each recognizing a single base pair.

Box 1. Amyotrophic lateral sclerosis (ALS) proteins 

For many years, mutations in copper-zinc superoxide dismutase 1 (SOD1) were the only 

known genetic cause of ALS5. However, recently, there has been considerable progress in the 

identification of additional genetic causes of ALS. Mutations in various genes have been shown 

to cause fALS, and the most prevalent mutations are those in fused in sarcoma/translated in 

liposarcoma (FUS/TLS)93,94, TAR DNA-binding protein (TARDBP)95,96, and chromosome 9 open 

reading frame 72 (C9orf72)7,8. SOD1 is an abundant copper/zinc enzyme that protects cells from 

oxidative damage by metabolizing superoxide radicals. The exact mechanism through which 

SOD1 mutations lead to ALS pathology is unknown, but SOD1 function is related to cellular 

mechanisms such as oxidative stress and mitochondrial dysfunction, which are characteristic for 

ALS pathogenesis97. Furthermore, mutant SOD1 forms cellular aggregates that may indirectly affect 

cell function. TDP-43 and FUS have numerous roles in RNA processes including RNA transcription, 

mRNA transport, nucleocytoplasmic shuttling, RNA splicing, miRNA processing, and stress granule 

dynamics98. Most of the ALS-linked mutations in TDP-43 are localized to its C-terminal domain, 
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which is important for TDP-43 aggregation99. The majority of ALS-associated FUS mutations occur 

in the nuclear localization signal of FUS, thereby impairing nuclear transport of the protein100. Both 

mutant TDP-43 and FUS form cytoplasmic aggregates leading to depletion of the protein from 

other cellular sites. Furthermore, TDP-43 is present in aggregates in the majority of ALS patients, 

even in those that do not carry TDP-43 mutations. At present, an intronic hexanucleotide repeat 

expansion in C9orf72 is the most prevalent cause of ALS7,8. The function of the C9orf72 protein 

is unknown, but it shows homology to differentially expressed in normal and neoplasia (DENN), 

which is a GDP/GTP exchange factor for Rab GTPases101. More rare mutations in fALS include 

those in angiogenin (ANG)102, senataxin (SETX)103, ubiquilin 2 (UBQLN2)104, and vesicle-associated 

membrane protein-associated protein B (VAPB)105. The majority of patients suffer from sALS, which 

is thought to be a complex disorder caused by interplay between environmental exposure and 

genetic factors. Genes implicated in sALS are, for example, charged multivesicular body protein 2b 

(CHMP2B)106, unc-13 homolog A (UNC13A)107, non-imprinted in Prader–Willi/ Angelman syndrome 1 

(NIPA1)9, hemochromatosis (HFE), peripherin (PRPH)108, and survival motor neuron (SMN)109.

Box 2. Spinocerebellar ataxia type 2 (SCA2) 

SCA2 is one of the most common ataxias worldwide and is caused by expansion of a CAG triplet 

repeat region in the N-terminal coding region of the ataxin-2 (ATXN2) gene. The presence of 

inheritance through anticipation leads to longer expansions with earlier onset of disease and more 

severe disease phenotype in subsequent generations. The cardinal feature of SCA2 is cerebellar 

dysfunction, which is most apparent through gait ataxia and dysarthria, associated with early and 

marked slowing of saccades, initial hyperreflexia followed by early hyporeflexia, severe tremor of 

postural or action type, and early myoclonus. Further clinical features are peripheral neuropathy, 

cognitive disorders, and in later stages of the disease, dysautonomia. Pathological hallmarks of 

SCA2 are atrophy of the brainstem, followed by atrophy of the midbrain and cerebellum, and 

eventually frontotemporal atrophy and general ventricular enlargement. SCA2 is characterized by 

an early loss of cerebellar Purkinje neurons, preceded by a reduction in dendritic arborization110. 

Although the molecular mechanisms through which polyQ expansions in ataxin-2 lead to Purkinje 

cell degeneration in SCA2 are not fully understood, calcium-activated potassium channels seem 

to play a crucial role111. The production of ROS may contribute to subsequent degeneration60,62. 

Although intranuclear protein aggregates are not a general pathological hallmark of SCA2, as is the 

case for many other polyQ disorders, cytoplasmic aggregates have been reported in SCA2 patients 

and SCA2 mouse models and may mediate toxicity and disturb cellular functions112–114. In analogy 

to ALS, both FUS and TDP-43 have been detected in neuronal intranuclear and cytoplasmic 

inclusions in SCA2, with FUS colocalizing with polyglutamine115,116.
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Box 3. Outstanding questions  

1. How does ataxin-2 modify FUS and TDP-43 toxicity?  

2. Which other cellular mechanisms are affected by ataxin-2 in ALS?  

3. Do the effects of intermediate-length repeat expansions in ataxin-2 reside at the RNA or protein 

level, or both?  

4. Do intermediate-length repeat expansions in ataxin-2 play a role in other neurodegenerative 

diseases such as frontotemporal dementia (FTD) or Alzheimer’s disease?  

5. Are experimental therapeutic strategies aimed at targeting ataxin-2 able to combat ALS?
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ABSTRACT
Amyotrophic lateral sclerosis (ALS) is a relentless and fatal neurodegenerative disorder 

without curative treatment. Despite the identification of multiple genetic risk factors, 

the disease mechanisms underlying sporadic ALS remain elusive. ATXN2 polyglutamine 

repeat expansions have been associated with an increased risk of ALS, and are a 

toxic modifier of other known genetic causes of ALS. The molecular effects of a single 

risk factor may be subtle for complex genetic disorders, and little is known of the 

contribution of intermediate polyglutamine repeat expansions in the ATXN2 gene to the 

underlying disease mechanisms of motor neuron degeneration. Induced pluripotent 

stem cell (iPSC) models represent a powerful tool to study ALS and its genetic risk 

factors. Here we generated iPS cells from 5 ATXN2-ALS patients and investigated 

multiple early time-point molecular, morphological, and functional phenotypes typical 

for motor neuron degeneration in vitro. 

Our study reveals several cellular and degenerative effects of ATXN2, in addition to 

unique transcriptomic and proteomic dysregulation in human ATXN2-ALS neurons. 

On basis of our profiling studies we found that human neurons carrying intermediate 

length polyglutamine repeat expansion in ATXN2 show mitochondrial and metabolic 

disruption in patient-derived neurons. Our findings provide significant knowledge on 

the molecular and metabolic disease mechanisms underlying ALS, and highlight the 

possibility of studying genetic risk factors in complex genetic disorders using iPSC-

based models. Our study proposes that ATXN2 plays a role in metabolic disruption in 

the pathophysiology of ALS, while underlining ATXN2 as a potential therapeutic target 

for ALS.

INTRODUCTION
How genetic risk variants contribute to a complex disease such as ALS remains 

unknown, but is crucial for predicting disease susceptibility and developing therapies 

for specific subpopulations of ALS patients1,2. In fact, several risk factors have been 

shown to interact with other ALS-associated mutations acting as toxic modifiers, 

meaning such risk factors may be therapeutic targets for a large population of ALS 

patients3–5. ATXN2 was identified as a risk factor for ALS when it was shown to be a 

toxic modifier of TDP-43 pathology in both animal and cellular models (see Fig 1B for 
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schematic of ATXN2)3. It is one of the most robust genetic risk factors associated with 

ALS and has been replicated in multiple cohorts6. Since then, it has been identified as a 

toxic modifier of both FUS and C9orf72 mediated pathology4,5. Expanded polyglutamine 

repeats in the ATXN2 gene have previously been shown to cause spinocerebellar ataxia 

type 2 (SCA2)7,8, whereas intermediate length repeat expansion is associated with an 

increased risk of developing motor neuron disease. Recent studies have highlighted 

the potential of using antisense oligonucleotides (ASOs) targeting ataxin-2 mRNA to 

ameliorate neurodegeneration in both SCA2 and ALS mouse models9,10. However, it is 

presently unknown how expanded polyglutamine repeats of ATXN2 infer an increased 

risk for motor neuron degeneration or what the molecular mechanisms are leading to 

amelioration of motor neuron disease symptoms through knockdown of ataxin-2.

Ataxin-2 is a ubiquitously expressed protein best known for its role in RNA-related 

processes, and has been shown to associate with polyribosomes in the endoplasmatic 

reticulum (ER), and to regulate mRNA translation through its interaction with poly(A)-

binding protein (PABP)11,12. During cellular stress, ataxin-2 acts as a translational 

inhibitor, as it localises to and is crucial for the formation of stress granules13,14. 

However, ataxin-2 is involved in multiple cellular functions, as is underlined by recent 

studies in various animal models revealing metabolic functions for ataxin-2, with effects 

on body weight, fat distribution, and obesity15–17. In SCA2 numerous ATXN2-mediated 

disease mechanisms have been described, such as dysregulation of the ubiquitin 

proteasome system (UPS), dysfunction of autophagy, transcriptional and translational 

dysregulation, calcium dysregulation, and RNA toxicity18. To date, little is known about 

motor neuron dysfunction due to intermediate polyglutamine repeat expansion of 

ATXN2.

Remarkable progress has been made in the development of humanized models for ALS 

using iPSC-derived motor neurons (MNs)19–25. The identification of ALS-specific, in vitro 

endophenotypes and affected pathways has already led to translation of results from 

iPSC studies to the start of human trials26,27. Most ALS iPSC studies have focused on 

mutations that cause familial ALS, which comprise approximately 10% of ALS cases28. 

For sporadic ALS however, with its many diverse genetic risk factors, little is known 

about the mechanisms that lead to motor neuron degeneration. 
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To begin to address this issue, we generated iPSC lines from 5 healthy controls and 5 

ALS patients carrying intermediate length repeat expansion mutations of ATXN2. We 

differentiated these iPSC lines into MNs and performed single cell RNAseq (scRNAseq) 

to extensively characterize and define our in vitro disease model and examine any 

potential differences in MN populations between control and ATXN2-ALS-derived 

cultures. 

When attempting to dissect early, causal relationships linked to motor neuron 

degeneration, it is of importance to study the earliest disease related processes29. So, 

as to avoid late onset and generic signs of motor neuron degeneration, we focussed 

our phenotypical characterization at the early time point of day 12 in culture (DIV12), 

after 3 weeks of prior differentiation (for schematic of differentiation see Fig 1A). Firstly, 

we studied multiple morphological (soma size, cytoskeletal damage), molecular (Golgi 

fragmentation, protein mislocalization), and functional (electrophysiology) phenotypes 

that are typical signs of motor neuron degeneration in vitro. To characterize the 

possible pathogenic mechanism of intermediate length polyglutamine expansion in 

ATXN2, we investigated the transcriptome and proteome of these patient lines and 

compared them to age- and gender-matched controls by RNAseq and quantitative 

proteomics, respectively. Analyses of iPSC-derived MN transcriptomes and proteomes 

revealed ATXN2 disease-specific RNA and protein expression patterns, enriched for 

metabolic and mitochondrial dysfunction. Finally, we further investigated these affected 

pathways by performing metabolic profiling and mitochondrial assays.

We report that while ATXN2 had no significant effect on MN differentiation per 

se, subsequent analyses found that ATXN2-derived neurons showed generic ALS 

phenotypes (altered soma size, cytoskeletal damage, Golgi fragmentation, and 

electrophysiological dysfunction). Differential RNA and protein expression patterns 

guided us towards metabolic profiling, and functional analyses of metabolic dynamics in 

iPSC-derived MNs revealed disruption of both mitochondrial respiration and glycolysis.
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MATERIALS AND METHODS
Patients and Controls
Skin biopsy samples were obtained from 5 patients with ALS and 5 gender- and 

age-matched (+/- 5 years) healthy controls stored at -80 °C. One iPSC line (BT8) had 

previously been reprogrammed. All participants were Caucasian and of Dutch descent. 

All patients fulfilled the diagnostic criteria for ALS (revised El Escorial)30. Healthy controls 

consisted of persons without a history of neurological diseases (e.g. dementia) or a 

family history of ALS or frontotemporal lobe dementia. Ethical approval was granted by 

the Medical Ethical Committee of the University Medical Center Utrecht and all subjects 

gave written informed consent.

 

Table 1. Patient and control cell lines used for ATXN2-disease model

Generation of iPSCs
Human iPSC-lines were derived as previously described31. Briefly, cellular 

reprogramming was performed on low-passage human fibroblasts. Viral transduction 

was performed with a lentiviral vector expressing OCT4, KLF4, SOX2 and c-MYC32. 

Cell line Gender Age Phenotype ATXN2 
repeat 
length

C9orf72 
status

Age at 
onset

Site at 
onset

Cell types 
used

Cell types 
analysed  

-omics 
analysis

OH1 Male 62 Healthy normal Negative N/A N/A bro / 
iPSC / MN

bro / 
iPSC / MN

OH2 Male 61 Healthy normal Negative N/A N/A bro / 
iPSC / MN

bro / 
iPSC / MN

OH3 Male 49 Healthy normal Negative N/A N/A bro bro

OH4 Female 60 Healthy normal Negative N/A N/A bro bro / MN

BT8 Male N/A Healthy normal Negative N/A N/A iPSC / MN iPSC / MN

35.8 Female N/A Healthy normal Negative N/A N/A iPSC / MN iPSC / MN

ALS A Male N/A ALS 33-33 Negative 72 Spinal bro / 
iPSC / MN

bro / 
iPSC / MN

ALS B Male N/A ALS 31-33 Negative 74 Spinal bro / 
iPSC / MN

bro / 
iPSC / MN

ALS C Male 74 Healthy 22-33 Negative N/A N/A bro / 
iPSC / MN

bro / 
iPSC / MN

ALS G Male 77 ALS 22-31 Negative 76 Spinal bro / 
iPSC / MN

bro / 
iPSC / MN

ALS N Female N/A ALS 22-33 Negative 38 N/A bro / 
iPSC / MN

MN

ALS P Male 55 ALS 22-29 Negative 54 Spinal bro / 
iPSC / MN

MN
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Colonies of iPSCs were manually picked after 3-4 weeks for further expansion and 

characterization. iPSCs (<P50) were either cultured on irradiated MEFs in huES medium 

and passaged manually, or cultured feeder-free on Geltrex (Life Technologies) and 

maintained in mTeSR1 medium (Stem Cell Technologies). Cell lines were routinely tested 

for mycoplasma infections. We characterized all lines for pluripotency, and selected 

lines showing spontaneous differentiation into cells of all three lineages (shown by 

expression of beta-III-tubulin (ectoderm), α-smooth muscle actin (mesoderm), and 

α-fetoprotein (endoderm), Supplementary Data Fig 1 D-E). All iPSC-lines had a normal 

karyotype, as described previously (Supplementary Data Fig 1 B)31. 

Motor Neuron Differentiation
Motor neuron differentiation was performed using a slightly modified version of 

previously established protocols31,33. In brief, embryoid body (EB) formation was 

accomplished through a standardized microwell assay34,35. iPSCs were detached 

and seeded in microwells at a density of 150-300 cells/microwell in huES medium 

supplemented with 50 μM Y-27632 (Axon Medchem) to minimize cell death. After 48 

hours, medium was changed from huES medium to neural induction medium (NIM) 

containing 10 μM SB431542 (Axon Medchem) and 0.2 μM LDN193189 (Myltenil Biotec) 

for neuralization of EBs between day 1-536. During the first four days, 50 μM Y-27632 

(Axon Medchem) was continued. EBs were carefully flushed out of the microwells 

using NIM containing 10 μM SB431542 (Axon Medchem), 0.2 μM LDN193189 (Myltenil 

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

(BDNF) (R&D systems) and transferred to a non-adherent 10 cm petri dish (Greiner 

Bio-one) on day 6-7. EBs were kept in suspension culture and medium was changed 

every other day using NIM containing 1 μM retinoic acid (Sigma), 1 μM smoothened 

agonist (Merck Millipore) and 10 ng/ml BDNF (R&D systems). From day 17 onwards, 

medium was changed every other day using neurobasal differentiation medium 

(NDM) supplemented by 1 μM retinoic acid (Sigma), 1 μM smoothened agonist (Merck 

Millipore), 10 ng/ml BDNF (R&D systems), 10 ng/ml glial cell line-derived neurotrophic 

factor (GDNF) (R&D systems), and 10 ng/ml ciliary neurotrophic factor (CNTF) (R&D 

systems). From day 21-31, EBs were dissociated using Papain (Worthington Biochemical 

Corporation) and DNAse (Worthington Biochemical Corporation). Cells were 

resuspended in human motor neuron medium (huMNM) supplemented by 10 ng/ml 

BDNF (R&D systems), 10 ng/ml GDNF (R&D systems), and 10 ng/ml CNTF (R&D systems) 
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and plated on PDL-laminin-coated coverslips at the required density. Coverslips with 

MNs were then co-cultured with primary mouse glia for 2-4 weeks.

Electrophysiological Recordings
Electrophysiological recordings were performed at two separate time points, namely at 

DIV12 and DIV24. In brief, iPSC-derived MNs were plated on 13 mm coverslips following 

3 weeks of differentiation as described above, and subsequently co-cultured with 

primary mouse glia for either 12 or 24 days. For patch clamp experiments, coverslips 

with neuronal cultures were placed in a recording chamber and continuously perfused 

at room temperature (RT, 21 °C) with artificial cerebrospinal fluid containing 120 mM 

NaCl, 3.5 mM KCl, 1.3 mM MgSO4, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 10 mM D-glucose, 

and 25 mM NaHCO3, gassed with 95% O2 and 5% CO2, pH 7.4. Using an upright 

microscope (Axoiskop, Zeiss), individual MNs were selected for whole cell current 

clamp recordings. Patch pipettes for recording were produced from borosilicate glass 

(1.5 mm outer diameter, 0.86 mm inner diameter; Harvard Apparatus Limited; pipette 

resistance ~4-5 MΩ) on a P-97 Flaming/Brown micropipette puller (Sutter Instruments) 

and filled with pipette solution containing: 140 mM K-methanesulfonate, 10 mM HEPES, 

0.1 mM EGTA, 4 mM MgATP, 0.3 mM NaGTP, pH 7.4, adjusted with KOH. Whole cell 

current clamp recordings were performed using an Axopatch 200B (Molecular Devices) 

amplifier. The responses were filtered at 5 kHz and digitized at 10 kHz using Digidata 

1322A, Axon Instruments, USA. All data were stored and analyzed on a PC using pClamp 

9.0 and Clampfit 9.2 (Axon Instruments). Recordings with a series of resistance of less 

than 2.5 times the pipette resistance were accepted for analysis. If necessary, with a 

small holding current, MNs were kept at -65 mV before the start of the current protocol. 

In 10 steps of 10 nA with an interval of 30 seconds and duration of 500 ms, the cells 

were depolarized to induce spike trains. Also, hyperpolarizing current steps of -10 nA 

were included to study hyperpolarizing membrane properties.

Immunocytochemistry and Microscopy
Cell cultures were fixed with 4% paraformaldehyde for 10-15 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% BSA/PBS for 45 min at RT. Samples 

were washed with PBS and subsequently incubated with indicated primary antibodies 

for 1 hour at RT, washed three times with PBS, and incubated with appropriate Alexa 
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Fluor labeled secondary antibodies for 1 hour at RT. Finally, cells were washed and 

mounted with Prolong Gold reagent with Dapi (Invitrogen).

The following commercial antibodies were used: rabbit anti-Oct-4A (Stem Light 

Pluripotency Antibody Kit, Bioke), rabbit anti-Sox2 (Stem Light Pluripotency Antibody 

Kit, Bioke), rabbit anti-Nanog (Stem Light Pluripotency Antibody Kit, Bioke), mouse anti-

SSEA4 (Stem Light Pluripotency Antibody Kit, Bioke), mouse anti-TRA160 (Stem Light 

Pluripotency Antibody Kit, Bioke), mouse anti-TRA181 (Stem Light Pluripotency Antibody 

Kit, Bioke), rabbit anti-Tubulin-β3 (Sigma), mouse anti-Nestin (Bio connect), mouse anti-

Hb9 (DSHB), mouse anti-Isl-1 (DSHB), goat anti-ChAT (Millipore), and mouse anti-GM130 

(BD Biosciences). Images were acquired using either an Olympos Fluoview FV1000 

confocal microscope or a Zeiss AxioScope microscope followed by image analysis using 

ImageJ (NIH) software.

Scanning Electron Microscopy
Prior to scanning electron microscopy experiments, cells were fixed using 4% 

paraformaldehyde as described above. Serial dehydration was achieved by incubation 

steps of 15 minutes in 12.5% EtOH/PBS, 25% EtOH/PBS, 50% EtOH/PBS, 75% EtOH/

H2O, 90% EtOH/H2O, 100% EtOH, followed by incubation in 50% EtOH / 50% 

hexamethyldisilizane (HDMS) and finally 100% HDMS. Samples were mounted onto 

aluminum specimen mounts (Agar Scientific), followed by coating with 4 nm gold using 

a Quorum Q150R S Rotary-Pumped Sputter Coater. Samples were examined with a 

FEI Nova NanoSEM 200 scanning electron microscope operated with an accelerated 

voltage of 10 kV at a magnification of 7500x using a Phenom Pro desktop scanning 

electron microscope and Pro Suite software (PhenomWorld).

RNAseq
Sample collection and preparation
Fibroblast samples were isolated at low passage (<P6) when fully confluent. Feeder free 

iPSC samples were cultured and were isolated at low passage (<P20) when confluent. 

And MN samples were isolated after 12 days of co-culture with primary mouse glia 

as follows. Total RNA was isolated and extracted using an RNeasy microkit (Quiagen, 

Hilden, Germany) according to the manufacturer’s instructions, and then DNAase-

treated to eliminate genomic DNA contamination. RNA integrity (RIN) was verified on an 
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Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, Ca, USA), and only samples 

with RIN ≥ 8.0 were used for RNA sequencing (Supplementary Data Table 1). A total of 

26 samples (7 fibroblast lines, 7 iPSC lines, 10 MN lines) were used for sequencing.

RNAseq library preparation, sequencing and alignment 
A total of 1 ug of RNA per sample in a 5 ul volume was rRNA depleted using the 

Ribo-Zero Magnetic Kit (human/mouse/rat; Epicentre) before library preparation. 

Stranded, paired-end sequencing libraries were prepared by the sequencing facility 

(Genome Analysis Facility, Groningen, The Netherlands) and sequenced on the Illumina 

HiSeq2500 platform (Illumina, San Diego, California). Reads (2x100 bp) were de-

multiplexed and converted to FASTQ format using CASAVA software from Illumina by 

the sequencing core facility. FASTQ files were mapped to the hg19/GCh37 reference 

human genome (iGenomes) with TopHat2 (version 2.0.13)50, using the ‘fr-firststrand’ 

option for strand orientation to generate BAM-formatted genomic coordinates. For 

long noncoding RNA (lncRNA) alignment, reads were aligned using Tophat2 aligner 316 

against the NONCODEv451 reference database that contains 54,073 human annotated 

lncRNA sequences.

Differential Expression (DE) and Weighted Gene Co-
expression Network Analyses (WGCNA)
Count data for genes and lncRNA transcripts were analyzed in R (www.r-project.org37) 

using the Bioconductor package edgeR version 3.12.152 with the trimmed mean of 

M323 values (TMM) normalization method53. A generalized linear model was used to 

test the null hypothesis of absence of differential expression between the two groups. 

Gene expression levels were corrected for gender effect by including sex as a covariate 

in the model. P-values adjusted for multiple testing were calculated using Benjamini 

Hochberg false discovery rate (FDR) and only genes at FDR < 0.05 were considered 

significantly DE. Volcano plots and expression MA scatter plots were generated in R 

using the ggplot2 library.

Gene Ontology (GO) term and Gene Set Enrichment Analyses 
(GSEA)
DEGs at FDR < 0.1 were entered into the GO-term R package goseq54 to correct for 

bias due to transcript length. Gene set tests were conducted using the fry function55 
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that runs an infinite number of rotations to test whether a set of genes is differentially 

expressed by assessing the entire set of genes as a whole.

scRNAseq
Paired-end reads were quantified as described before57 with the following exceptions. 

Reads that did not align or aligned to multiple locations were discarded. We recently 

established a pipeline, SORT-seq, where FACS sorting into 384-well plates is combined 

with automated single cell sequencing. iPSC-derived MN cultures were dissociated at 

DIV12 using Trypsin (Sigma), then sorted into single wells as described above. We used 

RaceID2 to analyze the single cell transcriptome data57. Unique molecular identifier 

(UMI) corrected reads were used to exclude PCR artifacts during library preparation56. 

We filtered out cells with less than 10000 unique reads; 306 (out of 384 cells) passed 

our filtering, yielding a median of 20434 unique reads and ~6000 genes per cell 

(Supplementary Data Figure 2A). Overall our database encompassed 16846 genes. For 

cluster analysis, lowly expressed were excluded; only genes expressed in multiple cells 

and with at least 5 molecules detected in one cell were used for cluster analyses (5478 

genes in total). K-means clustering of the Pearson correlation of whole transcriptome 

of cells revealed 6 clusters (Supplementary Data Figure 2B). We performed a second 

experiment using Trizol extraction as described before (Supplementary Data Figure 

3)55. In brief, 96 cells were processed and analysed as described above. Motor neuron, 

interneuron and progenitor clusters were assigned based on marker gene expression.

Proteomics
Sample preparation for MS analysis
Fibroblast samples were isolated at low passage (<P6) when fully confluent. Feeder free 

iPSC samples were cultured and were isolated at low passage (<P20) when confluent. 

And MN samples were isolated after 12 days of co-culture with primary mouse glia as 

follows. Sample lysis was performed at room temperature using lysis buffer (4% SDS, 10 

mM Hepes, pH 8.0) with 15 minutes of sonification. Proteins in the lysate were reduced 

with 10 mM DTT for 30 minutes and then subjected to 45 minutes of alkylation with 55 

mM iodoacetamide. The protein concentration was determined with fluorescence at 

350 nm and compared with a bovine serum albumin standard. We performed acetone 

precipitation to remove any detergent that was present in the samples. Acetone (−20 

°C) was added to 100 μg of proteins to a final concentration of 80% v/v, and proteins 
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were precipitated for at least 2 hours at −20 °C. The supernatant was removed after 15 

minutes of centrifugation (4 °C, 16,000 g) followed by washing with 80% acetone (−20 

°C). The protein pellet was dissolved in 50 μl of 6 M urea / 2 M thiourea, 10 mM Hepes, 

pH 8.0. After the addition of 1 μg of LysC, digestion was carried out for 3 hours at room 

temperature. We diluted with 4 volumes of 50 mM ammonium bicarbonate and further 

digested the mixture with 1 μg of trypsin overnight at RT. The resulting peptide mixtures 

were either analyzed directly via a single-shot strategy38 or separated into six strong 

anion exchange fractionations as described elsewhere39. We desalted peptides on C18 

StageTips40.

LC-MS-MS
We separated peptides on a Thermo Scientific EASY-nLC 1000 HPLC system (Thermo 

Fisher Scientific, Odense, Denmark). Columns (75 μm inner diameter, 50 cm length) 

were in-house packed with 1.9 μm C18 particles (Dr. Maisch GmbH, Ammerbuch-

Entringen, Germany). Peptides were loaded in buffer A (0.5% formic acid) and separated 

with a gradient from 7% to 60% buffer B (80% acetonitrile, 0.5% formic acid) within 3.5 

hours at 200 nl/min. The column temperature was set to 40 °C. A quadrupole Orbitrap 

mass spectrometer41 (Q Exactive, Thermo Fisher Scientific) was directly coupled to the 

liquid chromatograph via a nano-electrospray source. The Q Exactive was operated 

in a data-dependent mode. The survey scan range was set to 300 to 1,650 m/z, with 

a resolution of 70,000 at m/z 200. Up to the 10 most abundant isotope patterns 

with a charge of ≥ 2 were subjected to higher-energy collisional dissociation42 with 

a normalized collision energy of 25, an isolation window of 2 Th, and a resolution of 

17,500 at m/z 200. To limit repeated sequencing, dynamic exclusion of sequenced 

peptides was set to 30 seconds. Thresholds for ion injection time and ion target value 

were set to 20 ms and 3 × 106 for the survey scans and to 60 ms and 106 for the MS/

MS scans. Data were acquired using Xcalibur software (Thermo Scientific).

Data analysis and statistics
To process MS raw files, we employed MaxQuant software (v. 1.3.10.18)43. We used 

Andromeda44, which is integrated into MaxQuant, to search MS/MS spectra against the 

UniProtKB FASTA database (59,345 forward entries; version from June 2012). Enzyme 

specificity was set to trypsin allowing cleavage N-terminal to proline and up to two 

miscleavages. Peptides had to have a minimum length of seven amino acids to be 
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considered for identification. Carbamidomethylation was set as a fixed modification, and 

acetylation (N terminus) and methionine oxidation were set as variable modifications. 

FDR cutoff of 1% was applied at the peptide and protein levels. Initial precursor mass 

deviation of up to 4.5 ppm and fragment mass deviation up to 20 ppm were allowed. 

Precursor ion mass accuracy was improved by time-dependent calibration algorithms 

in MaxQuant. The cutoff score (delta score) for accepting individual MS/MS spectra was 

17.

Nonlinear retention time alignment of all measured samples was performed in 

MaxQuant. ‘Match between runs,’ which allows the transfer of peptide identifications 

in the absence of sequencing, was enabled with a maximum retention time 

window of 1 minute. Added individual peptide intensities are a rough proxy of each 

protein’s abundance. In order to ensure improved quantification, we applied further 

normalization algorithms built into MaxQuant before making quantitative comparisons 

of the cellular systems. Furthermore, we stringently filtered our data by requiring a 

minimum peptide ratio count of 2 in MaxLFQ45. Protein identification required at least 

one razor peptide43. Proteins that could not be discriminated on the basis of unique 

peptides were grouped into protein groups. Furthermore, proteins were filtered 

for common contaminants44) to which laminin sequences were added to avoid bias 

resulting from the laminin-coating of plates in the case of the iPSC-derived motor 

neuron culture. Proteins identified only by site modification were excluded from further 

analysis. Furthermore, we required a minimum of two valid MaxLFQ quantifications in 

at least one group of triplicates. To quantify fold changes of proteins across samples, 

we used MaxLFQ. To visualize these fold changes in the context of individual protein 

abundances in the proteome, we projected them onto the summed peptide intensities 

normalized by the number of theoretically observable peptides46.

Specifically, to compare relative protein abundances between and within samples, the 

following transformations to the MaxQuant output data were performed. First, log2 

MaxLFQ differences to the mean log2 MaxLFQ intensity of each protein group for each 

sample were calculated, resulting in intensity-independent log2 MaxLFQ differences. 

Then, protein length normalized log2 protein intensities (termed iBAQ values in 

MaxQuant) were added to the MaxLFQ differences. The first transformation provides 

highly accurate information about the protein differences between samples, whereas 
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the second allows one to compare the abundances of different protein groups. 

For statistical and bioinformatic analysis, as well as for visualization, we used the open 

PERSEUS environment, which is part of MaxQuant. For several calculations and plots we 

also used the R framework37. Pearson correlation was performed on filtered MaxLFQ 

intensities omitting missing values (NaN). To identify the most discriminating proteins in 

groupwise comparisons, first we performed imputation of missing values with a normal 

distribution (width = 0.3; shift = 1.8) as described elsewhere47. Then, we applied the 

built-in analysis-of-variance functions in PERSEUS using an FDR of 1% and S0 of 4 (the 

S0 parameter sets a threshold for minimum fold change48). For pairwise comparison 

of proteomes and determination of significant differences in protein abundances, t 

test statistics were applied with a permutation-based FDR of 2% and S0 of 448. The 

resulting significant outliers for each of the sample pairs were analyzed for annotation 

enrichments.

We used outlier populations derived by means of t test statistics in order to determine 

Gene Ontology (GO)49, KEGG50, and UniProt Keyword51 enrichment of categorical 

annotations with an intersection size of at least 8. In Figure 6 this was done by testing 

categorical annotations in individual outlier populations for enrichments compared with 

the complete dataset via Fisher’s exact test with a Benjamini-Hochberg corrected FDR of 

2% (Fig 6E and Supplementary Data Fig 8B-D).

Metabolic profiling using an XF24 extracellular flux analyzer
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

analyzed in an XF24-3 Extracellular Flux Analyzer (Seahorse Biosciences). MNs were 

plated on 24-well V7-PS plates (Seahorse Biosciences) at 150,000 cells per well and 

cultured for 12 days following 3 weeks of differentiation as described above, after 

plating densities were tested at three different concentrations to determine the most 

reliable plating density. Two wells from each plate were left blank as background 

controls. For measurements, cells were gently rinsed with 0.5 ml/well assay medium, 

put into fresh assay medium, and assayed. For OCR analysis, three baseline recordings 

were made, followed by sequential injection of the ATP synthase inhibitor oligomycin, 

the mitochondrial uncoupler p-triflouromethoxyphenylhydrazone (FCCP), and 

the mitochondrial complex 1 inhibitor rotenone. For OCR analysis, three baseline 

recordings were made, followed by sequential injection of glucose, oligomycin, and 
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2-Deoxy-D-glucose (2-DG). Final data were normalized to protein concentration (Micro 

BCA Kit, Pierce) in each well to account for any differences in cell number and size.

Mitochondrial membrane potential (MMP) experiments
MMP was measured using a JC-1 dye and BD FACSCanto II flow cytometer (Becton, 

Dickinson). As previously described, MNs were differentiated and cultured for 12 days. 

At DIV12, iPSC-derived MNs were dissociated into single cells using Accutase (Sigma) 

for 2-3 minutes at 37 °C. Following a thorough wash using hMN culture medium cells 

were incubated with JC-1 dye (Molecular Probes) at RT in the dark for 10 minutes. Cells 

were washed twice using PBS and then resuspended in 0.5 ml of cold PBS. Green and 

red fluorescence of JC-1 dye was quantitated using flow cytometry. Histogram plots and 

analyses of green and red fluorescence intensities were performed using FlowJo 10 

software (TreeStar).

RESULTS
iPSC-derivation and MN differentiation
To establish a human ATXN2-ALS in vitro disease model we collected and reprogrammed 

fibroblasts from five ATXN2-ALS patients with standard protocols as previously described 

using the four Yamanaka factors (for characteristics of all cell lines used, see Table 1)31,52. 

All iPSC-lines were characterized for pluripotency, showed differentiation potential to 

all three germ layers and had a normal karyotype (Supplementary Data Fig 1). On the 

basis of this characterization, we selected clones for further experimental analyses. 

ALS is primarily a motor neuron disease. We therefore differentiated iPSCs into lower 

spinal motor neurons (MNs) using a previously described protocol31,33. Characterization 

of iPSC-derived motor neurons was performed by immunocytochemistry and 

electrophysiology, where we showed that neuronal cultures were positive for ISL1 and 

ChAT and developed electrophysiological mature properties in vitro at DIV12 (Fig 1C and 

D). It is known that different subpopulations of MNs express a variety of (motor neuron) 

markers, and that using a single marker may lead to a significant (of up to approximately 

20%) underestimation of the efficiency of MN differentiation33,53. Furthermore, based 

on gene-expression profiles it may be possible to more precisely characterize lower 

MN subpopulations, such as limb-innervating lateral motor column (LMC) and axial 

muscle-innervating medial motor column (MMC) identities54. To gain more insight 
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into the cellular heterogeneity of our in vitro disease model, we performed single cell 

gene expression experiments by multiplexed linear amplification (Cel-Seq2) on both 

ALS and healthy control iPSC-derived MNs (Fig 1E-G)55,56. These yielded an average of 

~6,000 genes and a median of 20,434 unique transcripts per cell (Supplementary Data 

Fig 2A). A minimum of 10,000 reads was used for any cell to be included for further 

analyses, and the experiment was replicated in a smaller platform of 180 single cells 

(Supplementary Data Fig 3). To determine whether we could identify the MN population, 

we used StemID, an algorithm developed to characterise distinct stem cell populations 

from scRNAseq data57. After calculating pairwise cell-to-cell distances (1 Pearson 

correlation) and clustering cells, we visualized the data in t-distributed stochastic 

neighbour embedding (t-SNE) maps (Fig 1E, and Supplementary Data Fig 2E and 3c)58. 

More than 60% of differentiated cells were identified as being MNs, with cluster-

specific expression of multiple motor neuron markers (e.g. ISL1, ISL2, LMO4, FOXP1, 

and ALADH1A2) (Fig 1F and Supplementary Data Fig 2E). The non-MN population was 

composed of a smaller population of neural progenitors (as defined by SOX2, MKI67, 

and SPARC; blue in Fig 1E), while a third population consisted of interneurons (with high 

expression of GATA2, GATA3, and FEV; red/brown in Fig 1E). 

Previous studies have shown that high expression of FOXP1 is required for LMC 

motor column specification59. Most studies that use iPSC-derived MNs report mixed 

populations of LMC and MMC subtypes, whereas the protocol described here has been 

shown to produce MN cultures with a preference for LMC identity33. In line with this 

evidence our MN population consists mainly of MNs of LMC identity. Additionally, it is of 

importance to gain a deeper understanding of the non-MN population that is present 

in the cell cultures. Further exploration of the interneuron population showed that the 

majority of interneurons belong to the population of V2b interneurons, with strong 

expression of GATA2 and GATA3. Finally, we saw no significant difference in expression 

of ALS associated genes in the three distinct populations or in differentiation potential 

between ALS or healthy control iPSC-lines (Fig 1G and Supplementary Data Fig 2C). 
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Figure 1. iPSCs from ATXN2-ALS patients show normal MN differentiation potential

(A) Experimental outline depicting reprogramming of patient or control fibroblasts to iPSCs, and 
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differentiation of iPSCs into MNs, followed by characterization (in this case scRNAseq experiments). 

(B) Schematic representation of the domain organization of ATXN2 with depiction of different protein 

domains and the polyglutamine repeat expansion (pQ). (C) Representative image of iPSC-derived MN 

culture co-stained for TUJ1, ChAT, and ISL1 (scale bar = 200μm). (D) Current-clamp recording of iPSC-

derived MNs following current injections. MNs were capable of firing repetitive action potentials. (E) 

Results of scRNAseq experiments using 1 sporadic ATXN2-ALS iPSC line and 1 control iPSC line. t-SNE 

map depicting individual cells and cluster numbers assigned by RaceID2, grouping differentiated cells 

into progenitor, interneuron, or motor neuron group respectively. MNs make up the majority of iPSC-

derived neuronal cultures. (F) Heatmap displaying the log2 transformed color-coded transcript counts 

of respective genes related to the progenitor, interneuron, and motor neuron identity. (G) t-SNE maps 

depicting the expression of ATXN2 and other ALS genes for each of the three cell type, showing little 

difference of expression among cell types. Transcript counts are given in a linear scale.

ATXN2 iPSC-derived MNs show in vitro signs of motor neuron degeneration
To ensure that our ATXN2-ALS model is a valid model for studying motor neuron disease 

in vitro, we set out to investigate previously described ALS associated phenotypes. 

Studies using iPSC-lines harbouring familial ALS mutations such as SOD1, TDP43, FUS, 

and C9orf72 have described multiple ALS-specific morphological, cellular, and functional 

phenotypes25,26,60–65. However, no studies have previously investigated whether iPSC-

derived models of sporadic ALS can recapitulate such phenotypes.

We analysed morphological phenotypes by examining soma size in ISL1-positive 

neurons and studied cytoskeletal defects by scanning electron microscopy (sEM). 

No significant differences in soma size were observed when looking at all neurons in 

culture (Fig 2A). However, similar to previous studies using SOD1-ALS MNs, we saw that 

ISL1 positive MNs had a significantly decreased soma size at DIV12 (Fig 2A-C)26. 

Figure 2. ATXN2-ALS iPSC-derived MNs exhibit morphometric differences

(A) Quantification of neuron soma size with values normalized to those of controls (n = 103, p = ns). 

(B) Quantification of ISL1+ MN soma size with values normalized to those of controls. When measuring 

soma size in the MN population, ATXN2-ALS neurons have significantly smaller soma size compared 

with control MNs (n = 33, p < 0.001). (C) Representative image of soma size measurement (white-dotted 

circumference) of ISL1+ control MN. For soma size experiments 3 ATXN2-ALS lines and 3 healthy control 
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lines were examined. (D) Scanning electron micrographs demonstrate structural damage of ATXN2-ALS 

iPSC-derived MNs compared with healthy MNs. Images taken at two different magnifications (10,000-

17,500 or > 30,000). (E) Quantification of ATXN2-ALS neurites showing degenerative signs per viewfield 

compared with neurites of healthy iPSC-derived MNs (n = 57, p < 0.001).
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Ultrastructural analyses of neurons using sEM showed prominent neurite damage 

in disease neurons compared to control neurons, with over 40% of ATXN2-ALS MNs 

showing an abnormal phenotype compared to less than 10% of control neurons 

showing neurite damage (Fig 2D and E). Previous ALS studies using iPSC-derived motor 

neurons have rarely seen in vitro protein aggregation, and it is thought that this is 

an end-stage phenotype in ALS patients in vivo66. As ATXN2 has been shown to be a 

toxic modifier of FUS and TDP-43, we set out to determine if protein aggregation or 

mislocalization played a significant role in pathogenicity in our disease model at this 

early time-point. None of Ataxin-2, TDP-43, or FUS showed either mislocalization or 

protein aggregation in both ALS and healthy control iPSC-derived motor neurons (data 

not shown). Having specifically chosen an early time point, day 12 of culture following EB 

dissociation and plating of MNs, to study the effects of ATXN2 on ALS disease pathology, 

we looked to replicate other known early time point phenotypes. For many phenotypes 

it is uncertain whether they are just generic signs of motor neuron degeneration, or 

whether they are early-onset, driving mechanisms that lead to loss of motor neurons in 

ALS. A study using the SOD1-mouse model sought to explore defects in motor neurons 

preceding neuromuscular denervation67. 

Through retrograde labelling of motor neurons by intramuscular injection of beta 

subunit of cholera toxin, it was shown that Golgi fragmentation precedes both 

neuromuscular denervation and also SOD1 aggregation in motor neurons. To this end 

we performed immunostainings for the cis-Golgi matrix protein GM130 and quantified 

Golgi fragmentation in ATXN2-ALS and healthy control iPSC-derived neurons by confocal 

imaging (Fig 3A-F). We found that a large proportion of disease neurons showed Golgi 

fragmentation (~45%), whereas less than 10% of healthy control neurons showed 

signs of Golgi fragmentation (Fig 3G and H). These findings are consistent with studies 

that found 50-70% of motor neurons in ALS patients showing Golgi fragmentation68–71. 

Interestingly, there seemed to be a dose-dependent effect with the 2 ATXN2-ALS lines 

with homozygous expanded polyglutamine repeats showing more Golgi fragmentation 

than those with a heterozygous polyglutamine repeat expansion of ATXN2 (Fig 3H).
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Figure 3. ATXN2-ALS neuronal cultures show increased Golgi fragmentation

(A-C) Representative images of healthy control iPSC-derived MNs co-stained for TUJ1 and GM130 as a 

marker for Golgi. Magnified images of a typical Golgi is shown in white box in corner of original image 

(scale bar = 200μm). (D-F) Representative images of ATXN2-ALS iPSC-derived MNs co-stained for TUJ1 

and GM130 as a marker for Golgi. Golgi show reduced clustering and more punctate morphology when 

compared to healthy control neurons (see A-C), indicating fragmentation of Golgi. Magnified images of 

a typical Golgi is shown in white box in corner of original image (scale bar = 200μm). (G) Quantification 

of ATXN2-ALS neurons showing Golgi fragmentation compared with healthy iPSC-derived MNs (n =51, 

p < 0.001). (H) Quantification of individual ATXN2-ALS and healthy iPSC-derived MN lines with Golgi 

fragmentation (n = 51, minimum of 5 different view fields counted per individual cell line). As listed in (H), 

3 healthy control iPSC lines and 5 ATXN2-ALS lines were used for Golgi experiments.
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Figure 4. ATXN2-ALS iPSC-derived MNs show altered electrophysiological dynamics

(A) Quantification of ATXN2-ALS and healthy iPSC-derived MN excitability at different currents on day 

12 of culture, with significant hypoexcitability at injected currents of 30 nA (n = 30, p = 0.049), 40 nA (n 

= 30, p = 0.005), and 50 nA (n = 30, p < 0.001).(B) Example of current-clamp recording of control iPSC-

derived MNs following current injections at day 12 of culture. (C) Example of current-clamp recording of 

ATXN2-ALS iPSC-derived MNs following current injections at day 12 of culture. MNs produced fewer spikes 

following current injection compared with healthy MNs. (D) Quantification of ATXN2-ALS and healthy 

iPSC-derived MN excitability at different currents on day 24 of culture, with significant hyperexcitability 

at injected currents of 30 nA (n = 46, p = 0.011), 40 nA (n = 46, p < 0.001), and 50 nA (n = 46, p < 0.001). 

(E) Example of current-clamp recording of control iPSC-derived MNs following current injections at day 

24 of culture. (F) Example of current-clamp recording of ATXN2-ALS iPSC-derived MNs following current 

injections at day 24 of culture. MNs produced more spikes following current injection compared with 
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healthy MNs. For both time points 3 healthy control iPSC lines and 5 ATXN2-ALS lines were used for 

electrophysiology experiments.

Electrophysiological studies have shown that ALS iPSC-derived neurons, irrespective 

of their genotype, display an early hypoexcitability phenotype followed by a late time 

point hyperexcitability phenotype65. We attempted to replicate these phenotypes by 

performing patch-clamp experiments at DIV12 and DIV24 (Fig 4). ATXN2-ALS iPSC-

derived neurons showed an initial hypoexcitability phenotype when compared to 

healthy control iPSC-derived neurons (Fig 4A-C). In contrast to the early time point 

observations, DIV24 MNs exhibited a hyperexcitability phenotype, consistent with the 

results from a previous study (Fig 4D-F)65. Electrophysiological imbalance is one of the 

earliest symptoms to be reported in animal models of ALS72,73, and enhanced excitability 

has also been related to an increased disease susceptibility in other neurodegenerative 

disorders29.

In summary, we found that our ATXN2-ALS iPSC-model showed morphological, cellular, 

and functional phenotypes as previously described for familial ALS models. Importantly, 

early time-point (DIV12) phenotypes were observed, indicating that these phenotypes 

may play a role in the initiation of the underlying biological pathways leading to motor 

neuron degeneration.

Transcriptomic and proteomic pathways are dysregulated by ATXN2
One of the challenging aspects of studying neurodegenerative disorders is determining 

the earliest disease-related defects, and dissecting these from late-onset generic 

neurodegenerative phenotypes. This is all the more important when attempting to 

elucidate causal, disease driving mechanisms.

To compare the neuron-specific gene and protein expression factors that distinguish 

ATXN2-ALS patients from healthy controls at an early disease stage, we performed 

total RNA sequencing (RNAseq) and proteomics analyses on fibroblasts, iPSCs, and 12 

day old iPSC-derived MNs (Fig 5 and 6). First, to compare our iPSC-derived MNs with 

previously published protocols, we performed a comparison of gene-expression of 

several pan-neuronal, specific MN, and non-MN markers with gene expression data 

from iPSC-derived MNs by Amoroso and colleagues33. Motor deconvolution assays 



METABOLIC DYSREGULATION IN A HUMAN IPSC-DERIVED DISEASE MODEL OF ATXN2-ALS 81

estimated a similar proportion of MNs in our culture as to that previously reported, and 

no differences were found between control lines compared to ALS lines (Supplementary 

Data Fig 4A-C).

We found 24 genes that were significantly differentially expressed in ATXN2-ALS neurons 

compared with healthy controls, which were neuron-specific and not found in our 

analyses of fibroblasts and iPSCs (P < 0.05, adjusted for FDR) (Fig 5A-G). ALS-associated 

genes, including C9orf72, FUS, and TDP43, were not differentially expressed in ATXN2-

ALS MNs (Supplementary Data Fig 6A). It has been hypothesised that polyQ expansions 

in one gene can alter gene expression of other polyQ genes74,75. We therefore also 

checked for differential expression of other known polyQ genes, and these too showed 

no differences between disease and healthy control neurons (Supplementary Data Fig 

6B).

While long non-coding RNAs (lncRNAs) are heterogeneous and as of yet incompletely 

characterized, it has been shown that lncRNAs can be relevant to specific disease traits 

and may play a role in transcriptional regulation and alternative splicing76,77. Despite 

a small number of studies on the role of lncRNAs in ALS, evidence for differential 

expression of lncRNAs in other neurodegenerative disorders has been reported78. Here 

we found that 6 lncRNAs are differentially expressed in ATXN2-ALS neurons compared 

with healthy control neurons, all unique for the neuronal stage (Fig 5I-O). Compatible 

with current hypotheses on lncRNAs, we observed a consistently higher expression of 

coding genes compared to lncRNAs across all samples (Supplementary Data Fig 7).

Figure 5. Differential regulation of gene expression in ATXN2-ALS MNs

(A) Volcano plots depicting up- and downregulated gene expression ATXN2-ALS fibroblasts compared 

with control fibroblasts (P < 0.05, corrected for 5% FDR). (B) Hierarchical clustering of differentially 

expressed genes in fibroblast samples (P < 0.05, corrected for 5% FDR). (C) Volcano plots depicting up- 

and downregulated gene expression ATXN2-ALS iPSCs compared with control iPSCs (P < 0.05, corrected 

for 5% FDR). (D) Hierarchical clustering of differentially expressed genes in iPSC samples (P < 0.05, 

corrected for 5% FDR). (E) Volcano plots depicting up- and downregulated gene expression ATXN2-

ALS MNs compared with control MNs (P < 0.05, corrected for 5% FDR). (F) Hierarchical clustering of 

differentially expressed genes in MN samples (P < 0.05, corrected for 5% FDR). (G) Table of differentially 

expressed genes (P < 0.05, corrected for 5% FDR) in MN samples. 
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A B C D

E F G

H I

KJ M

N O

Gene name logFC p-value FDR

NNMT -2,388831795 3,32E-08 0,000512558

PLP1 -1,636368136 1,87E-07 0,000932085

CXCL5 -2,567744232 2,42E-07 0,000932085

HIST1H3H 1,093208531 1,33E-07 0,000932085

HIST1H3B 1,106317111 3,06E-07 0,000946053

HIST1H3F 1,14316425 4,50E-07 0,001156984

ADAM19 -1,085433134 6,55E-07 0,00144386

HIST1H2AG 0,967513333 9,01E-07 0,001738985

PSPHP1 7,888099496 1,99E-06 0,003414543

ASB2 -2,284631011 3,84E-06 0,004558259

TMC5 -1,518327594 3,04E-06 0,004558259

HIST1H2BJ 0,951118841 3,33E-06 0,004558259

HIST1H3G 0,984819429 3,55E-06 0,004558259

HIST1H2BO 1,067775816 4,90E-06 0,005401329

RP11-115D19.1 4,200263863 5,68E-06 0,005846378

PSMD5-AS1 1,598607314 6,41E-06 0,006180541

TSPYL5 -1,75943328 1,38E-05 0,012521547

HIST1H2AH 0,915213358 1,70E-05 0,01458412

EPHA4 -1,274329176 3,13E-05 0,02513939

FILIP1L -1,185864646 3,26E-05 0,02513939

HIST1H3J 0,967896383 3,49E-05 0,025638612

CBLN2 4,865696419 3,71E-05 0,026017779

ITGAV -1,047447493 7,21E-05 0,044533564

GPD1 -1,883633187 6,98E-05 0,044533564

ADAMTSL1 -1,298122403 7,10E-05 0,044533564

L

NONCODE logFC p-value FDR

NONHSAG038190 -2,611621301 5,86E-10 1,17E-05

NONHSAG055048 -1,645813863 3,82E-07 0,003817307

NONHSAG053338 1,590337651 1,30E-06 0,007468784

NONHSAG027484 -1,456063329 1,49E-06 0,007468784

NONHSAG009661 -2,30824202 2,14E-06 0,008568745

NONHSAG018785 -1,99934154 6,99E-06 0,023297644

P
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(H) Venn diagram showing number of differentially expressed genes (P < 0.05, corrected for 5% 

FDR) and overlap between fibroblast, iPSC, and MN samples. (I) Venn diagram showing number of 

differentially long noncoding expressed RNAs (P < 0.05, corrected for 5% FDR) and overlap between 

fibroblast, iPSC, and MN samples. (J) Volcano plots depicting up- and downregulated long noncoding 

RNA expression ATXN2-ALS fibroblasts compared with control fibroblasts (P < 0.05, corrected for 5% 

FDR). (K) Hierarchical clustering of differentially expressed long noncoding RNAs in fibroblast samples 

(P < 0.05, corrected for 5% FDR). (L) Volcano plots depicting up- and downregulated long noncoding 

RNA expression ATXN2-ALS iPSCs compared with control iPSCs (P < 0.05, corrected for 5% FDR). (M) 

Hierarchical clustering of differentially expressed long noncoding RNAs in iPSC samples (P < 0.05, 

corrected for 5% FDR). (N) Volcano plots depicting up- and downregulated long noncoding RNA 

expression ATXN2-ALS MNs compared with control MNs (P < 0.05, corrected for 5% FDR). (O) Hierarchical 

clustering of differentially expressed long noncoding RNAs in MN samples (P < 0.05, corrected for 5% 

FDR). (P) Table of differentially expressed lncRNAs (P < 0.05, corrected for 5% FDR) in MN samples.

Proteomics analyses at this early time point found no proteins were to be significantly 

differentially expressed using stringent cut-offs (P < 0.05, adjusted for FDR), however 

annotation enrichment analyses showed enrichment for pathways such as NADH 

dehydrogenase activity, respiratory chain, mitochondrion, neurotransmitter transport, 

and cytoskeleton (Supplementary Data Fig 8B-D). Interestingly, we also found a 

significant increase in mitochondrion associated protein expression in ATXN2-ALS 

MNs (Fig 6C). PCA showed clustering of the three cell types, and within cell types 

showed clustering of ATXN2-ALS neurons and healthy control neurons (Fig 6D). This 

same pattern was also seen for PCA of the RNAseq data (Fig 5A-C, see heat maps 

respectively).

Strikingly, when we performed 2D annotation analysis of the transcriptomic and 

proteomic datasets, we found that the ‘respiratory chain’ and ‘NADH dehydrogenase 

complex’ annotations were significantly enhanced in ATXN2-ALS derived MNs (Benj. 

Hochberg FDR 2%) (Fig 6E). Previous studies have shown ATXN2 to play a role in 

metabolic functions15–17. Furthermore, both polyQ disorders and ALS have been 

linked with mitochondrial dysfunction26,79–82. Multiple mitochondrion-associated genes 

were significantly down-regulated in the RNAseq dataset (Fig 5G and Supplementary 

Data Fig 6C). Interestingly, when checking all three datasets (scRNAseq, RNAseq, and 

proteomics) NNMT was downregulated in all layers of -omics data, which we then 

validated again by rt-qPCR (data not shown). NNMT encodes the enzyme Nicotinamide 
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N-methyltransferase, and has been shown to be neuroprotective by upregulation of 

complex 1 activity, meanwhile increasing ATP production83,84. 
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Figure 6. Proteomic and transcriptomic analyses reveal disrupted metabolic pathways 

(A) Volcano plots depicting up- and downregulated protein expression ATXN2-ALS fibroblasts 

compared with control fibroblasts (P < 0.05, corrected for 5% FDR). (B) Volcano plots depicting up- 

and downregulated protein expression ATXN2-ALS iPSCs compared with control fibroblasts (P < 0.05, 

corrected for 5% FDR). (C) Volcano plots depicting up- and downregulated protein expression ATXN2-

ALS MNs compared with control fibroblasts (P < 0.05, corrected for 5% FDR). (D) Principal component 

analyses showing clustering of different cell types (fibroblasts, iPSCs, MNs respectively), and ALS samples 

within these clusters (example shown of MN cluster). (E) 2D-annotation analyses combining RNAseq and 

proteomics data reveals enrichment for multiple pathways, including metabolic associated pathways. 

To further investigate the change in gene and protein expression on metabolic and 

mitochondrial associated pathways, we expanded our phenotypical characterization 

and analyzed the metabolic function of ATXN2-ALS iPSC-derived MNs.

ATXN2 induced specific mitochondrial and metabolic changes in human 
motor neurons
Based on the findings of our combined RNAseq and proteomics analyses, we 

investigated the metabolic and mitochondrial function in ATXN2-ALS iPSC-derived 

MNs. During differentiation from human iPSCs into MNs, cells increase mitochondrial 

biogenesis but not mitochondrial mass, suggesting a switch from glycolysis to 

mitochondrial oxidative phosphorylation (OXPHOS)85. To study metabolic changes 

between healthy and ATXN2-ALS neurons we performed metabolic profiling 

experiments using an XF24 Extracellular Flux Analyzer to analyze oxygen consumption 

rates (OCR) and extracellular acidification rate (ECAR). While previous studies have 

shown that there may be an increased glycolysis in ALS models86,87, possibly as a 

compensatory mechanism to decreased mitochondrial respiration capacity, we found 

both a decreased mitochondrial respiration and decreased glycolysis in ATXN2-ALS 

neurons compared with healthy control neurons (Fig 7A-G). We observed compromised 

basal respiration and maximal respiration in ATXN2-ALS neurons compared with healthy 

control neurons, together with reduced ATP production (Fig 7C-E). In contrast to 

increased glycolysis, as a potential compensatory mechanism, we saw that ATXN2-ALS 

neurons showed reduced glycolysis and glycolysis capacity (Fig 7F and G).
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Figure 7. ATXN2-ALS MNs show altered metabolic function and mitochondrial dynamics

(A) Mitochondrial O2 consumption of iPSC-derived MNs at DIV12. After recording basal respiration, 

mitochondrial metabolic state 4 was induced with 1 mg/ml of the ATP synthase inhibitor oligomycin 

(oligo), followed by induction of maximal respiration by the mitochondrial uncoupler FCCP. 

Mitochondrial respiration was subsequently blocked using mitochondrial complex 1 inhibitor rotenone, 

in order to determine spare capacity. Data from one of three replicate experiments are shown as 

mean ± SEM; n = 22 wells. (B) Glycolysis of iPSC-derived MNs at DIV12. After recording basal levels, 

glycolysis was induced by adding glucose, followed by maximum glycolysis by addition of oligomycin. 

Glycolysis was blocked by 2-DG in order to determine glycolytic reserve. Data from one of two replicate 

experiments are shown as mean ± SEM; n = 12 wells. (C) Quantification of basal respiration (reflecting 

cellular ATP demand) shows a significant reduction in ATXN2-ALS MNs (P < 0.012). (D) Quantification 

of maximal respiration reveals a greatly reduced maximal respiration in ATXN2-ALS MNs (P < 0.003). E) 

Quantification of ATP production shows no significant differences between ATXN2-ALS MNs and healthy 

MNs (P = ns). (F) Quantification of glycolysis shows a significant reduction of glycolysis in ATXN2-ALS MNs 

(P < 0.001). (G) Quantification of glycolysis capacity shows a significant reduction in ATXN2-ALS MNs (P < 
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0.008). (H) Schematic of flow cytometry experiment using JC-1 to measure MMP dynamics. (I) There is no 

change in mean fluorescence intensity as measured in the green (FITC) channel between control neurons 

and ATXN2-ALS neurons (p = ns). (J) There is a significant reduction (p = 0.004) in mean fluorescence 

intensity as measured in the red (PE) channel of ATXN2-ALS neurons compared with control neurons, 

indicating a reduction in MMP.

Mitochondrial function was further analysed by measuring mitochondrial membrane 

potential (MMP) of our in vitro-derived MNs. MMP was measured using the JC-1 

assay by flow cytometry analysis (for schematic of experimental design see Fig 7H), 

revealing that ATXN2-ALS neurons showed decreased red mean fluorescence intensity, 

indicative of reduced mitochondrial function (Fig 7I-K), a finding that is in line with the 

impaired mitochondrial respiration observed (Fig 7A). It has previously been reported 

that neuronal activity is increased with mitochondrial function88,89. In summary, the 

reduced mitochondrial respiration and lower MMP of ATXN2-ALS MNs may lead to the 

hypoexcitability phenotype observed at this early time point.

DISCUSSION
We describe the use of human iPSC technology to characterize molecular phenotypes 

associated with intermediate length polyglutamine repeat expansion of ATXN2, one 

of the most robust genetic risk factors to be associated with ALS to date3,6. To our 

knowledge, this is the first such iPSC model to study ATXN2, or in fact any single risk 

factor for sporadic ALS. Following characterization of our iPSC-derived MN model using 

scRNAseq, we noted distinct transcriptomic and proteomic dysregulation at an early 

time-point, namely DIV12. In particular, 2D-annotation analysis revealed metabolic 

disruption, in line with previously described physiological roles of ATXN2 related to 

metabolism. As expected, the differential expression of both genes and proteins was 

only modest. Firstly, we intentionally chose an early time-point, to try and pick up 

early effects that are more likely to drive motor neuron degeneration and less likely 

to be generic signs of degeneration. Secondly, this observation is consistent with the 

fact that intermediate length polyglutamine repeat expansion of ATXN2 only leads to 

a moderate effect size of increased risk of ALS, as is the case for most risk factors in 

complex, polygenic disorders. To further unravel the metabolic dysfunction in ATXN2-

ALS neurons, we showed that ATXN2-ALS neurons had a decreased mitochondrial 

respiration and glycolysis, and that mitochondria in ATXN2-ALS neurons showed 
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a reduced MMP. Finally, this model showed motor neuron phenotypes that are 

consistent with previously reported ALS phenotypes, such as reduced soma size, Golgi 

fragmentation, and electrophysiological dysfunction.

We propose that the physiological, metabolic function of ataxin-2 may be perturbed 

in intermediate length polyglutamine repeat expansion of ATXN2. This is an 

underappreciated role of ataxin-2, and relatively little studies have focussed on this 

so far. However, we believe this could be crucial in developing motor neuron disease. 

Firstly, mitochondrial dysfunction is a common theme in ALS25,81,87,90. Whether this 

may be a more generic cellular phenotype seen in neurodegeneration, or a specific 

endophenotype that occurs early on in motor neuron degeneration is unknown. 

Given our data, we believe there is evidence that this is in fact an early phenomenon 

in ALS disease pathology. Importantly, mitochondrial dysfunction and metabolic 

disruption could help explain the selective vulnerability of motor neurons in ALS and 

electrophysiological dysfunction. We know now that ALS is not exclusively a motor 

neuron disease, and also has significant overlap with frontotemporal dementia 

(FTD). Nonetheless, there is a striking predilection for motor neurons in ALS disease 

progression. To add to this complexity, there are distinct differences within the motor 

neuron population. Whereas the immediate firing MNs that innervate slow-contracting 

fibers (S-type MNs) show hyperexcitability and do not degenerate in ALS mouse 

models, the more vulnerable delayed firing MNs that innervate fast-contracting fibers 

(F-type MNs) do not have an altered excitability54,91,92. It is thought that the selective 

vulnerability of MNs, and also distinct subpopulations of MNs, may be explained by their 

bioenergetic demands29,93,94.

Precise genome editing using CRISPR/Cas9 technology has been used successfully to 

introduce or repair dominant mutations in several neurodegenerative disease models, 

including ALS26,27. This is a powerful tool to dissect distinct molecular mechanisms 

and endophenotypes caused by a specific mutation. However, while most mutations 

are based on point mutations, the genomic editing of repeat sequences can be 

a considerable technical challenge in human stem cells. Nonetheless, to unravel 

ATXN2-specific effects on motor neuron degeneration from ALS generic phenotypes, 

we propose future studies using such techniques to induce various lengths of 

polyglutamine repeat expansions in ATXN2 in healthy control lines. Furthermore, repair 
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of the expanded polyglutamine repeat stretch in ATXN2-ALS lines would help determine 

its contribution to the phenotypes described here. Further studies that unravel 

downstream effects of ATXN2 on motor neuron degeneration are of great importance, 

as this could lead to more targeted therapeutic strategies. While recent reports have 

given hope that ATXN2 is a potential target for treating ALS, very little is known on the 

mechanisms through which such therapy could ameliorate motor neuron degeneration. 

In order to be able to understand which subpopulations of ALS patients would benefit, 

and how to further optimize potential therapies, more mechanistic insight is needed. 

Our work on ATXN2 corroborates previous genetic studies that have established it to 

be one of the most robust genetic risk factors for sporadic ALS3,6, and reiterates that 

ATXN2 is an important player in ALS disease aetiology. This is further highlighted by 

recent work in a TDP43-ALS mouse model where ATXN2 was targeted and improved 

motor function and survival10. While most work on ATXN2 has focussed on its role in 

RNA biology, its role in metabolism has been less well investigated. Our data highlight 

important metabolic dysfunction that may play an important part in motor neuron 

degeneration. Importantly, our human iPSC-model also recapitulates other well 

described ALS phenotypes, underscoring the validity of our model to study motor 

neuron disease. 

In summary, we describe the first human iPSC-derived model for studying ATXN2-ALS, or 

indeed any single risk factor for sporadic ALS. The findings revealed by our ATXN2-ALS 

model based on iPSC-derived MNS represent an important first step in understanding 

the underlying disease mechanisms leading to ATXN2-induced motor neuron 

degeneration, providing an ideal platform for testing and further optimizing the recently 

described therapeutic strategies aimed at ATXN210. 
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SUPPLEMENTARY DATA FIGURE LEGENDS

 

Figure 1. iPSCs pluripotency characterization

(A) Representative image of alkaline phosphatase staining performed on ATXN2-ALS iPSC clone following 

cellular reprogramming (scale bar = 200μm). (B) All iPSC lines had normal karyotypes as depicted by 

example karyogram of healthy control iPSC line. (C) iPSC lines were screened for pluripotency for multiple 

pluripotency markers, as depicted following TRA160/SOX2 co-staining of healthy control iPSC line (scale 

bar = 100μm). (D-F) Differentiation to all three lineages was examined by spontaneous differentiation 

experiments followed by staining for TUJ1 (D) as ectoderm marker, a-smooth muscle actin (E) as 

mesoderm marker, and alpha-fetoprotein as marker for endoderm (scale bar = 100μm).  

Figure 2. scRNAseq data

(A) Distribution of number of unique reads following single cell sequencing, including median number 

of unique reads (20,434) and cut-off (10,000) depicted.(B) Heatmap displaying k-medoids clustering of 

Pearson’s correlation of the whole transcriptome of individual cells from MN differentiation experiments 

after filtering. Numbers indicate clusters. Colours code for Pearson’s correlation. (C) t-SNE map depicting 

individual cells, showing that healthy control and ATXN2-ALS cells are equally distributed over all three 

populations. (D) Differential gene expression analysis between motor neurons and interneurons reveals 

multiple differentially expressed genes. Gray dots indicate genes; red dots indicate significant genes (p < 

10E6). The y axis indicates the log2 fold change, and the x axis shows the mean transcript count over both 

TRA160/SOX2/DAPI
C

A B C

D FE
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groups of cells. (E) t-SNE maps highlighting the expression of marker genes for each of the three main cell 

types. Transcript counts are given in a linear scale.
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Figure 3. scRNAseq replication experiment

(A) t-SNE map of a second, biological replicate experiment consisting of 180 cells depicting individual 

cells and cluster numbers assigned by RaceID2, grouping differentiated cells into progenitor, interneuron, 

or motor neuron group respectively. (B) Heatmap displaying k-medoids clustering of Pearson’s 

correlation of the whole transcriptome of individual cells from MN differentiation experiments after 

filtering. Numbers indicate clusters. Colours code for Pearson’s correlation. (C) t-SNE maps highlighting 

the expression of a key marker gene for each of the three main cell types. Transcript counts are given in a 

linear scale.
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Table 1. RNA quality

 
Sample Cell Type RNA Quality Score (RIN)

Control - OH1.5 Fibroblast 9.90

Control - OH2.6 Fibroblast 10.00

Control - OH3 Fibroblast 10.00

Control - OH4 Fibroblast 9.90

ALS - A18 Fibroblast 10.00

ALS - B11 Fibroblast 10.00

ALS - C3 Fibroblast 9.80

ALS - G1 Fibroblast 9.70

Control - BT8 iPSC 10.00

Control - OH1.5 iPSC 10.00

Control - OH2.6 iPSC 10.00

Control - 35.8 iPSC 10.00

ALS - A18 iPSC 10.00

ALS - B11 iPSC 9.90

ALS - C3 iPSC 10.00

ALS - G1 iPSC 10.00

Control - BT8 Motor neurons 10.0

Control - OH1.5 Motor neurons 9.70

Control - OH2.6 Motor neurons 9.80

Control - OH3.4 Motor neurons 9.10

Control - 35.8 Motor neurons 8.40

ALS - A18 Motor neurons 9.90

ALS - B11 Motor neurons 9.90

ALS - G1 Motor neurons 9.90

ALS - N Motor neurons 8.80

ALS - P Motor neurons 9.30
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Figure 4. MN differentiation analysis by RNAseq

(A) Comparison of gene expression of known MN markers between RNAseq dataset and that of Amoroso 

et al33, showing an equal expression of MN associated genes.(B & C) Low expression of non-MN markers 

by iPSC-derived MNs, similar to that as previously reported33.

 

Figure 5. WGCNA of top identified module in iPSC-derived MNs of individuals with ATXN2-ALS

(A & B) Cluster diagrams of WGCNA of ATXN2-ALS iPSC-derived MNs (C) WGCNA identifies one module 

(greenyellow) as being differentially expressed in ATXN2-ALS.(D) Greenyellow module, with individual lines 

A

B C
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depicted, (E & F) Network diagrams for all modules and of greenyellow module are shown.
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Figure 6. RNAseq data

(A) Differential gene expression analysis of iPSC-derived MN cultures reveals no significant difference 

in expression of any ALS genes in ATXN2-ALS neurons compared with healthy control neurons (p = ns). 

(B) Differential gene expression analysis of iPSC-derived MN cultures reveals no significant difference 

in expression of any polyQ genes in ATXN2-ALS neurons compared with healthy control neurons (p = 

ns). (C) Multiple mitochondrion associated genes are differentially expressed in ATXN2-ALS derived MNs 

compared with healthy MNs.
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Figure 7. lncRNA expression data

(A) Analysis of total expression of coding and lncRNAs shows a consistently higher expression of coding 

RNAs compared with lncRNAs across all fibroblast (4 control vs 3 ATXN2-ALS) lines. (B) Analysis of total 

expression of coding and lncRNAs shows a consistently higher expression of coding RNAs compared with 

lncRNAs across all iPSC (4 control vs 3 ATXN2-ALS) lines. (C) Analysis of total expression of coding and 

lncRNAs shows a consistently higher expression of coding RNAs compared with lncRNAs across all MN (5 

control vs 5 ATXN2-ALS) lines.
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Figure 8. Proteomics data

(A) Differential protein expression analysis of fibroblasts, iPSCs, and iPSC-derived MN cultures reveals 

no significant difference in expression of ataxin-2, TDP43, or FUS in ATXN2-ALS samples compared with 

healthy control samples (p = ns). (B) 1D annotation enrichment for DNA and RNA processes in ATXN2-ALS 

MNs. (C) 1D annotation enrichment for cytoskeleton and membrane processes in ATXN2-ALS MNs. (D) 1D 

annotation enrichment for metabolic and mitochondrial processes in ATXN2-ALS MNs.
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ABSTRACT
Multifocal motor neuropathy (MMN) is a rare inflammatory neuropathy characterized 

by progressive, asymmetric distal limb weakness and conduction block (CB). Clinically 

MMN is a pure motor neuropathy, which as such can mimic motor neuron disease. 

GM1-specific IgM antibodies are present in the serum of approximately half of all 

MMN patients, and are thought to play a key role in the immune pathophysiology. 

Intravenous immunoglobulin (IVIg) treatment has been shown to be effective in MMN in 

five randomized placebo-controlled trials. Despite long-term treatment with intravenous 

immunoglobulin (IVIg), which is efficient in the majority of patients, slowly progressive 

axonal degeneration and subsequent muscle weakness cannot be fully prevented. In 

this review, we will discuss the current understanding of the immune pathogenesis 

underlying MMN and how this may cause CB, available treatment strategies and future 

therapeutic targets.

INTRODUCTION 
Multifocal motor neuropathy (MMN) is a rare immune mediated, pure motor 

neuropathy with a prevalence of at least 0.6 per 100,000 individuals1. The male:female 

ratio is 2.7:11 and the mean age at onset is 40 years, with a range of 20 – 70 years1–3. 

In contrast to other immune-mediated polyneuropathies such as the Guillain-Barre 

syndrome (GBS) or chronic inflammatory demyelinating polyneuropathy (CIDP), onset 

of MMN does not occur in childhood or old age. MMN is characterized by slowly 

progressive, asymmetric muscle weakness in distal limbs. The ulnar, median, radial and 

tibial nerves are most often affected1–4. Muscles may be atrophic, and there is a striking 

lack of sensory symptoms. Other clinical features include muscle cramps, fasciculations, 

and an increase of weakness in cold conditions4,5. For a more comprehensive overview 

of the clinical characteristics and diagnostic criteria we would like to refer to the review 

by Vlam et al4. Persistent conduction block (CB) is the electrophysiological hallmark of 

the disease, and distinguishes MMN from motor neuron disease (MND)6–8. In contrast 

to patients with MND, MMN patients have a normal life expectancy and respond well to 

treatment with intravenous immunoglobulin (IVIg). However MMN does not necessarily 

follow a benign disease course, and up to 20% of patients report relatively severe 

disability predominantly of the upper limbs. The pathophysiology of MMN remains to 

be elucidated. Pathological studies are relatively scarce and have yielded conflicting 
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results9–11. The presence of antibodies against GM1 and the favourable response to IVIg 

treatment support an immune mediated pathophysiology. MMN has a distinct overlap 

in clinical features with acute motor axonal neuropathy (AMAN), the pure motor axonal 

form of GBS, implying an analogy in underlying disease mechanisms. This further argues 

in favour of an immune mediated disease pathophysiology. In this review, we will focus 

on the immune pathophysiology of MMN and on CB, and how this knowledge may help 

to develop novel therapeutic strategies.

IMMUNE PATHOPHYSIOLOGY OF MMN

Anti-GM1 IgM Antibodies
The presence of anti-GM1 IgM antibodies has been documented in the earliest 

descriptions of MMN12, and is, together with the virtually universal response to IVIg, the 

most important clue that MMN is a primarily inflammatory disorder. Prevalence studies 

on GM1 antibodies are complicated by methodological differences and the lack of a 

gold standard to measure the presence and titre of these antibodies13. In a recent study 

we found anti-GM1 antibodies in serum of at least 50% of a large cohort of patients 

with MMN using a very specific ELISA protocol1. With the exception of a minor subset of 

patients with anti-GM2 and anti-GD1b IgM antibodies, both shown to be cross-reactive 

with GM1 in absorption studies, we were unable to corroborate previously reported 

associations with other anti-ganglioside antibodies4. 

Figure 1. Schematic model of putative disease mechanisms in MMN

.Anti-GM1 IgM antibodies may trigger direct and complement dependent damage to axons. In the 

normal physiological situation the node of Ranvier is characterized by clusters of ion channels, held 

together by GM1 and other lipids in so called lipid rafts (I). These voltage gated sodium and slow voltage 

gated potassium channels, together with fast voltage gated potassium channels in the paranodal 

region, maintain normal saltatory conduction. Paranodal myelin is attached to the axon by GM1. 

Activated B cells (plasma cells) produce the pentameric IgM antibodies that bind to GM1, possibly to 

heteromeric complexes containing GM1, cholesterol and galactocerebroside (not depicted in this figure) 

(II). The binding of these anti-GM1 antibodies can lead to the first signs of demyelination and possible 

dysfunction of the voltage gated sodium and slow voltage gated potassium channels. 
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Once there is binding of anti-GM1 antibodies to GM1 the classical complement pathway is activated, 

and deposition of complement factors such as membrane attack complex (MAC) can take place (III). 

While focal demyelination continues, deposition of MAC may lead to further disruption of the Schwann-

cell-axolemma junctions, displacement of ion-channel clustering and disturb membrane integrity at the 

(para)nodal region. Loss of fast voltage gated potassium channels through severe demyelination in the 

paranodal region can lead to leakage of potassium and subsequent hyperpolarization. At the site of 

the neuromuscular junction (NMJ) (IV), anti-ganglioside antibodies are rapidly internalised after binding, 

thus preventing the activation and deposition of complement factors. It is as of yet unknown whether 

retrograde transportation into the proximal part of the axon plays a role in the pathogenesis of MMN.

It is not understood why there is a lack of anti-GM1 antibodies in almost half of MMN 

patients. First of all, this could be due to methodological issues, where a low sensitivity 

could hamper detection of antibodies13.  Furthermore it could be that some, or even all, 

MMN patients harbour antibodies against other, as of yet unknown, antigens14–16. This 

will be discussed in more detail further on. Anti-GM1 IgM antibodies probably belong 
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to the natural antibody repertoire that are secreted by a specific subset of innate B 

cells. In patients with MMN it may well be that anti-GM1 IgM antibodies are produced 

by a single or very few B cell clones, as shown by their restricted immunoglobulin 

light chain use (Cats et al., unpublished data) and the association of MMN with IgM 

monoclonal gammopathy (Vlam et al., unpublished data). High titres of these antibodies 

are associated with MMN and are rare in patients with lower motor neuron disease 

or GBS1,13,17. The titres of anti-GM1 IgM antibodies correlate with their complement-

activating capacity in vitro18,19 and with the severity of muscle weakness1. Assuming a 

pathogenic role of anti-GM1 IgM antibodies, the selective involvement of motor axons 

is not fully understood. The most straightforward hypothesis is that GM1 is selectively 

expressed in motor nerves, implying an increased vulnerability of motor axons to anti-

ganglioside antibodies. Experimental studies have addressed this issue, and one such 

study found GM1 to be more abundant in the ventral roots compared to dorsal roots20, 

but this has not been corroborated in other studies21,22. However, from these studies 

it is also apparent that GM1 is, to some degree, also present in unaffected nerves. 

For this reason, even if there would be a difference in GM1 expression in nerves, this 

cannot be the sole reason for motor neuron selectivity in MMN. Other explanations 

include slight differences in the molecular composition of gangliosides between motor 

and sensory nerves21,23 or differences in the association with other glycolipids or the 

density of these structures on the axolemma of motor and sensory nerves24–26. Findings 

in AMAN support differences in GM1 expression between sensory and motor nerves. 

Furthermore, serum from AMAN patients containing GD1a-specific IgG antibodies 

show preferential binding to motor axons, despite a lack of quantitative differences 

in GD1a ganglioside expression21,27. Differences in the fatty acid chain length of the 

ceramide portion of gangliosides21 or differences in cholesterol content in motor and 

sensory axons could induce changes in the expression of specific GM1 epitopes and 

thereby determine antibody-binding opportunities. Finally, it may be that anti-GM1 IgM 

antibodies bind to both motor and sensory nerves, but that sensory nerves are less 

vulnerable to damage due to differences in biophysical properties. This is supported 

by the finding that slight changes in vibration sense occur in patients with MMN with 

longer disease duration1.

Pathogenic Effects Mediated by Anti-GM1 Antibodies
Anti-GM1 IgM antibodies may trigger direct and complement dependent damage 
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to axons (see Fig 1). Experimental models of AMAN have illustrated that interaction 

of anti-ganglioside antibody with complement is a crucial step in the pathogenesis. 

Complement-activating properties of anti-GM1 antibodies were associated with the 

occurrence of weakness in the rabbit model of AMAN28. Complement activation leads 

to structural alterations in the paranodal region and subsequent disruption of ion 

channel integrity29 through activation of the classic complement pathway that results 

in formation of membrane attack complex (MAC). MAC is a porin that compromises 

membrane integrity29,30, allowing uncontrolled ion flux. This may eventually lead to 

calpain activation and subsequent paralysis of the endocytic machinery of the cell 

and disruption of sodium channels, allowing further binding of antibodies to the 

axolemma31. Interestingly there is an increased vulnerability to complement mediated 

injury of distal nodes of Ranvier in motor axons compared to proximal nodes30, possibly 

explaining the distal dominant pattern of weakness as observed in patients. The use of 

complement inhibitors abrogates the anti-ganglioside antibody mediated damage in 

animal models, providing more evidence for complement dependent pathology30,32,33. 

Although in vitro or animal models for MMN are not available, several studies have 

shown that anti-GM1 IgM antibodies in sera from patients with MMN also activate the 

classic complement pathway, and that their complement-activating potential correlates 

with antibody titres18,34 and weakness (Vlam et al, unpublished data). High innate 

activity of the classical complement pathway and efficient activation of this pathway 

correlates with both more severe axonal loss and weakness in MMN patients (Vlam et 

al, unpublished data).

Blood Nerve Barrier Disruption
The peripheral nerves are protected by the blood-nerve barrier (BNB) from 

inflammatory cells and antibodies. The large molecular size of anti-GM1 IgM antibodies 

(900 kD)35 suggests that BNB disruption plays an important role in MMN pathogenesis. 

Rare pathological studies have reported perivascular lymphocytic infiltration in the 

endoneurial microvessels of the BNB9–11. The presence of circulating cytokines, such 

as VEGF, TNF-α, and IL-1β, appears to be linked to dysfunction of the BNB in MMN 

patients36. A recent study using an in vitro BNB model, consisting of conditionally 

immortalised human BNB-derived endothelial cells, has suggested that VEGF is the 

main effector molecule linked to the pathogenesis of the BNB breakdown37. Although 

serum concentrations of VEGF did not differ between MMN patients and healthy 
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controls, the addition of a neutralising anti-VEGF antibody to the MMN sera resulted in 

restoration of BNB function37. VEGF secretion by endothelial cells was increased after 

incubation with MMN sera, suggesting the effect of VEGF occurred via an autocrine 

mechanism.

Presynaptic Motor Nerve Terminal Uptake
In addition to gangliosides in the paranodal region of motor neurons, several studies 

suggest that autoantibodies may also target antigens in the presynaptic membrane 

of the neuromuscular junction (NMJ). Gangliosides at this site are likely targets since 

their density at the synaptic membrane is relatively high38, and there is no BNB to offer 

protection. Gangliosides at the presynaptic membrane of the NMJ undergo recycling 

through endosomal pathways39. Despite their physiological synaptic abundance, 

the role of complex gangliosides at the NMJ is unclear. They seem dispensable for 

transmitter release and more specifically electrophysiological signal propagation at the 

neuromuscular junction. This is supported by normal electrophysiological properties 

in transgenic mice lacking all gangliosides except for GM340,41. Studies using in vitro 

incubation of mouse hemidiaphragm preparations with anti-ganglioside antibodies 

showed nerve terminal damage and electrophysiological investigations revealed 

block of signal transmission42. It must be noted that this process was complement-

dependent. The relevance of this mouse-model for MMN pathogenesis is unknown. 

A recent study by Fewou et al39 showed that rapid internalisation of anti-ganglioside 

antibodies at the presynaptic membrane prevented complement-mediated cytotoxicity. 

This protective mechanism is not available at the nodes of Ranvier and paranodal 

regions, and could thus explain why dysfunction of these structures underlies MMN 

pathogenesis. In contrast to the local (para)nodal neurotoxic effect, the effect of 

antibody internalisation and retrograde transport is not fully understood. Further 

studies are needed to determine the possible toxic effect of antibody uptake and 

retrograde transport39.

Origin of Pathogenic Antibodies
The mechanisms of B cell activation leading to elevated anti-GM1 IgM titres in MMN 

are yet to be established. Unlike AMAN, associations with preceding microbial or viral 

infections leading to the production of cross-reactive anti-ganglioside antibodies 

through molecular mimicry have not been reported in MMN43; the slowly progressive, 
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chronic nature of MMN makes studying preceding infections more challenging 

compared to the more acute disease course of for example AMAN. Alternatively, 

monoclonal B-cell proliferation is suggested by an increased frequency of IgM 

monoclonal gammopathy, which is seen more frequently in patients compared to 

healthy controls (Vlam et al, unpublished data). However there are no studies on the 

cellular content of bone marrow of patients with MMN. MMN lacks features of classic 

autoimmune disease, with a lack of response to corticosteroid treatment and a male 

predominance. Nevertheless, we found a slightly increased frequency of autoimmune 

disease in MMN patients as compared to controls, suggesting shared pathogenic 

mechanisms44. The HLA-DRB1*15 haplotype was increased among Dutch patients 

with MMN, similar to patients with multiple sclerosis and female patients with chronic 

inflammatory demyelinating polyneuropathy (CIDP)29. Since there is no evidence that 

T-cells play a role in MMN pathogenesis, the association with HLA-DRB1*15 may reflect 

an increased propensity for the production of autoantibodies, as has been suggested 

for a number of other disorders45.

Anti-GM1 IgM Negative Cases: Antibodies Against Other Antigens?
Approximately half of all patients with MMN lack elevated titres of anti-GM1 IgM 

antibodies in enzyme-linked immunosorbent assay (ELISA)1,13. It is unknown whether 

these patients have low titres of anti-GM1 IgM antibodies that are undetectable with 

ELISA, or whether they have antibodies against other, as of yet unidentified, antigens. 

The clinical characteristics of patients with and without anti-GM1 antibodies do not 

differ, and treatment response is seen in seropositive as well as in seronegative 

patients19,46, although weakness and disability are somewhat more pronounced in 

seropositive cases on a group level1. Antibodies against NS6S (a disulphated heparin 

disaccharide) have been found in patients with chronic inflammatory neuropathies, 

and possibly in MMN47. However, the relevance of NS6S as an antigen in MMN 

pathogenesis remains to be corroborated. Earlier studies have suggested that 

heteromeric complexes including GM1 facilitate increased binding of GM1-specific 

antibodies. Heteromeric complexes are structurally distinct glycolipids that interact to 

form new molecular shapes capable of enhancing recognition by antibodies48. Although 

we did not find antibodies to combinations of gangliosides in sera from patients with 

MMN1,48, anti-GM1 IgM antibodies have been shown to bind more strongly to a lipid 

mix of GM1, galactocerebroside and cholesterol (GGC)14. These results have recently 
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been reproduced using both combinatorial glycoarray and ELISA, suggesting that 

GM1/galactocerebroside complexes are specific antigens in MMN15,16. The idea that 

heteromeric complexes, where accessory lipids besides GM1, play a crucial role in the 

binding of GM1-specific IgM antibodies and that possible interplay between glycolipids 

in the bilipid membrane of axons can substantially increase antibody binding is of 

great interest in MMN. On a structural level there are three mechanisms in which 

heteromeric complexes are thought to alter antiganglioside antibody binding; through 

conformational modulation, steric hindrance and the generation of neo-epitopes48. The 

formation of neo-epitopes by structural alteration is yet to be proven at a molecular 

level. However, it has been shown that cholesterol can induce changes in ligand binding 

to glycolipids, by inducing a tilt in the glycolipid receptor headgroup49. It is therefore not 

unthinkable that galactocerebroside and cholesterol interact with GM1 in such a way 

that its receptor affinity is significantly enhanced. On the one hand these recent studies 

provide hope that the ELISA methodology and subsequent sensitivity can be further 

increased, while on the other hand it offers new insights into anti-ganglioside antibody 

induced pathogenesis.

Relationship Pathophysiology and Symptoms
How GM1-specific IgM antibody mediated immune pathophysiology eventually 

leads to conduction block and muscle weakness is not fully understood. Proposed 

mechanisms of conduction block are threefold, namely through paranodal or 

segmental demyelination, abnormal resting membrane potential, and finally disruption 

of the clustering of nodal sodium channels and GM1 in lipid rafts50,51. Experimental 

models suggest that binding of anti-GM1 IgG52 to GM1 in the axolemma causes 

blocking and disruption of sodium channels. Sodium channel clustering is crucial for 

nerve conduction since it safeguards the safety factor for generating action potentials 

and thus propagation of the signal. Electrophysiological studies have shown signs of 

dysfunction at the nodes of Ranvier, with resting membrane changes around sites of 

CB. Through paranodal disruption edema and GM1-antibody complexes may preclude 

optimal functioning of the electrogenic Na+/K+ ATPase to correct for continuous 

Na+ influx resulting in permanent focal depolarization. Distal of the CB, permanent 

hyperpolarization is seen probably due to overactivation of Na+/K+ ATPase in order to 

remove the Na-accumulation; since, per cycle, the pump removes 3 Na+ from the axon 

in exchange for 2 K+, increased activity results in a more negative membrane potential. 
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One hypothesis is that at sensory nerves the density of Na+/K+ ATPase is higher and 

their cumulative function can correct for the ion fluxes so no conduction block is 

seen50,53–56. The relatively rapid response to IVIg treatment in all probability does not 

reflect remyelination, and is more likely due to a decrease in persistent Na+ current57. 

GM1 also plays a role in axo-glial integration and binding of anti-GM1 IgM disrupts 

this resulting in demyelination and finally to axonal degeneration. Paresis of muscles 

innervated by affected nerves is the end result. However, on nerve conduction studies 

more conduction abnormalities are seen than can be expected from a clinical point of 

view58. It is not clear which mechanisms can explain this discrepancy. One possibility is 

that findings from nerve conduction studies precede clinical symptoms, but long-term 

follow up studies to evaluate this are yet to be performed.

TREATMENT
The only effective treatment options for MMN are intravenous immunoglobulin (IVIg) 

and possibly subcutaneous immunoglobulin (SCIg)3,4,59,60. The response rate to IVIg 

is around 70-94%59,61,62. Plasma exchange and corticoids, effective in other immune 

mediated neuropathies like CIDP, are not effective and can even lead to a clinical 

deterioration. The use of high-dose cyclophosphamide, a potent B cell suppressor, 

could reduce symptoms, however, the risk of adverse events including neoplasms 

precludes long-term usage3,4. Add-on therapy with immunosuppressive drugs has 

been reported, but has not been assessed in randomized trials with the exception 

of mycophenolate mofetil, which did not alter clinical functioning or weekly IVIg 

dosage63. IVIg exerts a range of immune modulatory mechanisms, but it has not been 

established which are most relevant in MMN. Since complement most probably plays 

an important role in MMN pathogenesis, complement attenuation by IVIg could be of 

great significance. IVIg may prevent C3 deposition in nerves and also reduce serum 

concentration of key components of the classical complement pathway such as C1q 

and C418,34, which are crucial in the pathogenesis of immune mediated neuropathies29. 

Additional complement-modulating treatment strategies may therefore be worth 

pursuing. Eculizumab, a monoclonal antibody against C5 that prevents formation 

of membrane attack complex (MAC), was safe in a small-scale pilot study, but more 

detailed studies are needed to assess efficacy64. Nafamostat mesilate, a serine protease 

inhibitor with complement attenuating properties, was tested in animal models for 
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AMAN. It prevented complement deposition and (subsequently) sodium channel 

disruption65. Up to this point it has not been tested in patients with MMN. Another 

interesting approach is depletion of autoreactive B-cells. Beneficial effects of Rituximab, 

a monoclonal antibody against a B-cell specific antigen CD20, have been reported 

in some studies, but most have not shown a sustainable effect66,67. Efficacy of this 

biological may be restricted to patients with specific genotypes of the IgG Fc receptor 

expressed on NK-cells, i.e. FcγRIIIA (FcγRIIIA-V/V1158), as was suggested by a recent 

study in patients with a polyneuropathy associated with IgM monoclonal gammopathy68. 

Other Future Treatment Strategies
Tailor-made IVIg therapy for patients with MMN may be another approach to improve 

treatment efficacy. Initial treatment with IVIg typically consists of a dose of 2 g per 

kg bodyweight in a 2 to 5 day course. Maintenance treatment of 0.4-1.0 g per kg 

bodyweight every 1 to 4 weeks is required in most patients to maintain improved 

muscle strength. Peak concentration of IgG is detected immediately after infusion, 

and rises to a 4-fold of normal levels69. There are nevertheless large differences in IgG 

pharmacokinetics between patients. In patients with GBS, lower peak concentrations 

after IVIg administration were an independent predictor of unfavourable outcome70. 

A recent study of IgG pharmacokinetics in 23 MMN patients during first IVIg 

administration showed a similar trend. Higher IgG elevation on day 1 was associated 

with a response to IVIg19. SCIg has been proposed as an alternative to IVIg. A drawback 

is that currently SCIg treatment is only possible using small volumes and that 

patients will have to use multiple infusions at multiple sites. The use of recombinant 

hyaluronidase (rHuPH20) allows a 10-15 fold volume increase of subcutaneously 

delivered IgG and this may be a useful addition for future therapy71. Besides immune 

modulatory therapies, improving conduction properties of nerves may be another 

approach. 3,4 Diaminopyridine is a broad-spectrum inhibitor of fast voltage-activated 

K+ (Kv) channels and improved action potential propagation in in vitro models of 

demyelination. In previous studies, it had no significant change on clinical outcome or 

on conduction blocks in small patient groups with CIDP, MMN, and GBS and this was 

confirmed in a double blind placebo controlled study72,73. The duration of administration 

lasted only several days and longer schedules may be worth considering in future trials.
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CONCLUDING REMARKS
MMN is a rare pure motor neuropathy characterized by predominantly distal, 

asymmetric limb weakness with CB as an electrophysiological hallmark. Despite the 

fact that the pathogenesis of MMN is yet to be fully understood, there are clear signs 

suggesting an immune-mediated pathogenesis. A beneficial response to IVIg underlines 

this, as does the presence of anti-GM1 IgM antibodies in more than half of MMN 

patients. The origin of these antibodies together with the mechanism how anti-GM1 

IgM antibodies exert their neurotoxic effect at a molecular level remains unclear. 

However functional studies have shown complement activating potential of patient 

sera harbouring anti-GM1 IgM antibodies, and models of AMAN have highlighted the 

importance of complement dependent pathology. Future research will be required 

to determine the exact binding epitope of anti-GM1 antibodies, and if heteromeric 

complexes containing GM1 and other lipids in any way influence the binding affinity 

of these or other unknown antibodies. Regardless of the underlying molecular 

mechanism, it is the phenomenon of persistent conduction block and ultimately axonal 

degeneration that results in muscle weakness. To date the only available treatment 

is IVIg, which is efficacious in most patients. However long term disability remains a 

problem, as muscle weakness is slowly progressive in the majority of patients despite 

treatment. A tailor-made approach to modify IVIg therapy seems to be the best way 

to improve current outcome for MMN patients. Other modes of therapy could be 

improving the conduction properties of nerves or attenuating complement activation. 

Further studies are necessary to unravel the exact underlying disease mechanism and 

uncover novel therapeutic targets for this chronic and potentially debilitating disorder.
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ABSTRACT
Objective: We investigated the pathogenicity of 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 microscopy. 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 ELISA, but not with sera from 

(disease) controls. Competition 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 -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 links 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.

INTRODUCTION
Multifocal motor neuropathy (MMN) is an inflammatory peripheral neuropathy that 

causes progressive weakness in young and middle aged patients1,2. It is characterized 

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 

nerves1. 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 disease2. 

Treatment response to intravenous immunoglobulins (IVIg) is often incomplete and 
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accumulating axonal damage eventually results in moderate to severe disability in a 

significant proportion of patients with MMN2–4. The development of more effective 

treatment strategies for MMN depends on a better understanding of the underlying 

aetiology and the development of disease models that recapitulate important disease 

characteristics is therefore crucial.  

The presence of anti-GM1 IgM antibodies was reported in the earliest descriptions 

of MMN, and their complement-activating properties in vitro were documented more 

recently5–9. However, their pathogenicity to nerves remains to be established. Since 

CB and anti-GM1 specificity of IgG autoantibodies are also characteristics of acute 

motor axonal neuropathy (AMAN), a pathogenic model of MMN in which anti-GM1 IgM 

antibodies cause complement-mediated structural changes at the nodes of Ranvier has 

been proposed. IgM antibody binding to GM1 could additionally disrupt several of its 

important physiological functions, for example as receptor modulator of neurotrophic 

factors that control neuritogenesis and apoptosis, or as part of multi-molecular 

assemblies in lipid rafts in membrane signaling and trafficking10–13.  

Human iPSC-derived MNs have been used successfully to model amyotrophic lateral 

sclerosis (ALS) and have led to the identification of early functional phenotypes 

and downstream disease pathways14–19. In the present study, iPSCs-derived motor 

neurons (MNs) helped to establish the pathogenicity of IgM anti-GM1 antibodies via 

both complement-dependent and independent pathways. Antibody binding was also 

present in iPSC-derived sensory neurons, however did not lead to structural damage. 

These results demonstrate that iPSC-derived MNs are a powerful tool for studying 

the pathophysiology of MMN and possibly other antibody-mediated inflammatory 

neuropathies.

MATERIALS AND METHODS
Patients and Controls
Serum was obtained from 39 patients with MMN, 20 gender- and age-matched (+/- 5 

years) healthy controls and 21 ALS disease controls and stored at -80 °C. All participants 

were Caucasian and of Dutch descent. Patients fulfilled the diagnostic consensus 

criteria for MMN and revised El Escorial for ALS20,21. Anti-GM1 IgM antibody titers had 

previously been determined by ELISA (enzyme-linked immunosorbent assay)22. Healthy 
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controls consisted of persons without systemic infections, 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 three healthy individuals under a protocol 

approved by the institutional review board. Human fibroblasts were maintained in 

culture in mouse embryonic fibroblast (MEF) medium containing DMEM glutamax 

(Life Technologies), 10% fetal bovine serum (Sigma), and 1% penicillin/streptomycin 

(Life Technologies). Cells were cultured at 37 °C with 5% CO2. Cellular 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. 

Figure 1. Characterization of human iPSC-lines
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(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 ES 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.

Subsequently, viral transduction was performed with a lentiviral vector mixture 

containing MEF medium, 4 mg/ml hexadimethrine bromide (Sigma) and lentiviral vector 

expressing OCT4, KLF4, SOX2 and c-MYC23. Following a 24-hour incubation, cells were 

washed three times with PBS and cultured for 5 days in MEF medium. Thereafter, 

cells were incubated with Trypsin-EDTA (Life Technologies) and transferred to a 10 

cm dish, precoated with 0.1% gelatin, containing a confluent layer of irradiated 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), non-essential amino acids (Life Technologies), β-mercaptoethanol (Merck 

Millipore), and 20 ng/ml recombinant human fibroblast growth factor-basic (bFGF) 

(Life Technologies). Colonies of iPSCs were manually picked after 3-6 weeks for further 

expansion and characterization. iPSCs were maintained in huES medium, cryopreserved 

after 4-6 passages, and stored in liquid nitrogen. 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 

(Stem Cell Technologies). Feeder-free cultured iPSCs were passaged enzymatically using 

Accutase (Innovative Life Technologies). All cell lines were routinely (every 2 weeks) 

tested for mycoplasma infections.

Motor Neuron Differentiation
Motor neuron differentiation (illustrated in Fig 1A) was performed using a modified 

version of previously established protocols24,25. In short, embryoid body (EB) formation 

was accomplished through a standardized microwell assay26,27. iPSCs were detached 

and seeded in microwells at a density of 150 cells/microwell in huES medium 



128  CHAPTER 5

supplemented with 10 μM Y-27632 (Axon Medchem) 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), non-essential amino acids (Life Technologies), N2 

supplement (Life Technologies), and 20% D-glucose (Sigma). For neuralization of EBs, 

dual-SMAD signaling was inhibited between day 1-5 using 10 μM SB431542 (Axon 

Medchem) and 0.2 μM LDN193189 (Myltenyi Biotec), respectively. During the first 

four days, 10 μM Y-27632 (Axon Medchem) was used to inhibit cell death. EBs were 

carefully flushed out of the microwells using NIM containing 10 μM SB431542 (Axon 

Medchem), 0.2 μM LDN193189 (Mylteyi Biotec), 1 μM retinoic acid (Sigma), and 10 

ng/ml brain-derived neurotrophic factor (BDNF) (R&D systems) and transferred to a 

non-adherent 10 cm petri dish (Greiner Bio-one). EBs were kept in suspension culture 

and medium was changed every other day using NIM containing 1 μM retinoic acid 

(Sigma), 1 μM smoothened agonist (Merck Millipore) and 10 ng/ml BDNF (R&D systems). 

From day 16 onwards, medium was changed every other day using neurobasal 

differentiation medium (NDM) containing Neurobasal (Life Technologies), penicillin/

streptomycin (Life Technologies), L-glutamine (Life Technologies), non-essential amino 

acids (Life Technologies), N2 supplement (Life Technologies), B27 minus vitamin A (Life 

Technologies), and 20% D-glucose (Sigma) supplemented by 1 μM retinoic acid (Sigma), 

1 μM smoothened agonist (Merck Millipore), 10 ng/ml BDNF (R&D systems), 10 ng/ml 

glial cell line-derived neurotrophic factor (GDNF) (R&D systems), and 10 ng/ml ciliary 

neurotrophic factor (CNTF) (R&D systems). From day 21-31, EBs were dissociated using 

Papain (Worthington Biochemical Corporation) and DNAse (Worthington Biochemical 

Corporation). Cells were resuspended in human motor neuron medium (huMNM) 

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

L-glutamine (Life Technologies), non-essential amino acids (Life Technologies), 

N2 supplement (Life Technologies), and B27 minus vitamin A (Life Technologies) 

supplemented by 10 ng/ml BDNF (R&D systems), 10 ng/ml GDNF (R&D systems), and 10 

ng/ml CNTF (R&D systems) and plated on PDL-laminin-coated coverslips at the required 

density. Coverslips with MNs were then co-cultured with primary mouse glia for 2-3 

weeks.

Sensory Neuron Differentiation
Sensory neuron differentiation was performed by directed differentiation of iPSC lines 
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following a previously established protocol28,29. In short, iPSCs were grown to 75% 

density, after which medium was changed to huES medium with the addition of 10 μM 

SB431542 (Axon Medchem) and 0.2 μM LDN193189 (Myltenyi Biotec) as dual-SMAD 

inhibition. From day 5 onwards 10 μM CHIR99021 (Sigma), 10 μM DAPT (Sigma), and 

10 μM SU5402 (Sigma) were added to the previously described medium. Between 

day 8-10, when fully confluent, cells were passaged and plated on PDL-laminin-coated 

coverslips. From day 10 onwards medium was replaced with neural growth medium 

(NGM), containing DMEM-F12 (Life Technologies) and 10% fetal bovine serum (Sigma), 

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

ml NGF (PeproTech), 10 ng/ml NT-3 (Peprotech), and 200 μM ascorbic acid (Sigma).

Electrophysiological Recordings
iPSC-derived MNs were plated on 13 mm coverslips following 3 weeks of differentiation 

and co-cultured with primary mouse glia for at least 14 days. Coverslips with neuronal 

cultures were placed in a recording chamber, continuously perfused at room 

temperature (21 °C) with artificial cerebrospinal fluid containing 120 mM NaCl, 3.5 

mM KCl, 1.3 mM MgSO4, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 10 mM D-glucose, and 25 

mM NaHCO3, gassed with 95% O2 and 5% CO2, pH 7.4. Using an upright microscope 

(Axoiskop, Zeiss), individual MNs were visualized and selected for whole cell current 

clamp recordings. Patch pipettes for recording were produced from borosilicate glass 

(1.5 mm outer diameter, 0.86 mm inner diameter; Harvard Apparatus Limited; pipette 

resistance ~4-5 MΩ) on a P-97 Flaming/Brown micropipette puller (Sutter Instruments) 

and filled with pipette solution containing: 140 mM K-methanesulfonate, 10 mM HEPES, 

0.1 mM EGTA, 4 mM MgATP, 0.3 mM 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) amplifier. The responses were filtered at 5 kHz 

and digitized at 10 kHz using Digidata 1322A, Axon Instruments, USA. All data were 

stored and analyzed on a PC using pClamp 9.0 and Clampfit 9.2 (Axon Instruments). 

Recordings with a series of resistance of less than 2.5 times the pipette resistance were 

accepted for analysis. If necessary, with a small holding current, MNs were kept at -65 

mV before the start of the current protocol. In 10 steps of 10 nA with an interval of 

30 seconds and duration of 500 ms, the cells were depolarized to induce spike trains. 

Also, hyperpolarizing current steps of -10 nA were included to study hyperpolarizing 

membrane properties.
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Immunocytochemistry and Microscopy
Cells were fixed with 4% paraformaldehyde for 10 min at room temperature (RT). 

Samples were permeabilized with 0.1% Triton X-100 (Sigma) for intracellular stainings, 

and subsequently blocked using 20% goat serum in 2% BSA/PBS for 45 min at RT. 

Following a PBS wash, samples were incubated 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 

three times with PBS, and incubated with appropriate Alexa Fluor labeled secondary 

antibodies for 1 hour at RT. Finally, cells were washed and mounted with Prolong Gold 

reagent with Dapi (Invitrogen).

The following commercial antibodies were used: rabbit anti-Oct-4A (Stem Light 

Pluripotency Antibody Kit, Bioke), rabbit anti-Sox2 (Stem Light Pluripotency Antibody 

Kit, Bioke), rabbit anti-Nanog (Stem Light Pluripotency Antibody Kit, Bioke), mouse anti-

SSEA4 (Stem Light Pluripotency Antibody Kit, Bioke), mouse anti-TRA160 (Stem Light 

Pluripotency Antibody Kit, Bioke), mouse anti-TRA181 (Stem Light Pluripotency Antibody 

Kit, Bioke), rabbit anti-Tubulin-β3 (Sigma), mouse anti-Nestin (Bio connect), mouse anti-

Hb9 (DSHB), mouse anti-Isl-1 (DSHB), goat anti-ChAT (Millipore), cholera toxin B subunit 

(Sigma), cholera toxin B subunit-Alexa488 conjugate (Invitrogen), goat anti-human 

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

anti-Brn3a (Santa Cruz Biotechnology), and rabbit anti-Peripherin (Merck Millipore). We 

used Streptavidin-Alexa555, Alexa488, and Alexa568 secondary antibodies (Invitrogen). 

Other reagents used were C1q-depleted serum (CompTech), and C5-depleted serum 

(CompTech).

Images were acquired using either an Olympos Fluoview FV1000 confocal microscope 

or a Zeiss AxioScope microscope followed by image analysis using ImageJ (NIH) 

software.

Live cell Ca2+-imaging and imaging analysis
iPSC-derived MNs were plated on 18 mm round coverslips following 3 weeks of 

differentiation and co-cultured with primary mouse glia for 14 days. Live-cell calcium 

imaging recordings were obtained via epifluorescence microscopy in neuronal cultures 

two weeks after plating. Prior to imaging, neuronal cultures were loaded with a Ca2+-
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sensitive fluorescent indicator, Oregon Green BAPTA-1 (Sigma), and incubated for 50 

minutes at 37 °C. For imaging, cells were mounted in a recording chamber and 1ml 

HEPES (140 mM NaCl, 5mM KCl, 2 mM CaCl, 1 mM MgCl, 10 mM HEPES, pH 7.3) buffer 

was added. Cells were maintained at 37 °C for the full duration of imaging experiments. 

All imaging used a movable live cell specimen stage of a Nikon Ti microscope. Images 

were captured using a 20x objective and MicroManager imaging software. Baseline 

measurements were obtained for 10 minutes prior to serum incubation. Serum was 

then added at a dilution of 1:50, after which imaging continued for 10 minutes. Image 

analysis 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 

motor neurons19, were selected manually in ImageJ for analysis based on morphology, 

and their soma was selected as region of interest (ROI) for further measurements. All 

longitudinal imaging recordings were monitored to ensure ROIs did not drift off somata 

of selected neurons. Fluctuations in Ca2+ signals following serum incubation were 

assessed using a Student’s t-test in R (http:/r-project.org).

Scanning Electron Microscopy
Neuronal cultures were incubated with PBS, HPS, heat-inactivated MMN serum, MMN 

serum, or heat-inactivated MMN serum with HPS as an external complement source. 

Incubation was performed at 37 °C 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% 

hexamethyldisilizane (HDMS) and finally 100% HDMS. Samples were mounted onto 

aluminum specimen mounts (Agar Scientific), followed by coating with 1 nm gold using 

a Quorum Q150R S Rotary-Pumped Sputter Coater. Samples were examined with a 

FEI Nova NanoSEM 200 scanning electron microscope operated with an accelerated 

voltage of 10 kV at a magnification of 7500x using a Phenom Pro desktop scanning 

electron microscope and Pro Suite software (PhenomWorld).

Statistical Analysis
Co-localization of GM1 and anti-GM1 IgM in human iPSC-derived motor neurons 

was analyzed using the JACoP plugin for ImageJ. Costes’ automatic thresholding was 
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applied to determine optimal threshold for each channel. Linear regression analysis of 

quantified co-localization of serum incubation experiments was performed to establish 

correlation between anti-GM1 titer and correlation coefficient. Statistical analyses 

were performed in R (http:/r-project.org). Fluctuations in Ca2+ signals following serum 

incubation were assessed using a Student’s t-test in R (http:/r-project.org). Continuous 

variables with normal distribution were compared using 2-tailed Student t-test or 

analysis of variance.

RESULTS
Generation of iPSCs and functional motor neurons that 
express GM1 gangliosides
We derived fibroblasts from three healthy controls, and reprogrammed them using a 

lentiviral vector encoding KLF4, SOX2, OCT4 and c-MYC23,30. iPSC lines were expanded and 

extensively characterized using a range of standardized pluripotency assays (Fig 1B-G). 

Reverse transcription-PCR was performed to ensure viral expression of transcription 

factors was silenced in all selected iPSC clones (Fig 1G). Karyotyping of all iPSC lines 

showed they harbored no chromosomal aberrations (Fig 1E). iPSC lines were tested 

for differentiation potential by spontaneous differentiation assays, showing competent 

differentiation into mesoderm, endoderm and ectoderm (data not shown).

We differentiated iPSCs into MNs expressing Nestin, Tubulin-βIII, and ISL1 using 

a modestly modified version of a previously described protocol (Fig 2, A-E)24,25. 

Quantification of ISL1 positive cells was performed to determine the proportion of MNs 

(Fig 2F). MN differentiation of each line (n = 3) was performed at least three times. 

Electrophysiological analyses to determine their maturity were obtained from the 

largest neurons by whole-cell patch clamp and current-clamp techniques19. In addition, 

MN cultures formed functionally active networks, as determined by live-cell calcium 

imaging. Since the validity of iPSC-derived MNs as a disease model for MMN depends 

on MN expression of GM1, we further characterized iPSC-derived MNs using anti-B 

subunit cholera toxin, a high affinity ligand for GM131.
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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

Cervivcal 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

De!nite N/A 33 0

Probable N/A 6 0

Axonal loss present N/A 34 21

IgM antibody titer > 400 0 17 0

IgM antibody titers = 0 20 10 20

Table 1. Demographics and clinical characteristics of patients and controls

Electrophysiological recordings of MNs showed in vitro maturation (Fig 2G). iPSC-

derived motor neurons showed abundant expression of GM1 gangliosides over most 

neurites, overlapping with expression of Tubulin-βIII (Fig 2E). Collectively, these results 

demonstrate that human iPSC-derived motor neurons exhibit functional properties of 

differentiated human MNs and express the nerve constituents required to function as a 

valid in vitro disease model for MMN and other inflammatory neuropathies.

Figure 2. Human iPSC-derived motor neurons as a model for MMN

(A-C) Representative images of human iPSC-derived embryoid body following 14 days of differentiation 

stained for neuronal marker DCX, Tubulin-β3 (TUJ1) and SOX2 respectively. (D, E) Immunofluorescent 

staining of iPSC-derived MNs cultured for 14 days following 21 days of differentiation and stained for 

Tubulin-β3 (TUJ1), ISL1, and GM1. (F) Quantification of ISL1+ and TUJ1+ 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) 50 μm, (D) 100 μm, and (E) 200 
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μm. All results are representative of all three iPSC lines, with each cell line being differentiated at least 

three times.

IgM anti-GM1 antibodies specifically bind GM1 on human 
motor neurons
To determine the pathogenicity of IgM anti-GM1 antibodies, we first investigated 

their binding to human MNs in vitro (for schematic overview see Fig 3A). Neurons 

differentiated from all three iPSC lines were incubated with healthy control serum (n = 
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20) (Fig 3B), disease control (ALS) serum (n = 21) (Fig 3C), or MMN patient serum (n = 39) 

(Fig 3D and E) (all sera diluted 1:50), prior to staining for GM1 and anti-GM1 antibodies. 

Figure 3. IgM antibodies bind to human motor neurons

(A) Schematic overview of serum experiments, depicting motor neuron differentiation of iPSC-lines 
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derived from healthy controls, and serum experiments using serum from healthy controls, disease (ALS) 

controls and MMN patients respectively. (B-E) Representative images of iPSC-derived motor neurons 

from three healthy controls co-cultured with primary mouse glia for 10-12 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), respectively. Immunofluorescent staining 

of iPSC-derived motor neurons shows binding of anti-GM1 antibodies following MMN serum incubation. 

(F) Quantification of co-localization between anti-GM1 staining and GM1 staining using Pearson’s 

coefficient for at least three independent images per serum sample. Each dot represents the average 

correlation coefficient from a single serum sample (mean ± s.e.m.). Different experimental groups were 

BSA (negative control group, n = 1), HC (healthy control group, n = 20), ALS (disease control group, n = 

21), MMNall (MMN patients, n = 39), MMNpos (MMN patients with anti-GM1 antibodies as tested per ELISA, 

n = 31), and MMNneg (MMN patients without anti-GM1 antibodies as tested per ELISA, n = 8), respectively. 

Student t-test: *, p < 0.05; ***, p < 0.001; ****, p < 0.0001 (Data are presented as mean values ± 

s.e.m.). (G) Linear regression analysis of quantified co-localization of serum incubation experiments 

of MMN patients with anti-GM1 antibodies (n = 39) shows positive correlation between anti-GM1 titer 

and correlation coefficient, p = 8.54 × 10-6. Each serum sample is color coded, with dots representing 

independent images (n = 3), and horizontal lines, the mean correlation coefficient for each sample. (Data 

are presented as mean values ± s.e.m.). Scale bars (A-D), 50 μm.

Incubation with healthy control or disease control serum did not lead to specific 

staining for IgM antibodies (Fig 3B and C) (For clinical characteristics of patients and 

controls see Table 1). 

In contrast, incubation with MMN patient serum resulted in significant anti-GM1 staining 

over neurites (Fig 3D and E), which co-localized with cholera toxin staining. To quantify 

co-localization between IgM antibody and GM1 ganglioside staining, we performed 

image correlation analysis. Weak correlation was found following incubation with 

healthy control serum (R2 = 0.238) or disease control serum (R2 = 0.315), and these 

groups did not differ statistically (p = 0.670) (Fig 3F). In contrast, incubation with MMN 

serum resulted in increased co-localization values (R2 = 0.407, p = 1.41 × 10-5). Further 

analysis revealed that MMN patients, negative for anti-GM1 antibodies (MMNneg) as 

tested by ELISA, also showed significantly increased co-localization when compared to 

healthy controls (R2 = 0.359, p = 0.0171) (Fig 3F). Analysis using sera of MMN patients 

with a range of IgM anti-GM1 antibody titers demonstrated that IgM binding to neurites 

occurred in a titer-dependent manner (p = 8.54 × 10-6) (Fig 3G).
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Next we assessed whether binding of IgM antibodies to human MNs was GM1-specific. 

First, we examined whether incubation with excess amounts of soluble unlabeled 

cholera toxin interfered with binding of IgM antibodies from MMN sera. Pre-incubation 

with 25 μg/ml, 50 μg/ml, or 100 μg/ml cholera toxin efficiently prevented anti-GM1 

antibodies from binding to neurons (Fig 4, B-D), suggesting competition of binding 

between cholera toxin and anti-GM1 antibodies to GM1 gangliosides. 

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 (Fig 4E), when 

compared to non-depleted MMN serum (Fig 4A). Interestingly, serum from MMNneg \

patients that showed positive staining for IgM antibodies in our original experiment (Fig 

4F) showed an equally reduced signal following anti-GM1 depletion (Fig 4G) compared 

to serum from MMN patients positive for anti-GM1 antibodies (see Fig 4A and E).

Our results, showing competition between cholera toxin binding and anti-GM1 binding, 

together with 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.

Figure 4. Anti-GM1 IgM antibody binding to human motor neurons is specific

(A-D) Co-incubation with soluble unlabeled cholera toxin elicits competition and reduction of anti-GM1 

IgM antibody binding. Representative images of iPSC-derived motor neurons co-cultured with primary 

mouse glia for 12-14 days and stained for anti-GM1 (red). Neuronal cultures were incubated with MMN 

patient serum (A-D). (B-D) Samples were incubated with 25 μg, 50 μg, 100 μg, of soluble unlabeled 

cholera toxin (CTXb), respectively, prior to MMN patient serum incubation, as indicated in the top left 

corners. (E) Antibody depletion of MMN serum reduces anti-GM1 IgM antibody binding to human motor 

neurons. Representative images of iPSC-derived MNs co-cultured with primary mouse glia for 12-14 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 

MNs in a similar fashion as with MMNpos serum. Images acquired at 20x magnification. Scale bars (A-G), 

50 μm. All results are representative of at least three independent experiments using all three iPSC lines.
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IgM anti-GM1 antibody binding activates complement
Complement activating potential of IgM anti-GM1 antibodies is an important 

characteristic of pathogenicity3,7,8,32,33. 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 human pooled serum (HPS), which functioned as an external 

complement source. Following serum incubation, we determined formation of 

membrane attack complex (MAC), end product of the complement activation cascade. 

MAC deposition was clearly visible on MNs following incubation with MMN serum (Fig 

5B). In contrast, complement activation was never seen following incubation with HPS 

alone (Fig 5A). Similarly, no MAC deposition was found in neurons incubated with either 

C1q-deficient serum or C5b-deficient serum as an external complement source (Fig 5C 
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Figure 5. IgM anti-GM1 antibodies activate complement

(A-F) Representative images of iPSC-derived motor neurons co-cultured with primary mouse glia for 

12-14 days and stained for anti-GM1 (red) and membrane attack complex (MAC, green). Neuronal 
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cultures were incubated with either HPS (A) or MMN serum lacking complement and an external 

complement source prior to immunostaining (B-D). External complement source was either human 

pooled serum (B), C5-deficient serum (C), or C1q-deficient serum (D). Pre-incubation of MMN serum with 

immunoglobulins (Ig) reduced but did not prevent MAC deposition (E). Competition between MMN serum 

and unlabeled Ctxb reduced but did not prevent MAC deposition (F). Scale bars (A-F), 50 μm. All results 

are representative of at least three independent experiments.

Although addition of immunoglobulin preparations resulted in a moderate reduction 

in binding of MAC, it did not prevent MAC deposition (Fig 5E). Competition experiments 

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 classical 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 calcium imaging to determine effects of MMN serum incubation 

on calcium homeostasis34. Human pooled serum (HPS) was used in parallel with MMN 

and heat-inactivated MMN sera. Ca2+ signals were slightly elevated after addition of 

HPS, but quickly returned to baseline. A significantly higher increase in Ca2+ signal 

was observed following MMN serum application (active MMN serum p = 1.46 × 10-6, 

and heat-inactivated MMN serum p = 8.8 × 10-8) (Fig 6A). While Ca2+ levels in neurons 

incubated with heat-inactivated MMN serum returned to HPS-level within 3 minutes, 

Ca2+ levels in neurons incubated with MMN serum with active complement remained 

elevated throughout the imaging period (10 minutes in total). Co-incubation of MMN 

serum with an anti-C1q antibody as complement inhibitor prevented Ca2+ influx. In 

addition to changes in calcium levels, we observed a significant number of neurons 

showing morphological changes resembling neurite degeneration during serum 

incubation (Fig 6B). 

Neurons developed clear focal swelling over the length of neurites, followed by 
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irreversible neuronal degeneration and death, reflected in a loss of fluorescent signal 

(e.g. loss of calcium signal). To quantify these morphological changes, we counted 

neurites that developed clear focal swellings and neurites that completely disintegrated 

during the imaging period per field of view (Fig 6C and D). Neuronal cultures incubated 

with control serum rarely showed neurite loss and only a small number of neurites 

exhibiting structural damage. In contrast, many neurites showed damage or complete 

disintegration following incubation with MMN serum (neurite damage p = 3.4 × 10-7, 

neurite loss p = 1.0 × 10-6).

In summary, MMN serum induced an effect on calcium homeostasis that was both 

complement-dependent and -independent. Furthermore, pronounced morphological 

damage was observed following incubation with MMN serum.

Figure 6. IgM anti-GM1 antibodies disrupt calcium homeostasis, cause structural damage and 

neurite loss

(A) Mean calcium responses of neurons following 1:50 serum incubation, with HPS (control serum, n = 

134, light blue), MMN serum (MMN patient serum with active complement, n = 294, red), MMN HI serum 

(MMN patient serum without complement, n = 110, orange), MMN serum & immunoglobulin (Ig) (rescue 

condition where MMN serum with active complement was pre-incubated with Ig, n = 170, dark blue), 

and MMN serum & anti-C1q antibody (rescue condition where MMN serum with active complement was 

pre-incubated with complement inhibitor, n = 157, green) respectively. Neurons showed significantly 

increased Ca2+ responses following MMN serum incubation when compared to HPS incubation (p = 1.46 

× 10-6). Similar responses in Ca2+ fluxes were seen following incubation with MMN HI serum (p = 8.8 × 

10-8). Calcium responses were calculated as the change in fluorescence (ΔF) over baseline fluorescence (F). 

Glare represents s.e.m. of at least 5 independent experiments. (B) Quantification of number of damaged 

neurites of iPSC-derived neurons following serum incubation during longitudinal imaging experiments, 

5 independent experiments, n = 16-46 fields of view examined per serum condition. Student t-test: ****, 

p < 0.0001 (Data are presented as mean values ± s.e.m.). (C) Quantification of number of neurites lost 

from iPSC-derived neurons following serum incubation during longitudinal imaging experiments, 5 

independent experiments, n = 16-46 fields of view examined per serum condition. Student t-test: ****, 

p < 0.0001 (Data are presented as mean values ± s.e.m.). (D) Representative images of longitudinal 

imaging experiment including neurite (yellow arrow) clearly depicting both initial focal swelling (blue 

arrowheads) and subsequent apoptosis. Red arrow signifies original path of neurite. (E-L) Representative 

scanning electron images of 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 min incubation with MMN serum with active complement. 
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(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 min incubation with respective sera shows increased degenerative signs. Structural 

damage is significantly reduced but not fully reversed by rescue with immunoglobulins, (K,L). Images 

acquired at 7500x magnification. Scale bars (E-L), 10 μm.
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MNs undergo neurite degeneration following MMN serum 
incubation
We next performed high-resolution imaging using scanning electron microscopy 

(scanning EM) to correlate dynamic morphological information obtained from live-

cell calcium imaging experiments with ultrastructural information. In line with our 

observations based on live-cell calcium imaging, incubation with HPS or heat-inactivated 

MMN serum had no deleterious effect on neuronal cultures (Fig 6E and F). In contrast, 

incubation with MMN serum resulted in marked structural damage of neurites, 

with pronounced focal swelling (blue arrowheads) and subsequent loss of neurites 

(as observed by reduced number of neurites available for imaging per coverslip) 

(Fig 6H). Structural damage was time-dependent, as both localized swellings (blue 

arrowheads), thinning of neurites (yellow arrows), and loss of neurites were increased 

after 30 minutes, as compared to 15 minutes, of serum incubation (Fig 6G and H). 

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 combination with HPS as an external complement 

source (Fig 6I and J), providing 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 immunoglobulins improves strength of 

patients with MMN in the short term and prognosis in the long term2,35. We tested the 

effects of immunoglobulin application on calcium homeostasis and structural damage 

following serum incubation. We pre-incubated MMN serum with immunoglobulins 

(12.5 mg/ml) for 1 hour at room temperature prior to incubation of neuronal cultures 

with serum. Live-cell imaging was then performed 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 neurites (Fig 6A-C), were prevented by pre-incubation with immunoglobulin. 

Scanning EM experiments showed attenuation of localized swelling and thinning of 

neurites; however, structural damage was not completely inhibited by immunoglobulin 

application (Fig 6K and L).
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Immunoglobulin incubation was efficient in alleviating calcium homeostasis dysfunction, 

but minor structural 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 immunoglobulin 

therapy and testing future potentially therapeutic compounds.

Sensory neurons show reduced vulnerability to axonal 
damage despite IgM anti-GM1 antibody binding
Selective motor neuron vulnerability is a core aspect of the MMN phenotype. To 

study the effects of IgM anti-GM1 antibodies to a clinically non-affected neuronal 

subpopulation, we used a previously established protocol to differentiate iPSCs into 

BRN3a and peripherin positive sensory neurons (SNs) (Fig 7A)28,29. Immunostaining using 

anti-beta subunit cholera toxin showed SNs expressed GM1 gangliosides (Fig 7B and C). 

As with iPSC-derived MNs, we first investigated the binding of IgM anti-GM1 antibodies 

to iPSC-derived SNs. SNs differentiated from two 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 staining for IgM antibodies (Fig 7B). 

Incubation with MMN patient serum resulted in significant anti-GM1 staining over 

neurites (Fig 7C), which co-localized 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 

human pooled serum (HPS), which functioned as an external complement source. MAC 

deposition was visible on SNs following incubation with MMN serum (Fig 7E), but less 

pronounced than in previous MN experiments (Fig 5B). Complement activation was 

never seen following incubation with HPS alone (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 

sensory neuron cultures (Fig 7F-H). In conclusion, despite anti-GM1 antibody binding 

and subsequent complement activation, in contrast to iPSC-derived MNs, SNs do not 
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Figure 7. IgM anti-GM1 antibodies bind to iPSC-derived sensory neurons without 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 
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(green) and anti-GM1 (red). Prior to immunostaining, sensory neurons were incubated with either healthy 

control sera (B), or MMN sera (C). Sensory neurons were incubated with either HPS (D) or MMN serum 

lacking complement and an external complement source prior to immunostaining (E), and subsequently 

stained for GM1 (green) and MAC (red). Representative scanning electron images of iPSC-derived sensory 

neurons 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 acquired at 7500x 

magnification.

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 several 

pathogenic effects that recapitulate and explain unique features of MMN, in particular 

the MN specific damage to axons and the therapeutic effect of immunoglobulins. An 

important physiological function of GM1 is its role in cellular calcium homeostasis, and 

IgM anti-GM1 antibodies trigger intracellular dysregulation of Ca2+-dependent signaling 

pathways in addition to complement-mediated structural damage in MNs34. The ability 

of immunoglobulins to partially rescue both functional and structural defects indicates 

that the model presented here might be used not only to dissect MMN disease 

pathways, but also to study the efficacy of novel treatment strategies.

Since anti-GM1 IgM antibodies are not found in all patients with MMN, their 

pathogenicity has been questioned2. The fact that incubation of serum samples 

from MMNneg patients showed enhanced IgM binding to human iPSC-derived motor 

neurons, compared to healthy and disease controls, and that these antibodies have 

complement-activating potential, suggests that MMN pathogenesis may be similar in 

most patients, and that MMNneg patients harbor IgM antibodies against the same or 

a similar epitope. This is further underlined by the fact that we see reduced binding 

following incubation with MMNneg sera that were depleted of anti-GM1 antibodies. 

GM1-antibody ELISA has important methodological limitations, in particular limited 

sensitivity36–38. The interaction of GM1 with other glycolipids in the axolemma of cultured 

motor neurons probably alters the antigenicity of GM1-containing complexes, thereby 

naturally optimizing binding and detection of anti-GM1 antibodies in patient serum39–42. 

This highlights the benefits of an in vitro humanized model system for detecting 

antibody binding compared to ELISA methodology.



AUTOANTIBODY PATHOGENICITY IN A MULTIFOCAL MOTOR NEUROPATHY IPSC-DERIVED MODEL 147

C1 C2 C3 C4 C5 C6 C7 C8 C9

IgM GM1 Complement factors (a and b subunits not discriminated) MAC Ion channel Integrin Cholesterol Ca2+ ions

(i)

(ii) (iii)

Pathophysiological concepts of MMN currently rely on extrapolation of data from 

animal models of variants of the Guillain-Barré syndrome and related disorders, which 

are caused by anti-ganglioside antibodies of the higher-affinity IgG isotype33,40,43,44. 

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 serum7. 

Figure 8. IgM anti-GM1 antibodies mediate both complement-dependent and -independent 

pathogenicity to motor neurons

Model of 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 

gangliosides results in activation of complement and deposition of the membrane attack complex. (ii) 

Formation and deposition of the membrane attack complex may lead to nonspecific pore formation and 

focal swelling, as a consequence of uncontrolled ion fluxes (e.g. Ca2+). Disturbance of the membrane 
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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 cross linking of GM1 gangliosides, 

leading to Ca2+ influx and subsequent activation of voltage-independent ion channels.

In our model, anti-GM1 IgM antibodies exerted multiple distinct pathogenic effects 

on human motor neurons. First, we observed complement-dependent degeneration 

of neurites and disruption of Ca2+-homeostasis following MMN sera incubation, most 

likely the result of nonspecific pore formation in neurons due to MAC deposition. This 

mechanism has been previously shown to underlie pathogenicity of anti-ganglioside 

IgG antibodies at the neuromuscular junction and the distal nodes of Ranvier in ex 

vivo mouse models and the in vivo rabbit model3,32,45–47. In these models, complement 

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. Importantly, we observed acute Ca2+-disruption 

that was complement-independent. This has not been studied with IgG antibodies, 

but cross-linking of GM1 after binding of the high affinity ligand cholera toxin initiated 

similar effects48. 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 sensory neurons expressed GM1, as was to be expected from 

previous animal and human pathology experiments49,50. Subsequently, IgM anti-

GM1 antibodies showed binding to SNs comparable to binding to MNs. Interestingly, 

despite activation of the classical complement pathway and MAC formation on SNs 

following serum incubation, this seemed to be less pronounced compared to that 

seen on MNs. Even more striking was the lack of axonal damage seen following MMN 

serum incubation. Whether this selective vulnerability is due to a difference in epitope 

presentation or due to inherent differences in cell characteristics (e.g. metabolic rates, 

electrophysiological profile) remains to be determined.

Furthermore, this iPSC-derived motor neuron 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 
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outcome in patients with MMN35. In our model, application of immunoglobulins 

attenuated functional and morphological defects, although ultrastructural neuronal 

damage was not completely 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 neuroprotective effect 

remains to be established. It has previously been shown that immunoglobulins can 

attenuate in vitro deposition of complement factors, as well as reduce binding of IgG 

antibodies leading to a reduced deposition of MAC8,45. Although our model shows a 

reduced deposition of MAC following pre-incubation of serum with immunoglobulins, 

this reduction is modest compared to the rescue of calcium homeostasis dysfunction. 

Furthermore, immunoglobulins rescue complement-independent effects of IgM anti-

GM1 antibodies, pointing towards a direct modulatory effect of antibody binding or 

anti-idiotype mechanism35. 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 previously been applied to studying the 

underlying disease mechanisms of ALS, and more recently Myasthenia Gravis14–18,51. 

Here we show the potential of iPSC modeling of rare inflammatory disorders. Future 

improvements to the currently described disease model could be the addition of a 

co-culture with iPSC-derived Schwann cells, thereby providing in vitro myelination 

and formation of nodes of Ranvier3,52,53. Nevertheless, in its current form, the model 

recapitulates the progressive, irreversible axonal damage, which can in part be 

alleviated by immunoglobulin treatment, mimicking clinical treatment response to 

immunoglobulins54.

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 antibodies 

are pathogenic to human MNs. Our ability to model MMN in vitro presents further 

opportunities for studying mechanisms underlying MMN and performing large-scale 

drug screens. Ultimately, this in vitro disease model may help to distinguish MMN 
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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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ABSTRACT
Progressive muscular atrophy (PMA) is a heterogeneous disorder that is characterized 

by slowly progressive loss of lower motor neurons. In a subset of patients inflammatory 

mechanisms may cause lower motor neuron dysfunction. This distinction is of 

great importance, as this could have therapeutic consequences. Here we report 

the comprehensive screening and characterization of 44 PMA patient sera for IgM 

antibodies using an iPSC-derived motor neuron assay, competition assays, and scanning 

electron microscopy. We established several distinct IgM immunoreactivity patterns 

on human iPSC-derived neurons correlating with different IgM antigens. A subgroup of 

patients harboured IgM anti-GM1 antibodies, similar to MMN patients, while a second 

group of patients had a unique soma immunoreactivity pattern of an unknown epitope. 

IgM anti-GM1 antibodies from PMA patients could activate the complement pathway, 

as previously shown for MMN patients. In vitro incubation with sera from PMA patients 

with the unknown antigen did not lead to complement activation or structural damage 

as observed by scanning electron microscopy. In summary, we establish iPSC-derived 

motor neurons as a screening assay for identifying novel antigens. We identify a distinct 

IgM soma immunoreactivity pattern following serum incubation from a subgroup of 

PMA patients. The ability to identify a novel antigen and recapitulate key aspects of 

disease pathology highlights the potential for iPSC-derived motor neurons both as a 

diagnostic assay for immune-mediated motor neuron disorders, as well as an in vitro 

disease model to dissect the underlying disease mechanisms.

INTRODUCTION
Adult-onset lower motor neuron diseases (LMND) constitute a heterogeneous group 

of disorders with significant differences in progression and severity. Monogenetic 

abnormalities have been found in some disorders, in particular in (bulbo-)spinal 

muscular atrophies, but the large majority of LMND has an unknown disease 

aetiology1–3. For diagnostic purposes, LMND can be classified into generalized, i.e. 

(slowly) progressive muscular atrophy (PMA) and distal and segmental spinal muscular 

atrophy (SMA) variants. PMA is characterized by muscle weakness and atrophy 

that is slowly progressive over years to decades, without disease progression to an 

amyotrophic lateral sclerosis (ALS) phenotype with upper motor neuron signs that 

is not uncommon in another subgroup of patients4,5. Segmental and distal SMA 

are also characterized by slow disease progression, and need to be distinguished 
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from inflammatory neuropathies, in particular multifocal motor neuropathy (MMN) 

and chronic inflammatory demyelinating polyneuropathy (CIDP), by means of nerve 

conduction studies. Recently, we observed increased frequencies of IgM monoclonal 

gammopathy in patients with MMN and PMA but not in ALS, suggesting that an 

immune-mediated pathophysiology may play a role in both disorders6. Evidence for 

the pathogenicity of IgM anti-GM1 antibodies was provided in a study using induced 

pluripotent stem cell (iPSC-)derived motor neurons (MNs) as a disease model for MMN7. 

However, no such evidence exists for PMA.

 

Using iPSC-derived neurons and serum samples from patients as a disease model 

for MMN we were able to demonstrate that IgM antibodies bind to neurons 

and trigger complement deposition, thereby causing structural damage and 

altered calcium homeostasis7. To explore the possibility of an immune-mediated 

pathogenesis in sporadic LMND, we applied the same approach of studying the 

interaction of PMA patient sera with human iPSC-derived MNs using a combination 

of immunocytochemistry, blocking assays, and mass spectrometry. We identified one 

subgroup that resembled our previous findings in patients with MMN, and a second 

subgroup with IgM antibodies against a previously undetected antigen. These studies 

reveal that both IgM antibodies in PMA patients have distinct pathogenic profiles in 

vitro, which may be relevant for treatment.

MATERIALS AND METHODS
Patients and Controls
Skin biopsy samples were obtained from 3 healthy controls to obtain fibroblasts that 

were stored at -80 °C. Serum samples were obtained from patients and controls and 

stored at -80 °C prior to use8,9.  All participants were Caucasian and of Dutch descent, 

and were without a history of neurological disease or a family history of neuromuscular 

disorders. 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
Human iPSC-lines were derived as previously described7. In short, reprogramming 

was performed on low-passage human fibroblasts. Fibroblasts were transduced using 
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a lentiviral vector expressing OCT4, KLF4, SOX2 and c-MYC10. Colonies of iPSCs were 

manually picked after 3-6 weeks for further expansion and characterization. All iPSC 

lines used maintained a normal karyogram and showed differentiation potential into all 

three germ lines, as examined by spontaneous differentiation assays (data not shown)7. 

iPSCs (<P40) were either cultured on irradiated MEFs in huES medium and passaged 

manually, or cultured feeder-free on Geltrex (Life Technologies) and maintained in 

mTeSR1 medium (Stem Cell Technologies). All cell lines were routinely tested for 

mycoplasma infections.  

Motor Neuron Differentiation
Motor neuron differentiation (as illustrated in Fig 1A) was performed using a modified 

version of previously established protocols7,11. Differentiation efficiency was as 

reported previously7. Following embryoid body (EB) formation using a standardized 

microwell assay12,13, EBs were neuralized by dual-SMAD inhibition14 and subsequently 

differentiated into lower spinal motor neurons by addition of retinoic acid (Sigma) and 

smoothened agonist (Merck Millipore). From day 21-31, EBs were dissociated using 

Papain (Worthington Biochemical Corporation) and DNAse (Worthington Biochemical 

Corporation). Cells were resuspended in human motor neuron medium and plated on 

PDL-laminin-coated coverslips at the required density. Coverslips with MNs were then 

co-cultured with primary mouse glia for 2-3 weeks.

Electrophysiological Recordings
As described above, MNs were plated on 13 mm coverslips following 3 weeks of 

differentiation as EBs and 2 more weeks of coculture with mouse glia. Electrophysiology 

experiments were performed as reported previously7. In brief, coverslips with neuronal 

cultures were placed in a recording chamber and continuously perfused at room 

temperature (21 °C) with artificial cerebrospinal fluid. Individual MNs were visualized 

and selected for whole cell current clamp recordings using patch pipettes for recording 

that were produced from borosilicate glass (1.5 mm outer diameter, 0.86 mm inner 

diameter; Harvard Apparatus Limited; pipette resistance ~4-5 MΩ) on a P-97 Flaming/

Brown micropipette puller (Sutter Instruments) and filled with pipette solution 

containing: 140 mM K-methanesulfonate, 10 mM HEPES, 
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Case

Clinical Electrophysiology

Immunotherapy

IgM anti-ganglioside antibodies Immunoglobuliin analysis

Gender D.o.B. Site of Onset
Death within 4 
years of onset

CB CNS GM1 GM2 GD1b type other M-protein Type

1 m 29-12-41 Cervical no no n.a. - 0 - - - - IgM Kappa

2 m 18-5-36 Lumbosacral no possible n.a. - 800 - 50 - - n.d. n.d.

3 m 4-1-45 Lumbosacral no no n.a. - 0 - - - - IgM Kappa

4 m 24-6-42 Cervical no no n.a. - 12800 - - - - IgM Lambda

5 m 8-11-36 Cervical no no n.a. - 409600 - - - - IgM Lambda

6 v 19-5-50 Cervical no no n.a. - 0 - - - - IgM Kappa

7 v 30-8-32 Lumbosacral no no n.a. - 0 - - - - IgM Kappa

8 m 20-7-39 Cervical no no n.a. IVIg 12800 - 1600 - - IgM Lambda

9 m 22-7-68 Lumbosacral no no n.a. - 0 50 - - - IgM Kappa

10 v 28-3-28 Cervical no no n.a. - 400 100 - - - n.d. n.d.

11 m 15-4-46 Lumbosacral no no 1 region (C) - 800 - - - - n.d. n.d.

12 v 12-7-47 Lumbosacral yes no n.a. - 0 - - - - IgM n.d.

13 m 29-6-46 Cervical no no n.a. - 0 - - - - IgM Kappa & Lambda

14 m 25-9-28 Cervical yes no 3 regions (C/L/T) - n.d. - - - - IgM Lambda

15 v 4-10-30 Cervical no no 3 regions (C/L/T) - - - - - - - -

16 m 16-3-51 Lumbosacral no no 3 regions (C/L/T) - - - - - - - -

17 v 14-4-40 Lumbosacral yes no n.a. - - - - - - - -

18 v 23-3-51 Lumbosacral no no 2 regios (T/L) - - - - - - - -

19 v 9-6-49 Lumbosacral no no 1 region (L) - - - - - - - -

20 v 17-6-30 Cervical no no 3 regions (C/L/T) - - - - - - - -

21 m 12-2-44 Cervical no no 2 regions (C/T) - - - - - - - -

22 m 15-4-45 Cervical no no n.a. - - - - - - - -

23 m 25-9-36 Lumbosacral no no 2 regions (C/L) - - - - - - - -

24 m 20-10-39 Lumbosacral no no n.a. - - - - - - - -

25 v 19-6-30 Cervical no no n.a. - - - - - - - -

26 m 19-6-71 Cervical no no 1 region (C) - - - - - - - -

27 m 19-8-33 Cervical no no 2 regions (C/L) - - - - - - - -

28 v 7-11-47 Cervical no no n.a. - - - - - - - -

29 v 3-4-54 Lumbosacral no no 1 region (L) - - - - - - - -

30 m 28-2-33 Cervical no no n.a. - - - - - - - -

31 m 6-8-57 Lumbosacral no no 1 region (L) - - - - - - - -

32 m 1-8-36 Cervical no no 1 region (C) - - - - - - - -

33 v 23-6-38 Lumbosacral no no n.a. - - - - - - - -

34 m 14-3-45 Thoracic no no 2 regions (C/T) - - - - - - - -

35 m 15-6-48 Lumbosacral yes no 3 regions (C/L/T) - - - - - - - -

36 m 1-2-32 Cervical yes no 3 regions (C/L/T) - - - - - - - -

37 m 20-4-61 Lumbosacral no no 1 region (L) - - - - - - - -

38 v 1-1-56 Cervical yes no 3 regions (C/L/T) - - - - - - - -

39 m 15-11-44 Lumbosacral no no n.a. - - - - - - - -

40 m 3-7-42 Lumbosacral no no n.a. - - - - - - - -

41 v 6-7-40 Cervical no no 3 regions (C/L/T) - - - - - - - -

42 m 30-12-35 Thoracic no no 2 regions (C/L) - - - - - - - -

43 m 1-2-35 Cervical no no n.a. - - - - - - - -

44 m 8-2-57 Lumbosacral no no n.a. - - - - - - - -

Table 1. Clinical and serological characteristics
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0.1 mM EGTA, 4 mM MgATP, 0.3 mM NaGTP, pH 7.4, adjusted with KOH. Whole cell 

current clamp recordings were performed using an Axopatch 200B (Molecular Devices) 

amplifier. The responses were filtered at 5 kHz and digitized at 10 kHz using Digidata 

1322A, Axon Instruments. All data were stored and analyzed on a PC using pClamp 9.0 

and Clampfit 9.2 (Axon Instruments). Recordings with a series of resistance of less than 

2.5 times the pipette resistance were accepted for analysis. 

Immunocytochemistry and Microscopy
Motor neuron cultures were fixed with 4% paraformaldehyde for 10 minutes at room 

temperature (RT). For intracellular stainings, samples were permeabilized with 0.1% 

Triton X-100 (Sigma), and subsequently blocked using 20% goat serum in 2% BSA/

PBS for 45 minutes at RT (except for complement stainings, which were blocked using 

only 2% BSA/PBS). Following a PBS wash, samples were incubated with PMA, MMN, 

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 three times with PBS, and incubated with appropriate Alexa Fluor labeled 

secondary antibodies for 1 hour at RT. Finally, cells were washed and mounted with 

Prolong Gold reagent with Dapi (Invitrogen).

The following commercial antibodies were used: rabbit anti-Oct-4A (Stem Light 

Pluripotency Antibody Kit, Bioke), rabbit anti-Sox2 (Stem Light Pluripotency Antibody 

Kit, Bioke), rabbit anti-Nanog (Stem Light Pluripotency Antibody Kit, Bioke), mouse anti-

SSEA4 (Stem Light Pluripotency Antibody Kit, Bioke), mouse anti-TRA160 (Stem Light 

Pluripotency Antibody Kit, Bioke), mouse anti-TRA181 (Stem Light Pluripotency Antibody 

Kit, Bioke), rabbit anti-Tubulin-β3 (BioLegend), mouse anti-Nestin (Bio connect), mouse 

anti-Hb9 (DSHB), mouse anti-Isl-1 (DSHB), goat anti-ChAT (Millipore), cholera toxin B 

subunit (Sigma), cholera toxin B subunit-Alexa488 conjugate (Invitrogen), goat anti-

human IgM-Biotin antibody (Sigma), and mouse anti-C5b-9 (Santa Cruz Biotechnology). 

We used Streptavidin-Alexa555, Alexa488, and Alexa568 secondary antibodies 

(Invitrogen). Images were acquired using either an Olympos Fluoview FV1000 confocal 

microscope or a Zeiss AxioScope microscope followed by image analysis using ImageJ 

(NIH) software.

Scanning Electron Microscopy
Neuronal cultures were incubated with PBS, HPS, heat-inactivated PMA serum, PMA 
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serum, heat-inactivated MMN serum, or MMN serum. Incubation was performed at 37 

°C for 48 hours. 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% hexamethyldisilizane (HDMS) and 

finally 100% HDMS. Samples were mounted onto aluminum specimen mounts (Agar 

Scientific), followed by a 4 nm gold coating using a Quorum Q150R S Rotary-Pumped 

Sputter Coater. Samples were examined with an FEI Nova NanoSEM 200 scanning 

electron microscope operated with an accelerated voltage of 10 kV at a magnification of 

1000x and 2500x using a Phenom Pro desktop scanning electron microscope and Pro 

Suite software (PhenomWorld).

Live Cell Calcium Imaging and Imaging Analysis 
iPSC-derived MNs were plated on 18 mm round coverslips following 3 weeks of 

differentiation and cocultured with primary mouse glia for 14 days. Live-cell calcium 

imaging recordings were obtained via epifluorescence microscopy on DIV14. Prior to 

imaging, neuronal cultures were loaded with a Ca2+-sensitive fluorescent indicator, 

Oregon Green BAPTA-1 (Sigma), and incubated for 50 minutes at 37 °C. For imaging, 

cells were mounted in a recording chamber and 1 ml HEPES (140 mM NaCl, 5 mM 

KCl, 2 mM CaCl, 1 mM MgCl, 10 mM HEPES, pH 7.3) buffer was added. Cells were 

maintained at 37 °C 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 40x 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 of 1:50, after 

which imaging was continued for 10 minutes. Image analysis 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 MNs15, 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 Ca2+ signals 

following serum incubation were assessed using a Student t test in R (http:/rproject.

org).
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Statistical Analysis
Statistical analyses were performed in R (http:/r-project.org). Fluctuations in Ca2+ 

signals following serum incubation were assessed using a Student’s t-test in R (http:/r-

project.org). Continuous variables with normal distribution were compared using 

2-tailed Student t-test or analysis of variance.

RESULTS
Generation of Functional Motor Neurons
Using three iPSC-lines that were previously reprogrammed and thoroughly 

characterized7, we differentiated iPSCs into ChAT+/TUJ1+/ISL+ MNs using a slightly 

modified protocol (Fig 1B and C)7,11. For each experiment, at least two different 

iPSC lines were used. Estimates of the amount of motor neurons have previously 

been reported based on ISL1 expression7, and more extensively on scRNAseq data 

(Harschnitz et al, unpublished data). Having confidently determined that the majority 

of our neuronal cultures were indeed MNs, electrophysiological recordings of MNs 

from each iPSC line were taken, showing MNs were capable of firing repetitive actions 

potentials (Fig 1D). Finally, we used live-cell calcium imaging to determine that iPSC-

derived MNs formed functionally active neuronal networks (data not shown)7. In 

summary, we established that iPSC-derived MNs express both pan-neuronal and 

MN-specific markers and are electrophysiologically functional, therefore providing an in 

vitro disease model to study lower MN disorders and screen for cell surface neuronal 

antigens.

Figure 1. Characterization of iPSC-derived MNs as a cell based model

(A) Schematic representation of cellular reprogramming of fibroblasts to iPSCs, and subsequent neural 

differentiation into MNs. (B) Representative image of iPSC-derived MN culture co-stained for TUJ1 and 

ChAT (scale bar = 200μm). (C) Representative image of iPSC-derived MN culture co-stained for TUJ1 and 

ISL1 (scale bar = 200μm). (D) Current-clamp recording following of DIV14 iPSC-derived MNs following 

current injections. MNs were capable of firing repetitive action potentials.
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Figure 2. IgM antibodies of PMA patients show distinct immunoreactivity patterns
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(A) Experimental outline depicting the use of human iPSC-derived MNs as a cell-based assay to screen 

for immunoglobulin M antibodies in PMA patient sera. (B) Representative image of iPSC-derived MNs co-

incubated with healthy control sera and co-stained for cholera toxin (green) and anti-IgM (red) (scale bar 

= 200μm). No specific IgM staining is visible. (C) Representative image of iPSC-derived MNs co-incubated 

with MMN sera and co-stained for cholera toxin (green) and anti-IgM (red) (scale bar = 200μm). Pan-

neuronal IgM staining is visible. (D) Representative image of iPSC-derived MNs co-incubated with PMAneg 

sera and co-stained for cholera toxin (green) and anti-IgM (red) (scale bar = 200μm). No specific IgM 

staining is visible, comparable with healthy control sera. (E) Representative image of iPSC-derived MNs 

co-incubated with PMAneurite and co-stained for cholera toxin (green) and anti-IgM (red) (scale bar = 

200μm). Pan-neuronal IgM staining is visible, comparable with MMN sera. (F) Representative image of 

iPSC-derived MNs co-incubated with PMAsoma and co-stained for cholera toxin (green) and anti-IgM 

(red) (scale bar = 200μm). A unique soma IgM immunoreactivity pattern is visible. (G) Representative 

image of iPSC-derived MNs co-incubated with PMAsoma and co-stained for cholera toxin (green) and 

anti-IgM (red) (scale bar = 200μm). A unique soma IgM immunoreactivity pattern is visible. All serum co-

incubation experiments. (B-G) were performed in duplo in two independent experiments using 2 different 

cell lines.

IgM Antibodies of PMA Sera Differentially Bind to Human 
MNs
Increasing evidence suggests that a subpopulation of PMA patients may have 

an immune-mediated disease aetiology, in contrast to a neurodegenerative 

pathophysiology6. In an attempt to ascertain whether a subgroup of PMA patients 

harbour (pathogenic) IgM antibodies against a neuronal epitope, we used iPSC-derived 

MNs as a cell-based assay to find evidence for antibody binding (for experimental 

design, see Fig 2A). 

MN cultures were incubated with healthy control sera (n = 46), MMN sera (n = 4), or 

PMA sera (n = 44) at a dilution of 1:50, prior to staining for GM1 gangliosides and IgM 

antibodies (for characteristics of all patient samples used, see Table 1). Co-staining for 

GM1 gangliosides was performed as PMA is a lower motor neuron disorder similar 

to MMN, and we previously found co-localization of IgM and GM1 when using sera 

from patients with MMN that lacked anti-GM1 IgM in GM1-specific ELISA. In line with 

previous reports, GM1 expression was ubiquitous on all neurites (Fig 2), and we saw 

strong co-localization with anti-IgM antibodies following preincubation with MMN sera 

(Fig 2C)7. In contrast, incubation with healthy control sera did not lead to any specific 
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immunoreactivity (Fig 2B). Following a screen of 44 PMA sera, we were able to dissect 3 

distinct immunoreactivity patterns within this group of patients (initial screen performed 

on 2 independent iPSC-derived MN cell lines, in duplo). The majority of PMA patients (n 

= 32; 73%) showed no immunoreactivity (thus termed ‘PMAneg’), similar to both healthy 

controls (Fig 2B) and ALS patients7. Alternatively, the remaining PMA sera showed two 

differing patterns of immunoreactivity. A subgroup of PMA sera (n = 6; 14%) showed a 

pattern similar to that of MMN patients (thus termed ‘PMAneurite’, see Fig 2C and E), 

whereas the remaining PMA sera (n = 6; 14%) had a unique immunoreactivity pattern 

that was mainly somatic (thus termed ‘PMAsoma’, see Fig 2F and G).

A Subpopulation of PMA Patients harbour IgM anti-GM1 
Antibodies
Following the dissection of three distinct group of PMA patients based on 

immunoreactivity patterns for IgM (PMAneg, PMAneurite, and PMAsoma respectively), 

we set out to identify the corresponding antigen for each positive immunoreactivity 

pattern. 

Figure 3. PMAneurite sera harbour IgM anti-GM1 antibodies

(A) Coincubation with 100 ug soluble unlabeled cholera toxin elicits competition and reduction of anti-

GM1 IgM antibody binding following serum incubation of iPSC-derived MNs with MMN sera (scale bar = 

200 μm). (B) Coincubation with 100 ug soluble unlabeled cholera toxin elicits competition and reduction 

of anti-GM1 IgM antibody binding following serum incubation of iPSC-derived MNs with MMN sera 

(scale bar = 200 μm). (C) Coincubation with 100 ug soluble unlabeled cholera toxin elicits competition 

and reduction of anti-GM1 IgM antibody binding following serum incubation of iPSC-derived MNs with 

PMAneurite sera, similar to that seen in MMN sera (scale bar = 200 μm). (D) Coincubation with 100 ug 

soluble unlabeled cholera toxin elicits competition and reduction of anti-GM1 IgM antibody binding 

following serum incubation of iPSC-derived MNs with PMAneurite sera, similar to that seen in MMN 

sera (scale bar = 200 μm). (E) Following coincubation with 100 ug soluble unlabeled cholera toxin no 

reduction of anti-GM1 IgM antibody binding is observed following serum incubation of iPSC-derived 

MNs with PMAsoma sera (scale bar = 200 μm). (F) Following coincubation with 100ug soluble unlabeled 

cholera toxin no reduction of anti-GM1 IgM antibody binding is observed following serum incubation of 

iPSC-derived MNs with PMAsoma sera (scale bar = 200 μm). (G) Coincubation with 30 ug alpha synuclein 

elicits competition and reduction of anti-GM1 IgM antibody binding following serum incubation of iPSC-

derived MNs with MMN sera (scale bar = 200 μm). (H) Following coincubation with 30 ug alpha synuclein 

no reduction of anti-GM1 IgM antibody binding is observed following serum incubation of iPSC-

derived MNs with PMAsoma sera (scale bar = 200 μm). All results are representative of 3 independent 
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experiments using at least 2 iPSC lines.

Based on our previous work using iPSC-derived MNs as a model for inflammatory 

neuropathies, we recognized that the immunoreactivity pattern of the PMAneurite 

group was identical to that of MMN patients who harbour IgM antibodies against 

GM1 gangliosides7. To determine whether the PMAneurite patients indeed possessed 
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anti-GM1 antibodies, we performed a series of blocking assays (Fig 3). First, we co-

incubated soluble unlabeled cholera toxin, a high affinity ligand for GM1 gangliosides, 

with PMAneurite sera to assess if this led to diminished immunoreactivity. Following 

co-incubation with different concentrations of cholera toxin (25 ug/ml, 50 ug/ml, or 

100 ug/ml respectively) we saw a reduction to complete loss of signal, similar to that 

seen in MMN patient sera previously (Fig 3A-D, and data not shown)7. These results 

reveal competition of binding between cholera toxin and IgM antibodies in sera from 

patients with PMA that bind to neurites. These data suggest that the PMAneurite IgM 

immunoreactivity pattern is the result of IgM antibodies against GM1 gangliosides in 

sera from PMA patients.

To ascertain whether the PMAsoma sera had antibodies against the same epitope, we 

repeated the same competition experiments using cholera toxin co-incubation as we 

did for the PMAneurite sera. Here we saw no reduction in immunoreactivity (Fig 3E and 

F). To further establish that the PMAsoma did not harbour IgM antibodies against a 

different ganglioside, we co-incubated iPSC-derived MNs with alpha-synuclein in a set 

of independent blocking experiments. Alpha-synuclein, in addition to being a key player 

in Parkinson’s disease aetiology, has been known to bind multiple gangliosides (besides 

GM1, alpha-synuclein binds to GM2, GM3, and asialo-GM1)16. Similar to the competition 

assays using cholera toxin, following co-incubation with alpha-synuclein there was a 

significant decrease in immunoreactivity for MMN sera. In contrast, we saw no change 

in immunoreactivity patterns for PMAsoma sera, thus making it highly unlikely that 

either GM1 or another ganglioside is the target epitope for the IgM antibodies in 

PMAsoma sera (Fig 3G and H).

In summary, while our data suggest that PMAneurite sera had IgM anti-GM1 antibodies 

similar to MMN patients, based on our competition assays we were unable to identify 

GM1 as the target antigen for PMAsoma sera.

Divergent Complement Activation of IgM Antibodies in PMA 
Sera
The formation of membrane attack complex (MAC) elicits structural damage to neuronal 

membranes9,17–22. Anti-GM1 IgM antibodies can activate the classical pathway of 

complement on human MNs7. 
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Figure 4. PMAneurite and PMAsoma sera show differential complement activation potential

(A) MN cultures incubated with heat inactivated healthy control serum and an external complement 

source were co-stained for IgM and membrane attack complex (MAC), showing no specific staining for 

either (scale bar = 200 μm). (B) MN cultures incubated with heat inactivated MMN serum and an external 

complement source were co-stained for IgM and MAC, showing staining for IgM as in other experiments, 

and significant MAC deposition on all neurites (scale bar = 200 μm). (C) MN cultures incubated with 

heat inactivated PMAsoma serum and an external complement source were co-stained for IgM and 

membrane attack complex (MAC), showing no significant staining for MAC, comparable with healthy 

control sera (scale bar = 200 μm). (D) MN cultures incubated with heat inactivated PMAneurite serum 

and an external complement source were co-stained for IgM and MAC, showing staining for IgM as in 

other experiments, and significant MAC deposition on all neurites. Results are similar to that of MMN sera 

(scale bar = 200μm). (E) Representative image of iPSC-derived MN culture co-stained for TUJ1 and CD59 

(scale bar = 200 μm). (F) Representative image of iPSC-derived MN culture co-stained for TUJ1 and CD46 

(scale bar = 200 μm). All results are representative of 3 independent experiments using at least 2 iPSC 

lines. 

To test whether the IgM anti-GM1 antibodies present in the PMAneurite sera elicited 

a similar reaction, we incubated neurons with heat-inactivated patient serum (to 

inactivate complement) and an external complement source. We subsequently stained 

the human iPSC-derived neurons for IgM and membrane attack complex (MAC), which 
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is the end product of the complement cascade. MAC deposition was equally present on 

neurons following incubation with MMN serum and PMAneurite serum (Fig 4B and D). 

However, following incubation with either healthy control sera or PMAsoma sera we saw 

no clear MAC deposition (Fig 4A and C). Interestingly, all PMAneurite sera (n = 6) were 

capable of potent complement activation and elicited MAC deposition in vitro.

While it is possible that IgM antibodies present in PMAsoma sera have no complement 

activating potential, it may be that differing spatial expression of complement regulatory 

proteins on MNs prevents MAC deposition. To examine expression of complement 

regulatory proteins on iPSC-derived MNs, we co-stained neurons with TUJ1, CD46, and 

CD59 (Fig 4E and F). Human iPSC derived neurons show expression of both CD46 and 

CD59, as we also observed by flow cytometry (data not shown). Interestingly, expression 

of both CD46 and CD59 seemed to be stronger in somatic regions of neurons 

compared with neurites (Fig 4E and F).

Collectively, while PMAneurite sera harbour anti-GM1 antibodies, they also seem to 

have similar complement activation potential as seen in MMN. In contrast, PMAsoma 

sera showed no significant complement staining following serum incubation, implying 

that any pathogenicity of IgM antibodies from PMAsoma patients would require 

alternative modes than activation of the classical complement pathway.  

IgM Antibodies of PMAsoma Sera Do Not Cause Structural 
Damage to MNs
In order to evaluate any structural damage due to serum incubation, we next 

performed high-resolution imaging using scanning electron microscopy (sEM) (Fig 5). 

Serum incubation may lead to rapid structural damage of neurons in vitro within 15 

minutes of incubation, and this is progressive over time7. For MMN sera containing 

IgM anti-GM1 antibodies we have noted that this effect is complement-dependent, as 

heat-inactivated sera did not induce any structural deficits7. Similarly, PMAneurite sera 

had a deleterious effect on neuronal cultures that was both rapid and complement 

dependent (data not shown). However, no such damage was seen when iPSC-derived 

neurons were incubated with PMAsoma sera.

Having already established that IgM antibodies in PMAsoma sera do not activate 



170  CHAPTER 6

complement, we hypothesised that any pathogenic effect may not be structural (but 

rather functional). 

Figure 5. PMAneurite sera induce complement-dependent structural damage

(A) Bright field image of neuronal culture following 48 hour serum incubation with healthy control 

serum. (B) Bright field image of neuronal culture following 48 hour serum incubation with MMN 

serum. (C) Bright field image of neuronal culture following 48 hour serum incubation with PMAsoma 

serum. (D) Bright field image of neuronal culture following 48 hour serum incubation with PMAneurite 

serum. (E) Scanning electron micrographs at 1,000x and 2,500x show iPSC-derived motor neurons 

following 48 hour serum incubation with healthy control sera, where no apparent neurite damage is 

visible. (F) Scanning electron micrographs at 1,000x and 2,500x show iPSC-derived motor neurons 

following 48 hour serum incubation with MMN sera, with extensive neurite damage. (G) Scanning 

electron micrographs at 1,000x and 2,500x show iPSC-derived motor neurons following 48 hour serum 

incubation with PMAsoma sera, where no apparent neurite damage is visible, comparable with healthy 
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control sera. (H) Scanning electron micrographs at 1,000x and 2,500x show iPSC-derived motor neurons 

following 48 hour serum incubation with PMAneurite sera, with extensive neurite damage, comparable 

with MMN sera.

However, any potential structural damage could be a much slower effect compared to 

complement-dependent morphological damage. To examine the latter, we performed 

long-term serum incubation experiments, where we incubated iPSC-derived neuronal 

cultures for 48 hours (rather than 30 minutes) with either HPS, MMN, PMAneurite, or 

PMAsoma sera. As both MMN and PMAneurite sera had potent complement activity, 

we observed severe neuronal damage (brightfield images as seen in Fig 5B and D). 

In contrast, cultures incubated with either HPS or PMAsoma sera seemed largely 

unaffected (Fig 5A and C). To determine if this was true at an ultrastructural level, we 

visualised neurons to a magnification of either 1,000x or 2,500x using sEM. Again, while 

cultures that had been incubated with either MMN or PMAneurite sera were adversely 

affected, we saw no clear structural damage following incubation with either HPS or 

PMAsoma sera (Fig 5E-H). 

In conclusion, PMAneurite sera containing anti-GM1 antibodies not only activate 

complement, but also induced considerable structural damage to human neurons in 

a complement-dependent manner, as seen in MMN sera. In stark contrast, no such 

damage was seen following incubation with PMAsoma sera.

DISCUSSION
Directed differentiation of human iPSCs holds great promise to dissect the 

pathophysiology of LMNDs. We reasoned that by using a human in vitro disease 

model, and thus removing the difference in species, we could improve the likelihood 

of dissecting a possible immunopathogenesis of PMA. One of our key findings is that 

we establish three subgroups of PMA patients, notably PMAneg, PMAneurite, and 

PMAsoma patients, each with their distinct immunoreactivity pattern. For the first 

time we make a direct link between a putative immune mediated disease mechanism 

and PMA. Our results demonstrate that antibodies may exert pathogenic effects in 

a subgroup of patients with PMA, and that these effects are heterogeneous. In one 
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group, PMAneurite, these effects are complement-dependent and strongly resemble 

the phenotype we have previously observed when using sera from patients with 

MMN7, whilst in a second group, PMAsoma, the staining pattern, target antigen, and 

downstream effects of antibody binding are completely disparate. This information is 

crucial to further identify patients with immune-mediated PMA and to develop targeted 

treatment strategies. 

The similarities between PMAneurite patients and MMN patients in their respective 

immunoreactivity and complement activation potential is not surprising. While it is 

possible that PMAneurite patients with IgM antibodies against GM1 are in fact MMN 

patients, and were initially misdiagnosed, there are some distinct clinical differences 

between these two groups of patients. PMAneurite patients showed no signs of 

conduction block or demyelination on nerve conduction studies, whereas these are 

seen as the electrophysiological hallmark of MMN23,24. Furthermore, PMAneurite 

patients had more generalized weakness at disease onset and the only patient to 

receive immunotherapy (IVIg) showed no clear treatment response. A second possibility 

could therefore be that MMN is in fact a larger clinical spectrum of LMNDs positive for 

anti-GM1 antibodies, and that the (electrophysiological) criteria applied to date are too 

strict, or even that IgM anti-GM1 antibodies exert different levels of pathogenicity in 

different patients.

While cell based assays using primary cell cultures have been applied traditionally to 

identify neuronal antigens, humanized iPSC-based models have not been exploited 

for the screening of unknown antibodies. We here show that this approach, using 

the target cells of a specific immune attack, is feasible, and identify a new IgM 

immunoreactivity pattern. Additional experimental work is required to confirm these 

findings and identify the responsible antigen in the PMAsoma subgroup. Subsequent 

analyses, for example immunoprecipitation experiments and mass spectrometry, 

followed by co-localization experiments of IgM with antigen-specific antiserum on 

iPSC-derived MNs, or incubation of patient sera with the antigen expressing cell lines 

could be used for such an approach. Alternatively, antibody depletion using synthetic 

beads may be performed. Finally, knockdown of the target epitope using shRNA could 

be performed to confirm any putative target identified by mass spectrometry as the 

correct PMAsoma antigen. 
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Sera from PMAsoma patients did not only have an immunoreactivity pattern that 

differed from patients with MMN, the effects of antibody binding differed considerably 

as they did not activate complement and had no deleterious effect on the morphology 

of neurons in vitro. This lack of both complement activation and morphological damage 

following serum incubation has also been reported for other pathological neuronal 

cell-surface antigens25. It is possible that the soma and neurite may differ in their 

vulnerability to a complement-mediated attack due to differences in local expression 

of complement-regulatory proteins, as we observed for CD46 and CD59. An alternative 

explanation may lie in differences in axolemma dynamics between neurite and soma. 

Such characteristics have been hypothesized to explain the striking differences in 

resilience to complement-antibody mediated attack between nodes of Ranvier and 

the neuromuscular junction26. While the pathogenic mechanism of PMAsoma IgM 

antibodies remains unknown, our evidence suggest that activation of the classical 

complement cascade does not play a significant role in the disease process. As there is 

a clear loss of lower MNs in vivo, antibodies may elicit deleterious downstream effects 

in neurons after crosslinking of signalling molecules on the axolemma. Although we 

cannot exclude the possibility that antibodies trigger leukocyte activation, the lack of 

increased cytokine expression in plasma makes a systemic B- or T-cell mediated disease 

process less likely27. 

In conclusion, iPSC-based disease modelling opens new possibilities for studying 

immune-mediated disorders. Using this strategy, we dissect two distinct subpopulations 

of PMA patients from a previously heterogeneous patient group, while also providing 

evidence for the pathogenicity of both IgM antibodies. Our current work serves as 

a proof of principle that human iPSC-derived models can successfully be applied to 

identify novel antigens when an immune-mediated pathogenesis is hypothesised. This 

study adds to our previous work that showed iPSC-derived disease models can be 

used as a diagnostic screening tool for neuronal antigens in LMNDs. We anticipate that 

serum screening using iPSC-derived MNs to be a starting point for further mechanistic 

studies in LMNDs. Finally, the detection of an immune-mediated disease mechanism 

in a subgroup of PMA patients is not trivial, as it is possible that such patients may 

respond to immunotherapy.
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ABSTRACT
The detection of anti-GM1 antibodies in patients with immune-mediated neuropathies 

is important for diagnosis and understanding of disease aetiology. There are several 

assays currently available for antibody detection, including ELISA and glycoarray 

methods, but their sensitivity and specificity are suboptimal. Combinations of 

techniques may be required to determine low levels of anti-GM1 antibodies in human 

serum. We applied a synthetic bead flow cytometry assay for IgM anti-GM1 detection in 

combination with a human stem cell based assay (hSCBA). Synthetic beads were coated 

with bovine GM1 and synthetic GM1 at differing densities and screened for optimal 

antibody detection. We examined temporal expression patterns of cell surface markers 

for iPSC-derived motor neurons by flow cytometry, and determined an optimum timing 

for antibody screening. Using these combined assays, we report a comprehensive 

profiling of 86 multifocal motor neuropathy (MMN) patient sera. Immunoreactivity 

screening of patient sera in a combined analysis by synthetic bead flow cytometry and 

hSCBA, benchmarked against traditional ELISA methodology, identified multiple sera 

with immunoreactivity that had previously been scored as being negative for IgM anti-

GM1 antibodies. The combination of both the flow cytometry and the hSCBA enabled 

characterization of patient samples for IgM in a robust and reproducible manner. Thus, 

the combination of both flow cytometry and a hSCBA provides a powerful platform and 

diagnostic tool showing promise for clinical application.

INTRODUCTION
Antibodies against the glycolipid GM1 are associated with acute and chronic motor 

neuropathies, in particular acute motor axonal neuropathy (AMAN) and multifocal 

motor neuropathy (MMN)1–3. The pathogenicity of these antibodies has been shown in 

several experimental models4,5. Repeated injection of rabbits with GM1 and complete 

Freund’s adjuvant (CFA) elicits IgM and IgG antibodies against GM1, deposition of 

these antibodies and complement to nerves, ultrastructural changes at the nodes 

of Ranvier, and eventually ascending motor deficits that are similar to AMAN. Anti-

GM1 IgM antibodies in sera from patients with MMN bound to GM1 expressed on 

induced pluripotent stem cell (iPSC) derived human motor neurons (MNs), activated 

complement, and induced structural and functional changes that mimic parts of the 

natural history of MMN6.
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Autoantibody identification is not only important for diagnosis, but is also essential 

for the design and improvement of treatment strategies. However, detection of the 

relatively low-affinity anti-GM1 antibodies is not straightforward. All currently used 

techniques, including the traditional enzyme linked immuno-sorbent assay (ELISA) 

methodology, have several important limitations, such as a suboptimal sensitivity 

and specificity, a relatively high inter-observer variability between laboratories, and 

limitations in multiplexing7,8. Technical advancements by combining accessory lipids 

such as galactocerebroside (GalC) have yielded some improvement, but current 

protocols rarely achieve a combined sensitivity and specificity of higher than 80% 

and are not suited for high-throughput screens8–10. Improved detection methods 

are therefore needed, not in the least to resolve whether AMAN and MMN without 

detectable anti-GM1 antibodies are explained by methodological limitations of current 

antibody detection assays or by differences in underlying aetiologies.

Previously we have shown that serum from patients without IgM anti-GM1 antibodies in 

the traditional ELISA may show significant immunoreactivity for IgM and co-localization 

with GM1 expressed on human iPSC-derived MNs6. This model more closely mimics the 

structural complexity and diversity of the axolemma compared with ELISA techniques.

Combining multiple assays can be an alternative strategy to improve autoantibody 

detection and reduce both false positives and false negatives11. Flow cytometry based 

assays using synthetic beads coated with an antigen of choice can be applied for 

high-throughput screening and multiplexing7,12 and has the additional advantage of 

quantification of antibodies employing a continuous fluorescence scale rather than 

titres, i.e. the highest serum dilution that crosses a predefined threshold. The concept 

of using synthetic beads was previously used in agglutination assays and for the 

detection of antibodies in sera of experimental animals13,14.

In order to improve anti-GM1 antibody detection, we explored the combination of a 

synthetic bead flow cytometry assay and a human pluripotent stem cell based assay 

(hSCBA). We performed a comprehensive screen of 86 MMN patient sera using this flow 

cytometry based assay and we investigated the correlation between immunoreactivity 

as measured by flow cytometry and distinct immunoreactivity patterns on human iPSC-

derived motor neurons.
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MATERIALS AND METHODS
Patients and Controls
Skin biopsy samples were obtained from healthy controls and stored at -80 °C. Serum 

samples were obtained from patients and controls and stored at -80 °C prior to use15,16. 

All participants were of Dutch descent. Healthy controls consisted of persons without a 

history of neurological diseases or a family history of amyotrophic lateral sclerosis (ALS). 

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
Human iPSC-lines were derived as previously described6. Briefly, cellular reprogramming 

was performed on low-passage human fibroblasts. Viral transduction was performed 

with a lentiviral vector expressing OCT4, KLF4, SOX2 and c-MYC17,18. Colonies of iPSCs 

were manually picked after 3-6 weeks for further expansion and characterization. 

iPSCs (<P40) were either cultured on irradiated MEFs in huES medium and passaged 

manually, or cultured feeder-free on Geltrex (Life Technologies) and maintained in 

mTeSR1 medium (Stem Cell Technologies). All cell lines were routinely tested for 

mycoplasma infections.

Motor Neuron Differentiation
Motor neuron differentiation (depicted in Fig 1A) was performed using a modified 

version of previously established protocols6,19. In short, embryoid body (EB) formation 

was accomplished through a standardized microwell assay. Human iPSCs were 

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

supplemented with 10 μM Y-27632 (Axon Medchem) 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), non-essential amino acids (Life Technologies), N2 

supplement (Life Technologies), and 20% D-glucose (Sigma). For neuralization of EBs, 

dual-SMAD signaling was inhibited between day 1-5 using 10 μM SB431542 (Axon 

Medchem) and 0.2 μM LDN193189 (Myltenyi Biotec), respectively. During the first 

four days, 10 μM Y-27632 (Axon Medchem) was used to inhibit cell death. EBs were 

carefully flushed out of the microwells using NIM containing 10 μM SB431542 (Axon 
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Medchem), 0.2 μM LDN193189 (Myltenyi Biotec), 1 μM retinoic acid (Sigma), and 10 

ng/ml brain-derived neurotrophic factor (BDNF, R&D systems) and transferred to a 

non-adherent 10 cm petri dish (Greiner Bio-one). EBs were kept in suspension culture 

and medium was changed every other day using NIM containing 1 μM retinoic acid 

(Sigma), 1 μM smoothened agonist (Merck Millipore) and 10 ng/ml BDNF (R&D systems). 

From day 16 onwards, medium was changed every other day using neurobasal 

differentiation medium (NDM) containing Neurobasal (Life Technologies), penicillin/

streptomycin (Life Technologies), L-glutamine (Life Technologies), non-essential amino 

acids (Life Technologies), N2 supplement (Life Technologies), B27 minus vitamin A (Life 

Technologies), and 20% D-glucose (Sigma) supplemented by 1 μM retinoic acid (Sigma), 

1 μM smoothened agonist (Merck Millipore), 10 ng/ml BDNF (R&D systems), 10 ng/ml 

glial cell line-derived neurotrophic factor (GDNF, R&D systems), and 10 ng/ml ciliary 

neurotrophic factor (CNTF, R&D systems). From day 21-31, EBs were dissociated using 

Papain (Worthington Biochemical Corporation) and DNAse (Worthington Biochemical 

Corporation). Cells were resuspended in human motor neuron medium (huMNM) 

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

L-glutamine (Life Technologies), non-essential amino acids (Life Technologies), 

N2 supplement (Life Technologies), and B27 minus vitamin A (Life Technologies) 

supplemented by 10 ng/ml BDNF (R&D systems), 10 ng/ml GDNF (R&D systems), and 10 

ng/ml CNTF (R&D systems) and plated on PDL-laminin-coated coverslips at the required 

density. Coverslips with MNs were then co-cultured with primary mouse glia for 2-3 

weeks.

Electrophysiological Recordings
iPSC-derived MNs were plated on 13 mm coverslips following 3 weeks of differentiation 

and co-cultured with primary mouse glia for at least 14 days. Coverslips with neuronal 

cultures were placed in a recording chamber, continuously perfused at room 

temperature (21 °C) with artificial cerebrospinal fluid containing 120 mM NaCl, 3.5 

mM KCl, 1.3 mM MgSO4, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 10 mM D-glucose, and 25 

mM NaHCO3, gassed with 95% O2 and 5% CO2, pH 7.4. Using an upright microscope 

(Axoiskop, Zeiss), individual MNs were visualized and selected for whole cell current 

clamp recordings. Patch pipettes for recording were produced from borosilicate glass 

(1.5 mm outer diameter, 0.86 mm inner diameter; Harvard Apparatus Limited; pipette 

resistance ~4-5 MΩ) on a P-97 Flaming/Brown micropipette puller (Sutter Instruments) 
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and filled with pipette solution containing: 140 mM K-methanesulfonate, 10 mM HEPES, 

0.1 mM EGTA, 4 mM MgATP, 0.3 mM 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) amplifier. The responses were filtered at 

5 kHz and digitized at 10 kHz using Digidata 1322A, Axon Instruments. All data were 

stored and analyzed on a PC using pClamp 9.0 and Clampfit 9.2 (Axon Instruments). 

Recordings with a series of resistance of less than 2.5 times the pipette resistance were 

accepted for analysis. If necessary, with a small holding current, MNs were kept at -65 

mV before the start of the current protocol. In 10 steps of 10 nA with an interval of 

30 seconds and duration of 500 ms, the cells were depolarized to induce spike trains. 

Also, hyperpolarizing current steps of -10 nA were included to study hyperpolarizing 

membrane properties.

Immunocytochemistry and Microscopy
Cells were fixed with 4% paraformaldehyde for 10 minutes at room temperature (RT). 

Samples were permeabilized with 0.1% Triton X-100 (Sigma) for intracellular stainings, 

and subsequently blocked using 20% goat serum in 2% BSA/PBS for 45 minutes at RT. 

Following a PBS wash, samples were incubated with MMN or healthy control serum 

at a 1:50 dilution for 1 hour at RT. Serum incubation with patient or healthy control 

serum was only performed for serum experiments. Samples were washed with PBS 

and subsequently incubated with indicated primary antibodies for 1 hour at RT, washed 

three times with PBS, and incubated with appropriate Alexa Fluor labeled secondary 

antibodies for 1 hour at RT. Finally, cells were washed and mounted with Prolong Gold 

reagent with Dapi (Invitrogen).

The following commercial antibodies were used: rabbit anti-Oct-4A, rabbit anti-Sox2, 

rabbit anti-Nanog, mouse anti-SSEA4, mouse anti-TRA160, mouse anti-TRA181 (all from 

Stem Light Pluripotency Antibody Kit, Bioke), rabbit anti-Tubulin-β3 (Sigma), mouse anti-

Nestin (Bio connect), mouse anti-Hb9 (DSHB), mouse anti-Isl-1 (DSHB), goat anti-ChAT 

(Millipore), cholera toxin B subunit (Sigma), cholera toxin B subunit-Alexa488 conjugate 

(Invitrogen), goat anti-human IgM-Biotin antibody (Sigma), mouse anti-C5b-9 (Santa Cruz 

Biotechnology), mouse-anti-CD15-APC (BD Biosciences), mouse-anti-CD24-APC/H7 (BD 

Biosciences), mouse-anti-CD29-APC (BD Biosciences), and mouse-anti-CD56-PECy7 

(BD Biosciences). We used Streptavidin-Alexa555, Alexa488, and Alexa568 secondary 
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antibodies (Invitrogen).

Images were acquired using either an Olympos Fluoview FV1000 confocal microscope 

or a Zeiss AxioScope microscope followed by image analysis using ImageJ (NIH) 

software.

Coupling of GM1 to Beads
Biotinylated Bovine GM1 (Matreya) and biotinylated GM1 sugar (Elicityl) were used for 

testing. M-280 streptavidin beads (Invitrogen) were conjugated with 200%, 100%, 50%, 

25% or 12.5% of the beads binding capacity with biotinylated GM1 in PBS for 2 hours 

at RT under continuous shaking. Afterwards, beads were washed in 0.1% BSA-PBS and 

blocked with 0.1% BSA-PBS for 1 hour at RT under continuous shaking. GM1 coating of 

the beads was verified by incubation with Cholera toxin B subunit-Alexa488 (Invitrogen). 

Flow Cytometry
Serum of patients and controls were diluted 1:100 in 0.1% BSA-PBS and added to 104 

GM1 coated beads and incubated for 45 minutes at 4 °C under continuous shaking. 

After 3 washing steps with 0.1% BSA-PBS, the beads were incubated with F(ab’)2-

anti-hIgM-FITC (SouthernBiotech) for 30 minutes at 4 °C under continuous shaking. 

Subsequently, the beads were washed and analyzed on a Canto II flow cytometer 

(Becton Dickinson).

Statistical Analysis
Co-localization 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 optimal threshold for each channel. Linear regression analysis of quantified 

co-localization of serum incubation experiments was performed to establish correlation 

between anti-GM1 titer and correlation coefficient. Statistical analyses were performed 

in R (http:/r-project.org). Continuous variables with normal distribution were compared 

using 2-tailed Student t-test or analysis of variance.

RESULTS
Synthetic GM1 versus bovine GM1 coating of synthetic beads
To determine optimal GM1-coating of the synthetic beads for antibody detection, beads 
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were coated with both synthetic GM1 and bovine GM1 at differing amounts (see Fig 1A 

for experimental design). Coating densities were titrated at 200%, 100%, 50%, 25%, and 

12.5% of binding capacity, after which beads were stained using cholera toxin B subunit. 

Mean fluorescence intensity (MFI) was subsequently measured by flow cytometry (Fig 

1B). While coating with reduced concentrations of bovine GM1 resulted in decreasing 

MFI, values remained stable for synthetic GM1 up to a coating density of 50%. The 

higher sensitivity for synthetic GM1 compared with bovine GM1 may be due to an 

increased steric hindrance when using bovine GM1, which differs from synthetic GM1 

by inclusion of its ceramide tail. 

For antigen amount testing, a range of dilutions of healthy pooled serum (HPS, negative 

control) and a high titre MMN serum (positive control) were used to incubate coated 

beads in (Fig 1C). Again, both bovine GM1 and synthetic GM1 were used to determine 

an optimal serum dilution. For both coating conditions beads were incubated with 

serum and stained using cholera toxin B subunit, showing a clear distinction between 

MFI from HPS compared with MMN serum. The optimal serum dilution was determined 

by the largest difference between control (HPS) and disease (MMN) MFI values, and was 

found to be 1:100 (Fig 1C). Synthetic GM1 coating was superior to bovine GM1 coating.

In summary, beads coated with synthetic GM1 are capable of distinguishing MMN 

patient serum from healthy control serum, and are superior to beads coated with 

bovine GM1.

Figure 1. Characterization of a bead flow cytometry assay for antibody detection

(A) Schematic representation of GM1 coating of synthetic beads and serum incubation experiments, 

showing binding of IgM anti-GM1 antibodies to GM1-coated beads. (B) Beads were coated with either 

bovine GM1 or synthetic GM1 at different concentrations, stained using cholera toxin B subunit-

Alexa488, and subsequently measured by flow cytometry. IgM-biotin was used as a negative control. (C) 

Beads coated with bovine and synthetic GM1 (at 100% coating density) were incubated with HPS (healthy 

pooled serum, negative control) or MMN serum (positive control), stained using cholera toxin B subunit-

Alexa488, and subsequently measured by flow cytometry.
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Expression of GM1 increases during in vitro maturation of 
iPSC-derived MNs
We differentiated iPSC-lines (n = 3, all characterized previously) into MNs expressing 

neuronal (TUJ1, NFM) and motor neuron (ISL1) markers (Fig 2B and C)6. Neuronal 

cultures were functionally characterized by electrophysiology experiments, and showed 

MNs were capable of firing repetitive action potentials following current injections (Fig 

2D). For each independent experiment at least two iPSC lines were used. 

Having established that iPSC-derived MNs express GM1 gangliosides, and that anti-

GM1 antibodies were capable of binding to iPSC-derived neuronal cultures6, we set 

out to investigate if there were significant differences in GM1 expression during in 

vitro maturation. We dissociated neuronal cultures at multiple time points (DIV3, DIV6, 

DIV9, DIV12, DIV15, and DIV18 respectively, DIV = days in vitro) and measured GM1 

expression by flow cytometry after immunostaining neurons using anti-subunit B 
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cholera toxin, a high affinity ligand for GM120. We saw an increase in GM1 expression 

from DIV3 through to DIV12, after which expression stabilised (Fig 2E). 

Previous studies have reported differences in the expression of other cell surface 

markers (e.g. CD15, CD24, CD29, and CD56) between pluripotent stem cell populations, 

neural stem cell populations, and stem cell-derived neurons21,22. We screened iPSC-

derived MNs at the above described time points to examine changes in expression 

patterns of these markers, in order to establish whether early time points were 

enriched for neural stem cell populations. CD15 and CD29 were consistently lowly 

expressed at all time points, including early time points, providing evidence that our 

neuronal cultures were not enriched for neural stem cells at early time points (Fig 2F). 

In contrast, CD24 and CD56 were highly expressed in iPSC-derived MN-cultures, in line 

with previous reports on terminally differentiated neuronal populations (Fig 2F)22.

Figure 2. Characterization of iPSC-derived MNs as a human stem cell based model
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(A) Schematic representation of cellular reprogramming of fibroblasts to iPSCs, and subsequent neural 

differentiation into MNs. (B) Representative image of iPSC-derived MN culture co-stained for TUJ1 and 

mid-sized neurofilament (NFM) (scale bar = 200μm). (C) Representative image of iPSC-derived MN culture 

co-stained for TUJ1 and ISL1 (scale bar = 200μm). (D) Current-clamp recording following of DIV12 iPSC-

derived MNs following current injections. MNs were capable of firing repetitive action potentials. (E) iPSC 

derived MNs were dissociated at various time points (DIV 3, 6, 9, 12, 15, and 18 respectively), stained 

using cholera toxin B subunit-Alexa488, and subsequently measured by flow cytometry to determine 

GM1 expression. (F) iPSC derived MNs were dissociated at various time points (DIV 3, 6, 9, 12, 15, and 18 

respectively), stained for CD15, CD24, CD29, and CD56, and subsequently measured by flow cytometry to 

determine cell surface marker expression.

In summary, we established that iPSC-derived neuronal cultures express GM1 

gangliosides at increasing levels during in vitro maturation, with stable expression 

from DIV12 onwards. Therefore, in order to mimic mature in vivo neurons as closely as 

possible and reduce experimental variability, we concluded that iPSC-derived MNs from 

DIV12 and later are best used to robustly screen for anti-ganglioside antibodies.

GM1-coated bead flow cytometry assay differentiates MMN 
sera from healthy control sera
To determine if our GM1-coated bead flow cytometry assay was capable of 

differentiating between large groups of healthy control and patient sera, we screened 

45 healthy control samples, 20 disease control (ALS) samples, and 86 MMN samples 

(Fig 3A). Healthy control sera showed no difference in MFI compared with the disease 

control group (p = n.s.). In contrast, MMN patient sera had a significantly higher MFI 

compared with healthy control sera (p < 0.0001). 

Figure 3. 

(A) Quantification of mean fluorescence intensity (MFI) values of healthy control (HC, n = 45), 

amyotrophic lateral sclerosis patients (ALS, n = 20), and multifocal motor neuropathy patients (MMN, n 

= 86) sera as test by bead flow cytometry. Each dot represents a single serum sample. Negative control 

group used was human IgM and positive control group used was cholera toxin subunit B. Student t test: 

* = p < 0.05, *** = p < 0.001; **** = p < 0.0001. (B) Assessment of variation of MFI values for all MMN, 

ALS, and control samples tested show minimal variability in replication experiments, n = 2. Independent 

experiments were performed on separate days.(C) Linear regression analysis of MFI values of serum 
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incubation experiments of MMN patients with anti-GM1 antibodies (n = 39) shows positive correlation 

between anti-GM1 titer and MFI, p < 0.0001. (D) Linear regression analysis of MFI values and co-

localization coefficients of serum incubation experiments of MMN patients with anti-GM1 antibodies (n = 

39) shows positive correlation between MFI and co-localization coefficients, p < 0.0001.

For clinical translation it is important that experimental results can be replicated and 

that there is little variation between multiple runs of the same sample. We observed 

very little variation, as seen by the small standard deviations, when screening all sera 

(45 HC, 20 ALS, 86 MMN respectively) in a second independent screening experiment 

(Fig 3B).

Anti-GM1 flow cytometry values correlate with GM1/anti-
GM1 co-localization values
In a recent study we have shown that iPSC-derived MNs can be used to screen for IgM 

anti-GM1 antibodies, and that there is a strong IgM immunoreactivity co-localization 

with GM1 immunoreactivity6. We quantified co-localization between IgM and GM1 
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immunoreactivity and performed image correlation analysis, showing that image 

correlation (R2) was associated with GM1 titres as tested by ELISA6. 

We investigated if we could find a correlation between MFI values and anti-GM1 

antibody titres as measured by ELISAs for the same MMN sera (Fig 3C). We found that 

for MMN sera that were positive for GM1 antibodies as tested by ELISA, there was a 

strong correlation between MFI values and their respective titres (p < 0.0001). Not 

surprisingly, further analysis revealed that there was a similar correlation between 

previously calculated image co-localization coefficients (R2) and the MFI values 

measured for the same MMN sera (Fig 3D). We found that for MMN sera that were 

positive for GM1 antibodies as tested by ELISA, there was a strong correlation between 

co-localization coefficients (R2) and the MFI values (p < 0.0001).

Interestingly, while these strong correlations hold true on a group-based comparison, 

when examining individual serum samples scores generated by different assays are 

inexact. For example, there are sera which are negative for IgM anti-GM1 antibodies 

when tested by ELISA methodology, but score high MFI values on the bead flow 

cytometry assay. Other sera may have a high co-localization coefficient on the the 

hSCBA, but score only a low MFI value. 

DISCUSSION
In the current study we describe the combined used of a synthetic bead flow cytometry 

assay together with iPSC-derived MNs as a cell based assay (hSCBA) for IgM antibody 

detection. We show that a synthetic bead flow cytometry assay can differentiate 

between MMN patient serum and healthy control serum, and that there is little variation 

between experiments. Moreover, measured intensity values correlate well on a group 

basis with both anti-GM1 titres as measured by ELISA and co-localization coefficients as 

calculated using our hSCBA.

Autoantibody detection is an important step in diagnosing immunological disorders 

and the design of treatment strategies, however identification of anti-GM1 antibodies 

has proven particularly challenging in a subgroup of MMN patients. Classical ELISA 

methodology has limitations, which have only partially been addressed in the more 
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than 20 years it has been used8,23. The improved anti-GM1 IgM antibody detection 

(i.e. diagnostic sensitivity) by combining GM1 and GalC has also been applied in more 

sensitive and specific antibody detection assays such as glycoarray techniques8,24–26, 

but a significant number of anti-GM1 seronegative patients with MMN remain. 

The existence of other target antigens including NS6S heparin disaccharide and 

neurofascin-186 have therefore been suggested27,28, but have not been convincingly 

reproduced29. Since there are no clear differences in clinical phenotype between 

patients with MMN with and without anti-GM1 antibodies15, it is worth considering 

alternative approaches to detect low levels of anti-GM1 antibodies. The flow-cytometry 

data presented here support our previous findings in a cell-based assay suggestive of 

the presence of anti-GM1 antibodies in serum samples that were negative in ELISA. We 

therefore postulate that the immunopathogenesis of MMN is rather homogeneous, and 

that combinations of techniques may be required to show the presence of low levels of 

anti-GM1 IgM in selected serum samples.

In line with previous reports, while ELISA and synthetic bead flow cytometry scores are 

comparable when evaluating samples on a group basis, single samples do not always 

correlate exactly. For example, a patient sample may have a negative titre with a high 

MFI or vice versa. We nevertheless detected high MFI levels in several sera that had 

ELISA titres below the specific cut-off of 1:40015. The available evidence suggests that 

anti-GM1 IgM antibodies are produced by one or at least very few B-cell clones30,31. 

Despite this, different assays may measure distinctly different binding events, which 

could reflect subtle differences in binding dynamics (affinity/avidity) between anti-GM1 

antibodies. A model such as the hSCBA that mimics the in vivo membrane diversity to 

the fullest may reduce such technical differences.

The synthetic bead flow cytometry antibody detection assay could be adapted to 

improve sensitivity and specificity. We have not studied the effects of the addition of 

GalC that has been used in ELISA and glycoarray methodology. However, as reports 

also showed that increasing GalC ratios decreased assay specificity, this would have to 

be carefully tested at differing GM1/GalC ratios. We also noted high MFI values in some 

serum samples from healthy controls. This has also been observed in ELISA and may 

reflect the varying presence of these natural antibodies in the healthy population32,33. 

We previously showed that anti-GM1 IgM in sera from (disease) controls do not activate 
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complement33. Assessing the complement-activating potential of anti-GM1 antibodies 

could represent an additional approach to assess the presence of antibodies with 

pathogenic potential.

Robust antibody detection is critical for our understanding of disease aetiology 

and the development of improved treatment strategies. For research purposes, it 

is equally important, as correct identification of autoantibodies is required to study 

their pathogenicity. While rigorous criteria for the detection of autoantibodies in 

CNS immune-mediated disorders have been applied by using multiple assays, this 

is generally not the case for immune-mediated neuropathies. For a better clinical 

diagnosis, and to further study the pathogenesis of autoantibodies, we must first 

confidently identify the potential antigens of autoimmune neuropathies. We would 

therefore advocate that a combination of assays may enhance the sensitivity of IgM 

anti-GM1 antibody detection significantly. Future studies could focus on the direct 

comparison of the two assays described in the present study, the synthetic bead based 

flow cytometry assay together with iPSC-derived MNs as a cell based assay, with ELISA 

methodology and glycoarray techniques. This way anti-GM1 antibodies might yet be a 

reliable biomarker for clinicians.
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DISCUSSION
The proper function of the motor circuit is essential for normal interaction as a human 

being with external cues. While the motor circuit consists of a variety of cell types, 

one of its core components is the motor neuron itself. Dysfunction of motor neurons 

is a hallmark of many neuromuscular disorders. Amyotrophic lateral sclerosis (ALS), 

progressive muscular atrophy (PMA), and multifocal motor neuropathy (MMN) are just 

three examples of such disorders. Understanding which molecular mechanisms lead to 

dysfunction and loss of motor neurons in these diseases is crucial in our aim to develop 

effective therapies. The rise of iPSC technology and directed differentiation methods 

has led to many new possibilities in humanized disease modelling, providing a platform 

to further study these molecular mechanisms. It is important, however, to keep in mind 

that human iPSC-derived models have their limitations. Therefore, I believe it is essential 

to see such models as complementary to the vast array of other in vitro, in silico, and in 

vivo (animal) models which are already at our disposal.

In this thesis I describe the results of experiments using iPSC-derived motor neurons, 

either to identify the underlying molecular mechanisms leading to motor neuron 

disease, or as a screening tool for autoantibodies involved in immune-mediated 

disorders. First, we used a combination of cellular, molecular, functional, and ‘omics’ 

approaches to identify ATXN2-specific effects that lead to motor neuron degeneration 

in ALS. Second, by using iPSC-derived motor neurons as a disease model for MMN, 

we showed for the first time that IgM anti-GM1 antibodies are pathogenic, and have 

both complement-dependent and -independent effects on neurons. Together, these 

results are a basis for future studies using iPSC-based disease modelling in ALS and 

MMN, thereby providing a starting point towards identifying novel therapeutic targets. 

Additionally, we have applied iPSC-derived neurons as a screening tool for IgM anti-

GM1 antibodies in MMN and for IgM antibodies in PMA. We showed that the use of 

iPSC-derived neurons together with synthetic beads can be applied successfully for 

autoantibody detection. Interestingly, our screen of PMA patients revealed a significant 

subpopulation of patients that may harbour autoantibodies to a previously undetected 

cell surface antigen, raising the possibility that immunotherapy could be considered for 

these patients.

Collectively, the work in this thesis highlights the potential of iPSC-based disease models 
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to further understand the molecular mechanisms leading to motor neuron loss, to 

identify autoantibodies against as of yet unknown antigens, and finally as a tool to 

screen known antibodies.

I will attempt to place these results within the framework of the current literature, 

and discuss the potential limitations and implications that go hand in hand with all 

scientific data. I have encountered several challenges during the work that is described 

in this thesis, and I will use these to suggest future directions for iPSC-based disease 

modelling.

PART I
Modelling sporadic disease: an iPSC-based model of ATXN2-
ALS
While genome-wide association studies (GWAS) have identified numerous genetic 

variants associated with an increased risk of developing motor neuron disease, 

follow-up studies leading to mechanistic understanding on how specific risk variants 

contribute to motor neuron degeneration have been considerably less successful. 

Understanding the pathogenesis of sporadic ALS has been challenging in part due 

to a lack of reliable experimental models which recapitulate relevant phenotypical 

features of motor neuron disease. iPSC-based disease models have been proposed 

as an ideal tool to study complex genetic diseases, as patient-derived cells harbour all 

genetic variation that contribute to the relevant disorder1. However, to date, the study 

of genetic risk factors for complex genetic disorders using iPSC-based disease models 

remains something of a rarity. 

In Chapters 2 & 3 of this thesis I focussed on ATXN2, one of the most robust genetic 

risk factors to have been associated with ALS to date. While most genetic risk variants 

only confer a modest effect size, they can point to important biological pathways 

underlying a specific phenotype. The intronic SNP in HMCGR (encoding HMG-CoA 

reductase), which confers only a minor effect on plasma LDL cholesterol levels, is a 

clear example2. Statins, which target this protein, are currently widely used cholesterol 

drugs. In Chapter 2 we reviewed the current literature on the physiological functions of 

ataxin-2, and how its dysfunction may lead to motor neuron degeneration. An intriguing 
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aspect of ATXN2-induced disease pathology is that polyglutamine repeat expansions in 

ATXN2 are associated with multiple clinical entities (spinocerebellar ataxia type 2, ALS, 

and parkinsonism), and that within ALS it has been identified both as an independent 

genetic risk factor and as a toxic modifier of other known ALS-associated genes (TDP-43, 

FUS, and C9orf72 respectively). This underscores the potential importance of ATXN2 in 

motor neuron degeneration, and highlights it as a therapeutic target. A recent study 

in a TDP-43-mouse model of ALS confirmed this by showing that reduction of ataxin-2 

protein levels by antisense oligonucleotides (ASOs) extends lifespan and reduces motor 

neuron degeneration3. 

To date, few studies have applied iPSC-based disease modelling to study the molecular 

pathways affected by susceptibility genes. However, two successful examples have used 

iPSC-derived neurons to investigate sporadic Alzheimer’s disease (sAD) and sporadic 

Parkinson’s disease (sPD)4,5. Young and colleagues examined how the function of 

common non-coding risk haplotypes in the SORL1 locus is altered in sAD4. They found 

modified SORL1 expression following treatment with brain derived neurotrophic factor 

(BDNF), leading to changes in amyloid precursor protein processing and a reduction 

of Aβ peptides in neurons carrying the protective alleles. A similar effect was found 

following knockdown of SORL1 using shRNAs, leading the authors to propose that 

the changes in amyloid precursor protein processing are indeed SORL1 specific and 

that genetic variation in this locus can modify an individual’s risk of developing sAD. 

Interestingly, the endophenotypes described in this study were genotype specific and 

not phenotype specific. This is a striking observation for disease modelling of complex 

genetic disorders and genetic risk factors. Arguably, future studies that focus on ATXN2-

specific mechanisms of motor neuron degeneration should include healthy controls 

that carry intermediate length polyglutamine expansions of ATXN2. 

A second study, by Soldner and colleagues, on sPD describes a strategy to functionally 

dissect the cis-acting effect of non-coding genetic risk variants in regulatory elements 

on gene expression using a CRISPR/Cas9 (clustered regularly interspaced short 

palindromic repeats) genome editing approach5. They identified a genetic risk variant 

in a non-coding distal enhancer element that regulates the expression of α-synuclein 

(SNCA). Altered expression of SNCA could be linked with sequence-dependent binding 

of the brain-specific transcription factors EMX2 and NKX6-1 and thus contribute to 
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disease susceptibility. Using quantitative allele-specific assays the authors showed that 

common single nucleotide polymorphisms (SNPs) with small effect size can contribute 

to Parkinson’s disease risk. This study shows the importance of correlating previously 

identified genetic risk factors with changes in expression profiles in vitro and functionally 

relevant disease phenotypes in order to determine a mutation’s impact, similar to our 

approach in Chapter 3.

While the pathogenesis of AD, PD, and ALS remains in part elusive, much of what is 

known comes from the discovery of mutations in rare familial forms of these disorders. 

However, as the vast majority of ALS patients suffer from sporadic disease, it is 

important to gain more insight in the pathogenesis underlying sporadic ALS (and the 

same holds true for sAD and sPD). In an attempt to further our understanding of the 

biological pathways driving motor neuron degeneration in sporadic ALS, we looked into 

the effects of intermediate length polyglutamine repeat expansion of ATXN2 on iPSC-

derived MNs in Chapter 3.

ATXN2 metabolic disruption and its contribution to the 
underlying pathogenesis of ALS
Compared to dominant mutations, genetic risk factors are more likely to have 

subtle effects on molecular pathways rather than drive disease pathology. To better 

understand the contribution of ATXN2 to ALS disease pathogenesis, we integrated 

molecular profiling techniques (a so-called ‘multi-omics’ approach) in Chapter 3. By 

using multiple techniques (scRNAseq, RNAseq, and proteomics) at an early time-

point we showed that it is possible to identify subtle dysregulated pathways that may 

contribute to motor neuron degeneration. Besides the better described physiological 

functions of ATXN2, with roles in RNA metabolism, translational regulation, and stress 

granule formation, more and more studies are emerging that link ATXN2 to metabolic 

functions such as body weight regulation, lipid metabolism, and insulin resistance6. 

By performing RNAseq and quantitative proteomics of fibroblasts, iPSCs, and 

iPSC-derived MNs we identified neuron-specific metabolic pathways that are 

disturbed, which we further characterized by metabolic profiling experiments. Our 

data further support a metabolic role for ATXN2 in ALS disease pathology. Indeed, 

intermediate length polyglutamine expansion of ATXN2 leads to transcriptional 
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and proteomic dysregulation of distinct metabolic pathways. We found differential 

expression of multiple mitochondrial associated genes, among which Nicotinamide 

N-Methyltransferase (NNMT), a gene previously associated with PD. Interestingly, 

annotation analyses of the proteomics data showed enrichment for mitochondrial 

associated proteins. 

Prior to this thesis, several metabolic functions have been proposed for ataxin-2. First, 

in multiple studies using ATXN2 mouse models differences in body weight have been 

observed. Whereas models of SCA2 with polyglutamine repeat expansions display 

decreased body weight, ATXN2 knockout mice show increased weight gain compared 

to controls7–10. The exact mechanisms leading to altered body weight are unknown, 

although hyperphagia, altered insulin resistance, and diminished olfaction have been 

proposed6. Furthermore, several genetic interactors of ATXN2 have been associated 

with anorexia nervosa and obesity11,12. Secondly, ATXN2 knockout mice show signs of 

dyslipidemia with an increase in serum cholesterol levels10. Metabolomic and proteomic 

investigation of the same ATXN2 knockout mouse model showed evidence of an altered 

lipid metabolism, with downregulated pathways for branched chain and other amino 

acid metabolism, fatty acids, and citric acid cycle13. A third possible mechanism through 

which ATXN2 modulates metabolism may involve insulin resistance. Despite showing 

increased insulin production, ATXN2 knockout mice are insulin-resistant, which may be 

due to a post-transcriptional effect of ATXN2 on InsR (Insulin Receptor)10. Finally, ATXN2 

may have an effect on metabolism either by directly interacting with the mammalian 

target of rapamycin (mTOR) pathway, or by indirect modulation of mTOR expression 

through its role in stress granule formation14–16. Evidence for ATXN2-specific modulation 

of mTOR comes from multiple experimental models. In C. elegans it was shown that 

ataxin-2 depletion promotes growth via regulation of the mTOR pathway15, while a 

study on obesity found a link between stress granule formation and mTOR signalling17. 

The latter is all the more relevant considering the physiological role of ATXN2 in 

stress granule formation18–20. The significance of mTOR modulation on motor neuron 

degeneration cannot be understated. An elegant study by Saxena et al showed how 

activation of mTOR in vulnerable MNs in an SOD1 mouse model was neuroprotective, 

and that inhibition of mTOR led to a dramatic increase in protein aggregation and 

motor neuron degeneration21.
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Altered metabolic profiles is a common finding in ALS patients, and has also been 

observed in animal models of motor neuron disease22,23. Changes in energy metabolism 

and weight loss, together with dysregulated carbohydrate and lipid metabolisms have 

all been associated with ALS22–24. Despite these metabolic changes often being present 

before motor symptoms arise, it remains unclear whether these metabolic imbalances 

are causative to motor neuron degeneration or a consequence of disease pathology.

Given the high energy demand of MNs, it has been hypothesised that MNs may be 

more vulnerable to metabolic imbalances than other (neuronal) cell populations. It 

has previously been suggested that the selective vulnerability of MNs, and also that of 

distinct MN subpopulations, may be explained by their bioenergetic demands21,25,26. 

Though it is clear that ALS is not a pure motor neuron disorder, there remains a 

strong predilection for the degeneration of motor neurons. Furthermore, within 

the motor neuron population, an additional distinction can be made. Evidence from 

mouse models show that low-excitability fast fatigable MNs are most prone to early 

degeneration, medium-excitability fatigue-resistant MNs denervate later during disease 

progression, whereas highly excitable slow MNs are the most resistant to motor 

neuron degeneration and generally only succumb during end-stage disease27,28. Direct 

manipulation of excitability has been shown to be neuroprotective, providing more 

evidence that excitability and thus the metabolic state of MNs plays a crucial role in ALS 

disease pathology21. 

Taken together, the available evidence from clinical studies of ALS patients and various 

experimental models points towards a strong role for metabolic imbalance and 

altered excitability of MNs in the disease aetiology of motor neuron disease. While 

some upstream mechanisms have been identified, such as mTOR modulation, this is 

yet to yield any translation to potential therapeutic targets for patients suffering from 

ALS. However, in this light, our data suggest that ATXN2 may be a major player in the 

metabolic disruption in MNs. To gain further insight in whether these effects are indeed 

ATXN2 dependent, further studies are required to unravel the molecular mechanisms 

specific to intermediate polyglutamine repeat expansions in ATXN2. The use of precision 

genome editing tools such as transcription activator-like effector nucleases (TALENs) 

or CRISPR-Cas9 could, together with human iPSC-derived disease models, provide the 

necessary means to dissect which phenotypes are truly ATXN2-specific.
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PART II
iPSC-derived MNs as an in vitro disease model for 
inflammatory neuropathies
Chapter 4 provides an overview of the current understanding of the immune 

pathogenesis underlying multifocal motor neuropathy (MMN), its clinical presentation, 

and the available treatment strategies and future therapeutic targets. Importantly, 

while the presence of anti-GM1 IgM antibodies has been documented in the earliest 

descriptions of MMN, there is still debate on their pathogenicity29. As anti-GM1 

antibodies are only detected in approximately half of all patients suffering from MMN, 

it is thought they could be an epiphenomenon of the disease30. The fact that other 

antigens have been proposed to be associated with MMN, has cast further doubt on 

the role of IgM anti-GM1 antibodies in the pathogenesis of MMN31,32. One of the core 

challenges in studying the disease mechanisms leading to MMN and other inflammatory 

neuropathies has been the lack of animal or in vitro disease models. Most of what we 

know regarding MMN has been extrapolated from studies on other immune-mediated 

neuropathies33. 

In an attempt to provide more clarity on the role of IgM anti-GM1 antibodies in the 

disease pathology of MMN, we described the characterization of an in vitro human 

iPSC-derived disease model in Chapter 5. After differentiating iPSCs into MNs, we 

characterized these neurons both by immunocytochemistry for MN markers and by 

electrophysiology to ensure they are physiologically active. Importantly, to function as 

a valid disease model for MMN, iPSC-derived MNs must express GM1 gangliosides, 

which we verified by immunocytochemistry using the highly specific cholera toxin 

subunit-B as an antibody. To our knowledge, this is the first iPSC-derived disease model 

that has been used to study immune-mediated neuropathies, such as MMN. Together 

with a recent study describing a similar model for myasthenia gravis, an autoimmune 

disease with antibodies targeting the neuromuscular junction, our findings suggest that 

iPSC-derived models are a valuable tool not only for hereditary diseases but also for 

immune-mediated disorders34. Future studies will be able to build on this work and use 

this model for further in-depth studies to dissect the underlying disease mechanisms 

and as a screen for novel therapeutic compounds.
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Pathogenicity of IgM anti-GM1 antibodies
The link between IgM anti-GM1 antibodies and MMN was first made by Pestronk and 

colleagues in 198829. As described in Chapter 4, to date the pathogenicity of IgM anti-

GM1 antibodies in MMN remains uncertain. This is a fundamental question in the study 

of MMN, as for the development of new therapeutic strategies it is imperative to have 

a basic understanding of the underlying disease mechanisms. Therefore, in Chapter 5, 

following the characterization of the disease model itself, we proceeded by studying the 

specific binding of IgM anti-GM1 antibodies, their complement activation potential, and 

finally the functional effects of antibody binding on human neurons. We are the first 

to show that not only do IgM anti-GM1 antibodies bind to human motor neurons, they 

activate complement, and induce both complement-mediated phenotypes (disturbed 

calcium homeostasis and neurite damage), and complement-independent effects 

(acute calcium influx). It has been debated whether a proportion of MMN patients does 

not harbour anti-GM1 antibodies, as they are negative when tested by ELISA, or if this 

reflects a limited sensitivity inherent to the assay. Our study demonstrated that sera 

from anti-GM1 IgM ‘negative’ MMN patients showed immunostaining on iPSC-derived 

neurons, providing evidence that the group is more homogenous than was previously 

believed to be the case.

Treatment with immunoglobulin preparations partially rescued both these 

complement-dependent and -independent effects, and thus provides evidence that 

the model could function as a tool to screen for novel therapeutic compounds. The 

rescue of complement-mediated neuronal damage follows previous studies that 

have shown that immunoglobulins inhibit the classical complement pathway and 

thus complement deposition35,36. An intriguing observation from our study is that 

while at first site immunoglobulins seem to rescue all defects, on closer inspection 

ultrastructural damage remained following serum incubation (as observed by scanning 

electron microscopy). This may in part explain the continuing disease progression and 

axonal degeneration that is seen in some MMN patients despite chronic therapy with 

immunoglobulins.

That it has taken over 25 years to provide substantive evidence on the pathogenicity of 

anti-GM1 antibodies highlights the need for (humanized) disease models. The iPSC-

based model described in Chapter 5 could play an important role in further increasing 
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our understanding of the pathogenic mechanisms of IgM anti-GM1 antibodies.

An immune-mediated pathogenesis for a subgroup of PMA 
patients. 
It has long been thought that patients suffering from progressive muscular atrophy 

(PMA) are a heterogeneous patient population and may be part of a larger spectrum 

of (lower) motor neuron diseases. This hypothesis is supported by previous reports 

showing a genetic overlap between PMA and ALS, in addition to clinical and pathological 

studies showing overlap between these disorders37–40. At the other end of the spectrum, 

this hypothesis is supported by the shared association of both MMN and PMA with IgM 

monoclonal gammopathy, and the absence of this association in upper motor neuron 

disorders (progressive lateral sclerosis, and ALS)41.

In light of these previous findings, we performed an extensive screen of sera from PMA 

patients for IgM immunoreactivity on iPSC-derived neurons in Chapter 6, to identify 

whether there was a subset of patients who harboured antibodies against a neuronal 

epitope. Following these experiments, we identified three distinct subpopulations of 

patients based on immunoreactivity patterns. First, as expected, the majority of patients 

showed no immunoreactivity. Presumably, these patients have a neurodegenerative 

disease aetiology and will either have a relatively slow disease progression or eventually 

develop upper motor signs and show a disease course similar to ALS. Second, we 

identified a subpopulation of patients who showed immunoreactivity patterns (‘neurite 

pattern’) identical to MMN patients, where competition experiments identified GM1 as 

the target epitope. These patients were most likely misclassified initially, or may have 

been atypical MMN patients. It is intriguing to consider that the clinical spectrum of 

MMN may be larger than initially presumed, and that the electrophysiological criteria 

required may be too strict. There is increasing evidence that the use of alternative 

techniques, such as nerve ultrasonography, may reveal signs of inflammation in 

patients who are negative for demyelination or conduction block (CB) on EMG. 

Finally, we described a significant subpopulation of PMA patients that had a distinct 

immunoreactivity pattern (‘soma pattern’) that is unlike the pattern seen in MMN 

patients. Also, there is no diminished immunoreactivity following blocking experiments 

using either cholera toxin subunit-beta or alpha-synuclein, providing evidence that 

the target epitope is most likely not a ganglioside. The ‘soma pattern’ group may be 
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a distinct nosological entity. To determine the target of the unknown antibody in this 

subgroup, further studies will be required.

The importance of unravelling the heterogeneity of PMA cannot be understated. 

If there are patients who are diagnosed with PMA, but have an immune-mediated 

disease aetiology in contrast to a neurodegenerative disease aetiology, this could have 

profound therapeutic consequences. It may be possible that these patients could, in 

part, be treated with immunotherapy. Therefore, further studies will be required not 

only to replicate the finding of  a potential novel IgM antigen for lower motor neuron 

disease, but also to study the identity, the pathogenicity of the antigen, and its possible 

molecular mechanisms.

Autoantibody detection
As previously discussed, the association between IgM anti-GM1 antibodies and MMN 

has long been known29. However, the reported prevalence of these antibodies varies 

largely, and sporadic reports of other antigens that may be associated with MMN 

have further blurred an already complex topic. Methodological issues have proven 

difficult to overcome, despite recent improvements in sensitivity in both ELISA and 

glycoarray techniques by the addition of galactocerebroside (GalC) to GM142–46. Our 

data in Chapter 5 indicate that IgM anti-GM1 negative MMN patients on ELISA in fact 

show immunoreactivity against GM1 on iPSC-derived neurons, making the presence 

of alternative antigens less likely. Given these observations, we set out to determine if 

a combined assay, using a synthetic bead-based flow cytometry and stem cell-based 

screening assay, could help improve antibody detection.

Prior to this study, other groups have used bead-based flow cytometry for antibody 

detection, mainly in an attempt to provide a platform for multiplexing and detecting 

various antibodies in a single sample47,48. Cell-based assays are also commonly used 

for antibody detection, as can be seen in many autoimmune disorders of the central 

nervous system49. The combination of multiple assays is important to improve both 

sensitivity, an issue which has dogged anti-GM1 antibody detection, and specificity, and 

as such diagnostic accuracy. The correct identification of the responsible antigen is 

crucial for an accurate diagnosis and treatment of patients suffering from autoimmune 

disease.
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iPSC-derived models and autoimmunity
Witebsky’s postulates50 propose three forms of evidence to classify if a disorder has 

an autoimmune disease aetiology; (1) direct evidence, (2) indirect evidence, and (3) 

circumstantial evidence. Direct evidence follows from passive transfer experiments, 

in which case serum or immunoglobulins from patients are infused into experimental 

animals. An autoantibody is then considered pathogenic if the recipient experimental 

animals develop a phenotype closely mimicking that of the patients. Indirect evidence 

is gathered from active immunization experiments, in which immunization of an animal 

with an autoantigen induces symptoms that mimic the disease symptoms of the 

patient. Finally, circumstantial evidence arises from clinical observations, such as the 

improvement of symptoms in response to immunotherapy.

Our findings in Chapters 5, 6, and 7 suggest to revisit these postulates, just as was the 

case in 1993. Similar to the last revisions, there have been significant technical advances 

over the past 25 years, some of which have been utilized in this thesis. Stem cell biology 

has made immense progress with the dawn of cellular reprogramming, and thus the 

availability of human iPSCs. With the directed differentiation of iPSCs, and the possibility 

to engineer humanized disease models, human iPSC-disease models could be part 

of the evidence to characterize if an autoimmune disease indeed has an immune-

mediated disease aetiology. The data in this thesis, together with a recent report on 

the iPSC-based disease modelling of myasthenia gravis34, suggest that the field may 

be ready to add substantial evidence in the classification of autoimmune disorders. 

More importantly perhaps, it is time to realise this potential of iPSC-based disease 

modelling for autoimmune disease, to learn more about the underlying mechanisms of 

autoantibody pathogenicity. Human iPSC-derived disease models are an ideal antibody 

screening assay and pre-clinical screening platform for novel therapies, increasing the 

chance of success for human drug trials.
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PART III: FUTURE DIRECTIONS FOR IPSC-BASED 
DISEASE MODELLING OF MOTOR NEURON 
DISORDERS
The ethical considerations in using human stem cell based 
models
The rise of stem cell biology to study human development and disease has had 

an impact on many different fields of science, so too on the use of animals as an 

experimental model. The use of animal experimentation is far from ethically neutral, 

and thus a set of principles known as the three Rs (replacement, reduction, refinement) 

is used to make animal experiments as efficient as possible while simultaneously 

respecting animals and their welfare. While some animal welfare groups believe 

that the use of stem cell-derived disease models can make animal experimentation 

redundant, this is unlikely to be the case51. Rather, the species-dependent differences 

in metabolism and cell turnover may make human stem cell models complementary 

to animal models. Moreover, for personalized disease models, using patient specific 

iPSCs and gene-editing techniques would be ideal, as has been elegantly demonstrated 

for the case of cystic fibrosis52. However, on the whole, stem-cell derived models are 

most likely not an alternative to animal models. While technical limitations such as 

variability between cultures and the lack of proper vasculature and immune cells may 

be overcome in the future, the interaction between multiple different organ systems 

within an organism will most likely be too complex to model in these simplified in vitro 

disease models. Human stem cell models hold great potential for investigating human 

development and disease, and could reduce animal experimentation. However, it is 

best to see these different models as working in synergy with one another.

A second ethical issue that has been raised is the possibility that with the arrival of 

human iPSCs, human tissue (human embryo’s and fetuses) and embryonic stem 

cells (ESCs) will no longer be needed for research purposes. To date however, ESCs 

remain the gold standard in many studies, and often findings in iPSC experiments are 

subsequently replicated in ESC experiments. Therefore, it is questionable if the use of 

iPSCs will in fact lead to a reduction of ESC usage. 

An important consideration for iPSC-based disease modelling is that it is uncertain 
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how donors will perceive the ever more sophisticated models that are being created in 

vitro. This is all the more pertinent in the neuroscience field, as with the development 

of 3D structures termed cerebral organoids (and often called ‘mini-brains’), we do not 

yet know how donors value such complex models morally51. As these cultures become 

increasingly elaborate, further ethical studies are needed to determine the moral and 

legal status of such methods. 

The rise of stem cell-based disease modelling following the first reports of iPSCs has 

raised expectations among the scientific community, patients, and the general public. 

The strong public interest in stem cells and stem cell-derived models requires particular 

attention. We must not forget that the field is still young, and much work is in need 

of replication, validation, and further optimization. It is our duty to communicate our 

findings to patients and the general public in an accurate and well-balanced way. 

Optimizing MN differentiation protocols
Following the first key reports on the differentiation of mouse ESCs into MNs53, human 

protocols initially followed the same development strategy for in vitro differentiation54. 

Typically, ESCs are cultured into cell aggregates, termed embryoid bodies (EBs), 

and then guided to a spinal motor neuron phenotype by exposure to patterning 

morphogens such as Sonic Hedgehog (SHH) and retinoic acid (RA). Due to species-

dependent developmental differences, protocols using human ESCs were significantly 

slower, and often less efficient than their mouse counterparts. A seminal study that 

led to significant improvements for neuronal differentiation in vitro was the discovery 

by Chambers and colleagues that inhibition of BMP and TGFβ (termed dual-SMAD 

inhibition) selectively blocked endodermal and mesodermal cell fates, thereby 

enhancing neuronal differentiation55. Dual-SMAD inhibition both shortened human MN 

differentiation protocols and made them more efficient.

To this day most MN differentiation protocols are still based on these three 

fundamental principles, firstly neuralization through dual-SMAD inhibition, caudalization 

through RA, and ventralization through SHH activation56. However, it is important 

to note that subtle changes in in vitro timing, plating, and medium composition can 

strongly influence MN yield, purity, and phenotype56. Optimal conditions and varying 

protocols often yield cultures consisting of only 30-50% MNs, although this also 
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depends on which markers are used to determine MN identity (discussed below). 

Two recent examples of optimization of MN differentiation efficiency are altered 

timing of RA/SHH application while adding Wnt activation leading to an 80% pure MN 

population57, and the tweaking of ventralizing signals by applying high concentrations of 

SHH leading to a 90% pure MN population58. The true physiology and maturity of such 

‘purified’ populations is yet to be compared to other protocols or in vivo populations of 

MNs.

Besides improving purity and efficiency of MN differentiation protocols, there is 

a second equally important issue that needs addressing, that is the principle of 

colinearity. This refers to the sequential expression of CDX and HOX family members 

during development, which lead to proper rostro-caudal identity along the spinal 

cord59. As MN differentiation protocols that are currently applied generally do not yield 

neurons that express HOXC9 through HOXC12, which are associated with thoracic and 

lumbar identities, there remains a strong bias towards MNs of cervical and brachial 

origins56,60. 

Further refinement of differentiation protocols is necessary to address this under-

representation of thoracic and lumbar identities. With the use of scRNAseq methods 

efforts are ongoing to enhance our knowledge on the characteristic spatial and 

temporal patterns that drive progenitors into MN differentiation61. With a better 

understanding of discrete in vivo developmental differentiation steps, we may be 

able to improve in vitro differentiation protocols. To conclude, the derivation of more 

caudal MN populations and better representation of the anteroposterior axis in vitro 

is required to model motor neuron disease in its true form, especially as many mouse 

models show hindlimb-disease onset and patients often develop lumbar onset ALS.

The search for specific motor neuron markers
Specific MN markers are few and far between, and as such the characterization of 

MN populations can be cumbersome. While markers such as pancreas homeobox 1 

(MNX1, better known as HB9) and insulin gene enhancer 1 (ISL1) are often applied, they 

have clear limitations. HB9 is motor neuron-specific (although expression in mouse 

spinal interneurons has been reported62), but is only very transiently expressed in 

vitro. Additionally, ISL1 is also expressed in non-MN populations. To further complicate 
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matters, there are also MN populations that are either HB9- or ISL1-negative, as 

reported by Amoroso et al60. Using HB9-GFP reporter lines together with in vivo 

studies of the spinal cord, they estimated that using a single marker would lead to 

approximately a 20% underestimation of the MN population. Both in human and mouse 

spinal cord, depending on distinct columnar identities, MNs for the most part express 

either HB9, ISL1, or both. Due to this variation, Amoroso and colleagues propose a pan-

MN marker (combination of HB9 and ISL1) as the most accurate measure of total MN 

yield.

A further challenge is the transient expression of LIM homeodomain transcription 

factors, such as described for HB9 above. This also holds true for LIM homeobox 3 

(LHX3) and ISL1. MN cultures that are derived from iPSCs have an immature phenotype, 

but with strategies to mature and age these cells in vitro being developed, this could 

lead to even more difficulty characterizing cultures at later time-points. 

Recently, less traditional markers such as miRNAs, lncRNAs, or circRNAs that are 

selectively expressed in MNs are being identified to accurately characterize MN 

populations. A study described miRNA-218 as being exclusively expressed in MNs, 

and playing a crucial role in neuromuscular health and degeneration63. The rise of 

scRNAseq methods has led to widespread identification of novel subpopulations of cells 

and their specific markers64. Our scRNAseq data from Chapter 3 reveal multiple genes 

that seem to be exclusively expressed in in the MN population, and could therefore 

function as putative MN markers. Two such examples are C11orf87, which is a presently 

uncharacterized protein that is expressed in the central nervous system (data from 

http://www.proteinatlas.org/), and PAG1, which is a protein that is predominantly 

expressed in both bone marrow and splenic tissue (data from http://www.proteinatlas.

org/). However, before such proteins could be used as MN markers in vitro, thorough 

characterization in animal and human spinal cord tissue and purified MN cultures 

would be required. 

Presently the characterization of MN populations that are derived from iPSCs is 

performed by the expression of a single or possible two molecular markers. Studies 

have shown that to reliably estimate the MN yield, the coexpression of at least two 

markers is required. Further studies will be necessary to determine more specific 
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MN markers. Finally, the identification of markers that can differentiate between 

subpopulations of MNs (lateral motor column vs medial motor column, caudal vs 

rostral) will be necessary to further improve disease models relying on spinal lower 

MNs.

Accelerating maturation and in vitro aging
An often-ignored fact and important caveat of iPSC-based disease modelling is that 

directed differentiation strategies of iPSCs typically yield immature cell populations 

that closer resemble that of fetal tissue than true adult cell populations65. Signs of 

rejuvenation of iPSCs include an increase in telomere size, reduced oxidative damage, 

increase mitochondrial fitness, and loss of senescence markers66–69. This has not 

deterred researchers from using iPSC-derived neurons to study a multitude of late-

onset neurodegenerative disorders, such as Parkinson’s disease, Alzheimer’s disease, 

or ALS70–75. Given the considerable bias towards fetal phenotypes, the modelling of 

developmental or early-onset disorders remains more promising76,77. 

Despite the in vitro maturity of cultured cells being an important limitation, it should not 

be the end of disease modelling of late-onset disorders. While initially some researchers 

have tried to elicit disease relevant phenotypes by enhanced stress78, this seems to be 

a more artificial strategy than to induce physiological aging. Several groups have already 

addressed this problem by trying to promote accelerated aging in vitro, as shall be 

discussed below.

Firstly, one group of researchers attempted in vitro aging of their iPSC-derived neuronal 

cultures in a bid to more faithfully model Parkinson’s disease79. Their strategy involved 

the expression of progerin, a truncated form of laminin A that is formed in patients 

suffering from the premature aging disorder Hutchinson-Gilford progeria syndrome 

(HGPS)80. By induced aging using progerin, Miller and colleagues were able to establish 

late-onset and age-related morphological and cellular phenotypes of Parkinson’s 

disease79.

As it remains unclear whether progerin-induced aging induces pathological rather 

than physiological aging, alternative modes of in vitro aging have been applied. The 

same group reported a second study in which telomerase activity was inhibited 
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pharmacologically81. Two important findings are described following the inhibition of 

telomerase activity using the compound 2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]-

benzoic acid (BIBR1532), a small molecule inhibitor of telomerase catalytic activity. 

First, as in the previous study using progerin expression, the researchers found that 

iPSC-derived dopaminergic neurons that received telomerase inhibitor showed age-

related phenotypes such as increased DNA damage and a reduced number of neurites. 

Importantly however, the aging treatment did not influence neuronal differentiation 

efficiency in either control or disease iPSC-lines. This is an important finding, as it has 

been reported that in vitro aging reduced differentiation efficiency of human iPSCs to 

cardiac myocytes81, and can thus complicate disease modelling of late-onset disorders. 

A third approach for human in vitro disease modelling would be to bypass the effects 

of cellular reprogramming and the iPSC-stage altogether, by using direct transcription 

factor-based conversion of somatic cells into neurons. This strategy, often converting 

fibroblasts as the primary population into induced neurons (iNs), represents an 

alternative for generating human neurons in vitro82–84. In a direct comparison between 

iPSC-derived neurons and iNs, it was recently shown that iNs retained the age-

related transcriptomic profiles of their donors and showed age-related compromised 

nucleocytoplasmic compartmentalization whereas iPSC-derived neurons were 

rejuvenated85. Further research will be required to study a direct comparison of disease 

modelling using these two differing approaches. One potential limitation may be that 

as the induction of iNs leads to a physiologically less well defined neuronal population, 

it may not be suitable for all neurological disorders. Despite the derivation of induced 

motor neurons being described previously, their use for disease modelling is not widely 

reported86. A recent study using scRNAseq provided more insight into the comparison 

between iPSC-derived MNs and iMNs87. The researchers described that despite their 

alternative developmental paths, both iPSC-derived MNs and iMNs showed similar 

transcriptional profiles. Limitations may be that iMN cell populations show signs of 

genomic instability, and that the differentiation efficiency remains suboptimal.

Finally, a more experimental approach would be to combine human iPSC-derived 

neurons with animal models, by in vivo cell engraftment of human cell populations. 

It has previously been shown that human stem cell derived neurons can functionally 

integrate when engrafted in animal models88–91. By combining stem cell derived neurons 
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and in vivo cell engraftment together with recent advances in 3D imaging techniques92, 

it is thought that in vivo maturation and aging could be achieved93.

In conclusion, to faithfully recapitulate neurodegenerative disorders using human 

iPSC disease models, more effort will be needed in order to ensure we are studying 

disease-relevant cell populations. This means not only populations that are anatomically 

relevant (e.g. pure motor neurons populations vs heterogeneous motor neuron 

populations), but also relevant in a temporal sense of when disease onset occurs. 

Reliable in vitro aging techniques are of great importance in order to help iPSC-derived 

models of neurodegenerative disorders fully reach their potential.

Moving towards a complete neuromuscular circuit
It is clear that 2-dimensional cultures of MNs alone are a large step away from the 

physiological in vivo multicellular milieu that is the human spinal cord. Adding to the 

complexity of iPSC-derived MN cultures could potentially reveal cell-nonautonomous 

effects leading to MN degeneration, or enhance in vitro aging, thus making such disease 

models more relevant to human disease. Several motor neuron disorders, such as 

spinal muscular atrophy (SMA) and SOD1-ALS have shown such cell-nonautonomous 

effects in animal and in vitro models94,95. Moreover, many inflammatory neuropathies 

show signs of demyelination. The recapitulation of a functional neuromuscular junction 

(NMJ) and myelinated neuronal cultures are important steps to further improve iPSC-

based disease models of lower MN disorders. While initial studies using primary cell 

lines have yielded limited success, a recent study derived functional human skeletal 

muscle by differentiation of human myoblasts into myofibers, thus developing a fully 

humanized NMJ, providing a platform to model the neuromuscular disorder Myasthenia 

Gravis34. A myelinated iPSC-derived sensory neuron model was described by Clark 

et al, showing the effects of human disialosyl antibodies on myelination96. However, 

in this report Schwann cells were harvested from rats, and thus a fully humanized 

myelinated neuronal culture is yet to be published. While these first studies are 

considerable improvements, it is obvious that the human motor circuit consists of many 

more cell types, including upper MNs, microglia, interneurons, endothelial cells and 

others. All of these could be relevant depending on the disease that is being modelled. 

Furthermore, besides simply adding more anatomical complexity to in vitro models, 

functional diversity and network dynamics should also be considered. An elegant 
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example of the complexity of spinal cord neural circuits was provided by Sternfeld and 

colleagues, using mouse ESCs differentiated spinal cord subpopulations to develop 

well defined 3-dimensional neuronal circuits97. By using different combinations and 

ratios of inhibitory interneurons, excitatory interneurons, and motor neurons, the 

speed and pattern of activity of these so-called ‘circuitoids’ could be manipulated. While 

this is a first proof-of-principle in mouse ESCs, heavily relying on reporter lines, such 

an approach using human cell lines would be essential to study network dynamics in 

motor neuron disease.

Human iPSC-derived culture models will undoubtedly become more complex in the 

near future. While increasing the amount of different cell-types, and moving from 

2-dimensional to 3-dimensional models will potentially move these models closer to the 

complexity seen in multicellular organisms, it may induce more variation. This is not a 

trivial matter, as in current iPSC-based disease modelling variability between cell lines, 

differentiation protocols, and labs is often reported. Therefore, when striving to improve 

iPSC-derived models by increasing complexity, it may be wise to first consider if such 

complexity is required for the hypothesis that is being tested.

Precision genome editing tools
An important aspect of iPSC-based disease modelling of (complex) genetic disorders, 

such as ALS, that is not addressed in this thesis is the use of gene editing techniques. 

While a vast array of techniques such as zinc finger nucleases (ZNFs) and TALENs 

have long existed, it is the rise of CRISPR-based gene editing tools that offer a unique 

approach to human disease modelling. Precise genome engineering can be used to 

study the link between risk variants and disease phenotypes, and to learn more of the 

underlying cellular pathways that are affected by a single risk variant in complex genetic 

disorder. A prime example is the metabolic disruption in ATXN2-ALS as described in 

Chapter 3 of this thesis. While there is clear evidence for multiple ALS-associated 

phenotypes in our ATXN2-ALS disease model, without genetic modification of healthy 

iPSC lines and repair of ATXN2-ALS iPSC lines we cannot be certain that the phenotypes 

reported are ATXN2-specific. Once specific signalling pathways involved in disease 

pathogenesis have been identified, genome editing can help gain insight into the 

molecular mechanisms involved and potentially identify novel therapeutic targets98. 

Also, when combined with scRNAseq methods, genome editing can help unravel cell-
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type specific effects within heterogeneous cultures, such as mixed iPSC-derived MN 

cultures. In conclusion, to advance results from GWAS studies and provide mechanistic 

insight to genetic associations, while taking into consideration all the potential technical 

and biological variability present in iPSC-based disease models, it is essential that any 

results are ultimately reproduced using isogenic controls and relevant knock-out lines. 

Figure 1. Potential niche occupied by iPSC models and other experimental models (adopted from 

Dolmetsch and Geschwind, Cell, 2011)

As described, iPSC-derived models will most likely not remove the need for animal models. Human 

iPSC-derived models can be complementary to the already wide array of experimental models available, 

including primate models, mouse models, or postmortem tissues. All these models have their own specific 
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pros and cons, based on human relevance, molecular insights, and potential throughput. For example, 

while human iPSC-studies have high human relevance and can potentially lead to large mechanistic 

insight, they are still of medium throughput. However, with improving techniques, this may improve in 

the future.

CONCLUDING REMARKS
The seminal discovery of cellular reprogramming and the rise of human iPSC-technology 

has led to countless possibilities for in vitro disease modelling. This exciting new field 

has provided novel humanized disease models, which in itself have yielded new insights 

into human disease and development. The work that is described in this thesis builds 

upon these techniques, and aims to provide insights into the molecular mechanisms 

underlying multiple neuromuscular disorders. With the derivation of ATXN2-iPSC-derived 

MNs we were able to model multiple ALS-specific disease phenotypes. Through a 

multi-omics strategy we linked metabolic disruption to early MN dysfunction in ALS. 

We have established an in vitro disease model for sporadic ALS, which may be used in 

the future to establish and test new therapeutic strategies for several subpopulations 

of ALS patients. Furthermore, we described the first in vitro disease model for MMN 

while using it to establish antibody pathogenicity and treatment responsiveness. Future 

studies could further dissect the molecular mechanisms underlying IgM anti-GM1 

pathogenicity and establish new therapeutic targets. Adding more layers of complexity 

by incorporating human iPSC-derived Schwann cells and myotubes may lead to new 

insights into the molecular mechanisms underlying inflammatory neuropathies. Finally, 

by using iPSC-derived MNs and performing serum incubation experiments we identified 

two subgroups of PMA patients with potential immune-mediated disease aetiologies. 

Importantly, such a link with an immune-mediated pathophysiology may have 

therapeutic consequences, and thus warrants further studies to replicate and solidify 

these data. 

Importantly, developing the perfect in vitro disease model is not a goal in itself. I have 

discussed many ways in which iPSC-derived models could be technically improved, such 

as improving in vitro aging and further optimizing differentiation protocols. However, 

the main goal for iPSC-derived disease modelling should be to provide more biological 

insights into human disease and potentially provide a platform for which novel 

therapeutic strategies can be developed and tested. The relevance of iPSC-derived 
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disease models will eventually be measured by their ability to translate findings from 

bench to bedside.
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NEDERLANDSE SAMENVATTING
Stamcellen zijn in staat tot het veranderen, oftewel differentiëren, in andere celtypen. 

Pluripotente stamcellen hebben de mogelijkheid om tot ieder somatische celtype te 

differentiëren. Dit biedt eindeloze mogelijkheden bij het onderzoeken van ziekten 

waarbij het betrokken celtype zelf moeilijk te verkrijgen is, zoals de motorische zenuwcel 

bij de mens. Met de recente ontdekking van ‘induced pluripotent stem cells (iPSCs)’, 

cellen die kunstmatig een pluripotent karakter hebben verkregen, is het mogelijk om 

humane ziektemodellen te ontwikkelen in het laboratorium (in vitro).

‘Cellular reprogramming’ (ook wel het herprogrammeren van cellen) is het 

onderzoeksveld waarin wordt onderzocht hoe somatische cellen een pluripotent 

karakter kunnen aannemen. Zo werd tien jaar geleden ontdekt dat door een aantal 

transcriptiefactoren, namelijk OCT4, SOX2, KLF4 en c-MYC, tot overexpressie te brengen 

in huidcellen deze veranderden in stamcellen. Deze stamcellen werden iPSCs genoemd, 

ook wel geïnduceerde stamcellen. Hiermee was het voor het eerst mogelijk om van 

patiënten huidcellen af te nemen, stamcellen te maken, en vervolgens ieder celtype 

naar wens te differentiëren en in het laboratorium te onderzoeken. Het toepassen van 

deze techniek om ziektemodellen te ontwikkelen en deze te bestuderen heet ‘iPSC-

based disease modelling’. Een van de grootste doorbraken van ‘iPSC-based disease 

modelling’ is dat het nu voor het eerst mogelijk is om humane modellen te ontwikkelen 

in het laboratorium, waardoor resultaten wellicht beter te vertalen zijn naar de patiënt 

zelf (in tegenstelling tot bij het gebruik van bijvoorbeeld diermodellen). Deze technieken, 

‘cellular reprogramming’ en ‘directed differentiation’, worden in dit proefschrift 

toegepast om meer inzicht te verkrijgen in de onderliggende ziektemechanismen 

van de neuromusculaire ziekten amyotrofische laterale sclerose (ALS), multifocale 

motorische neuropathie (MMN) en progressieve spinale spieratrofie (PSMA).

In het eerste deel van deze thesis hebben we ‘iPSC-based disease modelling’ gebruikt 

om de ziekteprocessen te onderzoeken die een rol spelen bij ALS. ALS is een ernstige 

neurodegeneratieve ziekte waarbij patiënten progressief verlamd raken en gemiddeld 

na ongeveer 3 jaar na het ontstaan van de eerste klachten komen te overlijden. Ieder 

jaar ontwikkelen enkele honderden mensen in Nederland ALS. Hoewel we weten dat 

de progressieve toename van spierzwakte ontstaat door het afsterven van motorische 
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zenuwcellen, is het nog niet duidelijk waarom juist deze cellen bij ALS patiënten zijn 

aangedaan of hoe het ziekteproces begint in deze cellen. Een klein deel van ALS 

patiënten (ongeveer 10%) heeft een erfelijke vorm waarbij de ziekte duidelijk in de 

familie voorkomt (familiaire ALS), echter bij de overige patiënten is er sprake van 

sporadische ALS. In het geval van familiaire ALS kan er een genetische oorzaak, of 

mutatie, worden aangewezen van de ziekte. Bij sporadische ALS is er waarschijnlijk 

sprake van een complexe ziekte, waarbij genetische risicofactoren samen met 

omgevingsfactoren leiden tot het afsterven van motorische zenuwcellen.

Een van deze risicofactoren die een verhoogd risico op het ontwikkelen van ALS geeft 

is ATXN2. Wanneer mensen een toename hebben van het aantal glutamine herhalingen 

in het ATXN2 gen kan er een verhoogd risico ontstaan op het ontwikkelen van 

neurodegeneratieve ziekten, waaronder ook ALS. Hoofdstuk 2 is een literatuuroverzicht 

waarin we de normale biologische functie van het Ataxin-2 eiwit beschrijven, en 

kijken hoe mutaties in ATXN2 zouden kunnen leiden tot degeneratie van motorische 

zenuwcellen. We beschrijven een aantal bekende functies van Ataxin-2 als RNA-bindend 

eiwit, maar ook minder bekende functies zoals de regulatie van celmetabolisme.

Om de bijdrage en rol van ATXN2 binnen het ziekteproces van ALS verder te onderzoek 

hebben we in hoofdstuk 3 een ATXN2-ALS iPSC model ontwikkeld door van ALS 

patiënten met een ATXN2 mutatie huidcellen te nemen, hier geïnduceerde stamcellen 

van te maken, en vervolgens deze te differentiëren tot motorische zenuwcellen. Uit 

onze studie van dit ATXN2-ALS ziektemodel bleek dat motorische zenuwcellen van 

ATXN2-ALS patiënten tekenen van degeneratie laten zien in vitro en een ander gen- en 

eiwitexpressie profiel hebben ten opzichte van motorische zenuwcellen van gezonde 

mensen. Uit de gen- en eiwitexpressie data bleken er aanwijzingen te zijn voor 

metabole dysfunctie in ATXN2-ALS motorische zenuwcellen, wat we met aanvullende 

experimenten konden bevestigen. Deze studie laat voor het eerst mogelijke 

mechanismen zien op basis waarvan mutaties in ATXN2 zouden kunnen leiden tot 

celdood van motorische zenuwen. Aanvullende studies met genetische modificatie van 

iPSC-lijnen zullen deze resultaten moeten bevestigen.

In het tweede deel van deze thesis gebruiken we iPSC-modellen om meer inzicht 
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te verkrijgen in de ziektemechanismen van immuungemedieerde ziekten van de 

motorische zenuwcellen. In hoofdstuk 4 bespreken we de aspecten van MMN in 

een uitgebreid literatuuroverzicht. MMN is een immuungemedieerde ziekte waarbij 

antilichamen (IgM anti-GM1 antilichamen) gericht tegen motorische zenuwcellen 

aanwezig zijn. Lang is gedacht dat deze antilichamen pathogeen (schadelijk) zouden 

zijn voor motorische zenuwcellen, maar mede door het gebrek aan bruikbare 

ziektemodellen is dit nooit eerder aangetoond. In hoofdstuk 5 laten we voor het eerst 

zien dat iPSC-gedifferentieerde motorische zenuwcellen als humaan ziektemodel 

kunnen dienen voor een inflammatoire zenuwziekte als MMN, en dat de eerder 

beschreven antilichamen inderdaad schadelijk zijn voor motorische maar niet voor 

sensorische zenuwcellen. Onze data wijzen verder op meerdere mechanismen die tot 

schade zouden kunnen lijden bij motorische zenuwcellen. Tot slot hebben we laten zien 

dat dit model toepassingen kan hebben om therapieën te testen, bijvoorbeeld door te 

laten zien dat de huidige therapie schadelijke effecten (grotendeels) kan voorkomen.

Dat het ontrafelen van de onderliggende ziektemechanismen zeer complex kan zijn 

blijkt uit de laatste aandoening die we hebben bestudeerd, PSMA. Lang is gedacht dat 

dit een puur degeneratieve aandoening was, waarbij net zoals bij ALS een versnelde 

ouderdom van motorische zenuwcellen leidt tot vervroegde celdood en verlamming. 

Recente studies hebben echter aangetoond dat er wellicht een subpopulatie van 

patiënten is die een immuungemedieerde ontstaansmechanisme hebben. Derhalve 

hebben we in hoofdstuk 6 getracht te kijken of er patiënten waren die antilichamen 

tegen motorische zenuwcellen hebben, vergelijkbaar met MMN patiënten. Door 

stamcel-gedifferentieerde motorische zenuwcellen te incuberen met het serum van 

patiënten hebben we in deze studie kunnen aantonen dat er twee onafhankelijke 

subpopulaties zijn van PSMA-patiënten met antilichamen die binden aan motorische 

zenuwcellen. De eerste groep heeft dezelfde antilichamen die ook centraal staan in het 

ziekteproces bij MMN patiënten, namelijk IgM anti-GM1 antilichamen. De tweede groep 

heeft een nog nader te specificeren antilichaam. Verder onderzoek zal het epitoop 

moeten identificeren waartegen dit antilichaam is gericht.

Tot slot hebben we in hoofdstuk 7 iPSC-gedifferentieerde zenuwcellen gecombineerd 

met een tweede techniek, namelijk synthetische beads gevolgd door flow cytometrie, 
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om zo te kijken of we betrouwbaar IgM anti-GM1 antilichamen konden detecteren in 

het serum van MMN-patiënten. De huidige technieken (zoals ELISA en glycoarrays) 

hebben een beperkte sensitiviteit en specificiteit, waardoor anti-GM1 antilichamen 

maar een beperkte waarde hebben in de kliniek als biomarker. We hebben in onze 

experimenten laten zien dat door iPSC-gedifferentieerde zenuwcellen te combineren 

met synthetische beads we deze anti-GM1 antilichamen robuust kunnen identificeren. 

Een vervolgstudie zal nodig zijn om de sensitiviteit en specificiteit van deze assays te 

vergelijken met die van andere assays, zoals de ELISA en glycoarray.

Hoofdstuk 8 vat de resultaten uit dit proefschrift samen in een algemene discussie, en 

plaatst deze bevindingen in de bredere context van ‘iPSC-based disease modelling’. 

Ten slotte kijk ik welke mogelijkheden en uitdagingen er in de toekomst liggen voor 

het gebruiken van deze modellen voor verdere onderzoek naar neuromusculaire 

aandoeningen zoals ALS, MMN en PSMA.

Het onderzoek zoals in dit proefschrift beschreven is grotendeels tot stand gekomen 

door het gebruik van geïnduceerde stamcellen en de differentiatie hiervan tot 

verschillende typen zenuwcellen. Door het ontwikkelen van iPSC-gebaseerde humane 

ziektemodellen voor zowel ATXN2-ALS als MMN hebben we nieuwe inzichten verkregen 

in de ziekteprocessen die leiden tot degeneratie en dysfunctie van motorische 

zenuwcellen. De ontwikkeling van deze modellen zal in de toekomst een bijdrage 

leveren voor verdere studies aan zowel ALS als MMN. Met het identificeren van een 

subpopulatie van PSMA-patiënten met een immuungemedieerde ziektemechanisme 

hebben we een stap gezet in het ontrafelen van deze heterogene patiëntenpopulatie. 

Dit is belangrijk, want wellicht komt deze patiëntenpopulatie in de toekomst in 

aanmerking voor immuuntherapie. ‘iPSC-based disease modelling’ is een jong 

onderzoeksveld die pas tien jaar bestaat, en de toekomst zal uitwijzen wat de bijdrage 

van dergelijke modellen zal zijn voor patiënten. Daarnaast is het van groot belang om te 

realiseren dat ieder model beperkingen heeft, en de vraag blijft of we de complexiteit 

van een compleet organisme ooit in vitro kunnen nabootsen. Desalniettemin biedt 

‘iPSC-based disease modelling’ veel hoop op nieuwe ontdekkingen en daarmee nieuwe 

therapieën voor patiënten met onbehandelbare dan wel moeilijke behandelbare 

ziekten.
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